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1 Introduction 

1.1 Human microbiota 

There are more than 100 trillion symbiotic microbial cells which define the human 

microbiome including archaea, bacteria and viruses. These cells outnumber human somatic 

and germ cells by a factor of ten (Savage, 1977). The bulk of human body-associated 

microorganisms are located in the gut environment. The gene pool in the human microbiome 

was characterized as part of the “Metagenomics of the Human Intestinal Tract” project, 

where faecal samples of 124 European individuals have been analyzed. Over 3.3 million non-

redundant genes were identified (Qin et al., 2010), which is way more than the approximately 

22’000 genes present in the human genome (International Human Genome Sequencing 

Consortium, 2004). While the microbiome genome can differ 80 – 90 % from one individual 

to another, there are about 99.9 % identical genes for the comparison of the human genome 

composition (Ursell et al., 2012; Turnbaugh et al., 2009; Fierer et al., 2008). 

As part of the symbiosis, the host provides a safe, nutrient-rich and homeostatic environment 

whereas the microorganisms expand the digestive capacity, produce essential nutrients, 

increase colonization resistance against pathogenic intruders and assist in detoxification 

(Falony et al., 2015). Furthermore, there might be a link between the microbiota composition 

and metabolism, physical and psychological health (Rajilić-Stojanović et al., 2015; Cryan & 

Dinan, 2012). Promising microbiome signature-based biomarkers have been determined to 

identify pathologies such as inflammatory bowel diseases (Joossens et al., 2011), diabetes 

(Qin et al., 2012), rheumatism (Scher et al., 2013), colorectal cancer (Zeller et al., 2014), 

metabolic (Le Chatelier et al., 2013) and cardiovascular diseases (CVDs) (Karlsson et al., 

2012). With ~18 million deaths worldwide in 2017, CVDs are the leading cause of death, 

while a large proportion of CVDs is attributable to  dietary risks, high systolic blood pressure, 

high body mass index, high total cholesterol level, high fasting plasma glucose level, tobacco 

smoking, and low levels of physical activity (Virani et al., 2020). The molecule 

trimethylamine N-oxide (TMAO) has gained much attention in the past years, due to its 
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potential role as a promotor of atherosclerosis, causing cardiovascular and kidney diseases 

(Wang et al., 2011; Kim et al., 2016). The underlying TMAO-related mechanisms to these 

diseases is not yet fully understood and needs to be elucidated and validated.  

1.2 Trimethylamine and trimethylamine N-oxide 

TMAO is a metabolite that is produced either from hepatic flavin-containing 

monooxygenase-3 (FMO3) enzymes or indirectly on the basis of trimethylamine (TMA) 

containing dietary nutrients such as L-carnitine, phosphatidyl choline, choline or betaine by 

intestinal bacteria. These compounds are abundant in egg yolk, milk, dairy products, meat 

and can be also found in seafood such as mollusks, crustaceans and fish (Wang et al., 2011; 

Koeth et al., 2013; Hazen & Brown, 2014; Dehghan et al., 2020). In the human body there 

are several mechanisms to remove TMA from the colon environment. Once the molecule is 

absorbed into systemic circulation, TMA is secreted through breath, sweat and urine. 

However, 95 % of the TMA is efficiently converted by hepatic FMOs to TMAO by N-

oxygenation (Zhang et al., 1995).  

It has been also shown that in rumen of cattle or in marine sediments TMA can serve as a 

substrate for methanogenic bacteria (Neill et al., 1978; King, 1984).  

1.2.1 TMA formation by bacteria 

As mentioned above, TMA is produced by intestinal bacteria metabolizing choline (Craciun 

& Balskus, 2012), compounds containing a choline moiety (Koeth et al., 2014), betaine 

(Naumann et al., 1983) and L-carnitine (Zhu et al., 2014) ingested by diet or recycled in the 

gut. The gut microbiota is required for these nutrients to be converted to TMA. In vivo 

experiments with gnotobiotic mice did not reveal any TMA production and even antibiotic 

treatment of standard mice did result in a decrease of TMA formation (Al-Waiz et al., 1992). 

There are several microbial pathways characterized through a combination of bioinformatic, 

genetic and biochemical approaches. But for most of them there is a lack of experimental 

data for validation. One of the well-studied mechanism is the choline-utilization gene cluster 
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(cut) responsible for anaerobic conversion of choline to TMA. The lyase activity was 

confirmed by knockout strains and complementation assays identifying the two crucial genes 

cutC and cutD and the first crystal structure for CutC was determined (pdb entry: 5A0U) 

(Craciun & Balskus, 2012; Thibodeaux & van der Donk, 2012; Kalnins et al., 2015). Radical 

chemistry leads to the cleavage of the C-N bond and the formation of TMA and acetaldehyde. 

The proposed reaction mechanism is summarized in Figure 1 based on the work of 

Thibodeaux & van der Donk, (2012). 

 

 

Figure 1: Putative reaction mechanism of choline degradation by the glycyl radical enzyme CutC. The 

glycyl radical on CutC is generated by CutD. This leads to the initial substraction of one H• from the substrate 

choline. The resulting substrate radical either undergo a 1,2 migration to C1 (path a) or a direct elimination of 

TMA (path b). The migration at path a might be facillitated by the conserved residues Glu493 and Asp218 of 

CutC. The elimination of TMA and regeneration of the cysteine radical complete this path. The direct 

elimination of TMA and the resulting product radical in path b are proposed on the basis of a computational 

study of the B12-independent glycerol dehydratase (Feliks & Ullmann, 2012). This  reaction mechanism is based 

on the work of Thibodeaux & van der Donk, (2012). The cystein at position 491 (blue) and glycine at position 

823 (green) of CutC are highlighted as well as the radical sites (red). 
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Reductive cleavage of the related compound glycine betaine to TMA was proposed to be 

catalyzed by the betaine reductase grdH, however no detailed reaction mechanism has been 

described so far (Andreesen, 1994).  

A third metabolic pathway for TMA production was discovered by screening reference 

genomes of the Human Microbiome Project for gene clusters encoding for malate or 

succinate production and L-carnitine transporters. A carnitine monooxygenase from 

Acinetobacter spp. was identified with the two-component Rieske-type oxygenase/reductase 

CntA and CntB as crucial components for the conversion of L-carnitine into TMA and malic 

semialdehyde. Initial growth experiments revealed that the wild-type Acinetobacter 

baumannii ATCC19606 strain was able to use L-carnitine as the sole carbon and energy 

source, while TMA was detected over time. However, mutant strains lacking either the cntA 

or cntB gene did not grow on L-carnitine alone, but complementation assays with the lacking 

gene on a separate plasmid restored the ability to convert L-carnitine to TMA. These 

experiments confirmed that these genes are essential for the conversion of L-carnitine to 

TMA. Additionally, the enzymatic activity was successfully reconstituted using recombinant 

proteins, produced by heterologous expression in E. coli (Zhu et al., 2014). This initial 

investigation of the so far undescribed L-carnitine degradation pathway was the starting point 

of the present investigations. 

1.2.2 Microorganisms associated with trimethylamine production 

Theoretical analysis of the genes encoding for TMA-forming enzymes in the gut environment 

of mammals were recently performed (Rath et al., 2019). As part of the study, 89 fecal animal 

samples were collected and analyzed according to the presence of the TMA lyases genes 

cutC, cntA or grdH. Interestingly, cutC was present in nearly all samples, whereas cntA and 

grdH were detected in 42.7 and 55.1 % of the samples, respectively. Overall, the relative 

abundance of all three TMA related genes was relatively low with 1.19 % of the total bacterial 

communities and cutC showed the highest abundance with 0.73 % when compared to cntA 

(0.42 %) and grdH (0.03 %). On average, 48 cutC gene clusters were detected per sample 

which were distributed over the three distinct phyla Firmicutes, Actinobacteria and 

Proteobacteria. Similar results were obtained for the grdH sequence in comparison to the 
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results of the cutC gene cluster, dominated by members of Firmicutes. There was a much 

lower abundance of cntA clusters with 22 distinct clusters per sample with the dominating 

group of Proteobacteria (especially Escherichia).  

1.3 L-carnitine – Metabolism and functions 

Carnitine (β-hydroxy-γ-N-trimethylaminobutyric acid) is a compound with  many biological 

functions and is commonly found in most human tissues (Fraenkel & Friedman, 1957). It 

was first discovered in 1905 as an important compound in muscle tissue and the chemical 

structure was determined about 20 years later (Gulewitsch & Krimberg, 1905; Tomita & 

Sendju, 1927). L-carnitine plays an essential role in mitochondrial energy production by 

mediating the shuttle of fatty acids into the mitochondrial matrix for subsequent β-oxidation 

(Figure 2). At the outer mitochondrial membrane, carnitine palmitoyl transferase I catalyze 

the acyl-transfer of esterified CoA (esterified medium/long-chain fatty acids and coenzyme 

A) to L-carnitine with the release of CoA. Resulting acylcarnitine can diffuse across the outer 

mitochondrial membrane and is further transported across the inner mitochondrial membrane 

by carnitine-acylcarnitine translocase. In a following reaction, fatty acids are transferred from 

L-carnitine to free CoA by carnitine-palmitoyl transferase II and can be further metabolized 

by β-oxidation. Free L-carnitine can be transported back into the cytosol and is reused as a 

shuttle for fatty acid transport (Fritz, 1959).  

L-carnitine is also involved in the modulation of the acyl-CoA/CoA ratio which is important 

for several mitochondrial enzymes (Pietrocola et al., 2015). Under high stress conditions 

such as diabetes, anoxic conditions or a defect in β-oxidation a high level of acyl-CoA esters 

is present in mitochondria. The carnitine acetyl transferase (CAT) is able to catalyzes the 

transesterification of fatty acids from CoA to L-carnitine allowing for the participation of the 

free CoA in subsequent energy producing reactions. Acylcarnitine acts as an energy storage.  
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Figure 2: Carnitine shuttle. L-carnitine is used as a shuttle molecule to transport medium/long-chain fatty 

acids into the mitochondrial marix for β-oxidation. The formation of acylcarnitine from acyl-CoA and L-

carnitine is catalyzed by carnitine palmitoyl transferase I. Acylcarnitine is transported across the inner 

mitochondrial membrane by carnitine-acylcarnitine translocase and is converted into acyl-CoA and L-carnitine 

in the presence of CoASH by carnitine-palmitoyl transferase II. Regenerated L-carnitine is transported back into 

the cytosol where it is reused.  

 

Other functions of L-carnitine such as anti-inflammatory and antioxidant properties (Ribas et 

al., 2014) as well as improving insulin resistance (Bene et al., 2018) were identified. About 

75 % of L-carnitine is obtained from diet in non-vegetarians by consuming meat, poultry, fish 

and dairy products. The remaining 25 % originate from endogenous production (Rebouche, 

1992). The biosynthetic pathway of L-carnitine (Figure 3) is primarily localized in the liver 

and involves several enzymes and cofactors.  
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Figure 3: Endogenous biosynthesis of L-carnitine. L-carnitine is synthesized from L-lysine which is 

trimethylated by methyltransferases. These specific enzymes use S-adenosyl methionine as a methyl donor to 

form trimethyllysine. Conversion of trimenthyllysine is initiated by trimethyllysine hydroxylase and the 

conversion of 2-ketoglutarate and molecular oxygen to succinate and CO2. During this process, a hydroxy group 

is added at position C3 while ascorbic acid and iron are essential cofactors. This reaction takes place in 

mitochondria, while all other reaction steps are located in the cytosol. The cleavage of 3-hydroxy-N-

trimethyllysine is catalyzed by 3-hydroxy-trimethyllysine aldolase with the formation of 4-

trimethylaminobutyraldehyde and glycine (blue). Pyridoxal phosphate acts as an important co-enzyme for this 

reaction. The product 4-trimethylaminobutyraldehyde is further processed by trimethylaminobutyraldehyde 

dehydrogenase. During this process, NAD+ is reduced to NADH + H+ and the product γ-butyrobetaine is finally 

converted into L-carnitine by the addition of the C3 hydroxy group. The reaction is catalyzed by butyrobetaine 

hydroxylase and also results in the formation of succinate and CO2 from 2-ketoglutarate and molecular oxygen. 

 

There are four important enzymes in this pathway for L-carnitine synthesis. Except for one 

enzyme which is located in mitochondria, all other enzymes are located in the cytosol. For 

the biosynthesis of L-carnitine, the cell requires L-lysine derived compounds such as 

trimethyllysine which is a product of protein degradation. This L-lysine derivative contains 

three methyl groups which are attached to the amino moiety of L-lysine. This methyl transfer 

is catalyzed by methyltransferases that use S-adenosyl methionine as a methyl donor. The 

first step of L-carnitine synthesis is initiated by hydroxylation of trimethyllysine and is 

catalyzed by the mitochondria associated enzyme trimethyllysine hydroxylase. During this 

process, a hydroxy group is attached to the substrate at position C3, while 2-ketoglutarate 
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and molecular oxygen are converted into succinate and CO2. The protein requires ascorbic 

acid (vitamin C) and Fe2+ as cofactors. The resulting 3-hydroxy-N-trimethyllysine is 

catalytically cleaved into glycine and 4-trimethylaminobutyraldehyde by 3-hydroxy-

trimethyllysine aldolase. This enzyme needs pyridoxal phosphate as an essential cofactor-

enzyme. The enzyme trimethylaminobutyraldehyde dehydrogenase utilizes NAD+ to oxidize 

4-trimethylaminobutyraldehyde at position C1 to yield γ-butyrobetaine. The final step is 

catalyzed by the γ-butyrobetaine hydroxylase and includes the formation of succinate and 

CO2 from 2 ketoglutarate and molecular oxygen in a reaction that leads to the addition of a 

hydroxy group at position C3 to yield the final product L-carnitine (Bremer, 1983; Lee Carter 

et al., 1995). 

1.4 Metalloproteins 

Redox reactions are involved in almost all biological processes. These processes involve 

several redox-active metal-containing proteins (metalloproteins) e.g. cytochromes, 

cupredoxins and iron sulfur [Fe-S] clusters which serve as key components in electron 

transfer processes. Furthermore, a whole range of reduction potentials in other biological 

processes are covered (Liu et al., 2014). The oldest group of metalloproteins on earth are Fe-

S proteins. They are found ubiquitously in all kingdoms of life covering a wide range of 

reduction potentials allowing to interact with different redox partners and acting as electron 

carriers in a lot of biological processes (Meyer, 2008).  

1.4.1 Introduction in Fe-S redox centers  

Fe-S proteins are a group of non-heme iron containing enzymes and were first discovered in 

the 1960s as part of their unusual g = 1.9 EPR signal (Beinert & Sands, 1960). The Fe-S 

center of these proteins is mostly located in the active site of proteins with several functions 

such as substrate binding or activation, iron sulfur storage and regulation of gene expression, 

but the main function of these proteins is the electron transfer between redox centers (Johnson 

et al., 2005).  
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Structure and classification of Fe-S proteins 

Based on the Nomenclature Committee of the International Union of Biochemistry (NC-

IBU) there are four types of different Fe-S clusters on the basis of the number of iron and 

labile sulfur atoms in the cluster (Nomenclature Committee of the International Union of 

Biochemistry (NC-IUB), 1992). All types of clusters are summarized in Figure 4. 

In general, each iron atom is coordinated by four ligands, typically inorganic sulfur or 

cysteine, but also other ligands have been observed. The simplest cluster can be found in 

rubredoxins (Figure 4, Class I) which contain of a single iron without any additional labile 

sulfur. This [Fe] center is surrounded by four sulfur-containing ligands, mostly cysteine 

residues (Herriott et al., 1970). There are two oxidation states of the iron atom. The oxidized 

rubredoxin [Fe]3+ yields a high spin EPR signal at g = 4.3, while the reduced protein [Fe]2+ 

is EPR silent (Messerschmidt, 2001).  

 

 

Figure 4: Classification of Fe-S clusters according to Liu et al., (2014). There are four different types of 

clusters. Class I, Rubredoxin with one iron atom and four sulfur-containing ligands. Redox states: [Fe]2+ and 

[Fe]3+. Class II, [2Fe-2S] cluster with either four cysteine residues (ferredoxin) or two histidine and two cysteine 

Residues (Rieske). Redox states: [2Fe-2S]+ and [2Fe-2S]2+. Class III, [3Fe-4S] cluster with sulfur-containing 

ligands. Redox states: [3Fe-4S]0 and [3Fe-4S]1+. Class IV, [4Fe-4S] cluster with low poteintials (ferredoxin) or 

high potentials (HiPIP). Redox states: [4Fe-4S]1+ , [4Fe-4S]2+ and [4Fe-4S]3+. 
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The second type of cluster consists of two iron atoms ligated by two inorganic sulfur atoms 

and four additional ligands (Figure 4, Class II). The type of ligand determines the type of 

cluster. Ferredoxin [2Fe-2S] clusters are coordinated by four cysteine residues and can be 

further divided in three sub-categories: plant-type ferredoxins, mammalian/mitochondrial 

ferredoxins and thioredoxin-like cluster. Due to a different pattern of electron delocalization, 

there are different reduction potentials. Plant-type ferredoxins and mammalian/mitochondrial 

ferredoxin typically have reduction potentials between -460 and -300 mV. In general, 

mammalian ferredoxins have higher reduction potentials than plant-type ferredoxins 

(Fukuyama, 2004). Thioredoxin-like cluster have a reduction potential of approximately  

-300 mV. (Liu et al., 2014). In contrast to the ferredoxin [2Fe-2S] clusters, Rieske-type [2Fe-

2S] clusters are coordinated by two cysteine residues and two histidine residues. The redox 

transition of this type of cluster is the EPR silent [2Fe-2S]2+ and the EPR-active [2Fe-2S]+ 

state. Many Rieske proteins have positive potentials (+100 to +400 mV) due to the histidine 

ligands shifting up the redox potential in comparison to the ferredoxin clusters with lower 

potentials (-150 to -450 mV) (Liu et al., 2014). The final two groups are the [3Fe-4S] (Figure 

4, Class III) and [4Fe-4S] cluster (Figure 4, Class IV). These clusters are mainly found in 

anaerobic bacteria and function in electron transport. The reason for the presence of the [3Fe-

4S] is not yet understood, but a mechanism to convert a [3Fe-4S] cluster into a [4Fe-4S] 

cluster has been described (Hannan et al., 2000). Interestingly, there are two different redox 

transitions described for [4Fe-4S] clusters. High-potential iron proteins (HiPIP) are globular 

proteins nearly devoid of secondary structure with the [4Fe-4S] in the center, resulting in a 

hydrophobic environment and high potentials ranging from +100 up to +400 mV with a [4Fe-

4S]3+/[4Fe-4S]2+ transition (Messerschmidt, 2001; Liu et al., 2002). Redox transition of [4Fe-

4S]2+/[4Fe-4S]+ is observed with low potentials from -150 to -700 mV in ferredoxins (Adman 

et al., 1973; Beinert et al., 2004).  

1.4.2 Rieske-type [2Fe-2S] proteins 

In the group of non-heme iron-dependent oxygenases, several diverse enzyme families were 

categorized according to their substrate specificity and cofactor requirements. These families 

include: catechol dioxygenase, lipoxygenase, α-ketoglutarate-dependent oxygenases, 
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carotenoid cleavage dioxygenases and Rieske oxygenases (Costas et al., 2004; Abu-Omar et 

al., 2005). Rieske proteins are distinguished by their unique His2–Cys2 ligation motif and 

were first discovered by Rieske in 1964 in the cytochrome bc1 complex (Rieske et al., 1964). 

These amino acids are arranged in a conserved Rieske motif Cys-X-His-X15-47-Cys-X-X-His 

(Link, 1999). In the group of bacterial Rieske-type oxygenases all proteins contain a Rieske 

[2Fe-2S] cluster as well as a mononuclear iron in the catalytic center. Most of the Rieske 

oxygenases described so far are dioxygenases, but also homologous monooxygenases can be 

found. Dioxygenases are oxidative enzymes that catalyze the incorporation of two oxygen 

atoms into their product. Based on structural and spectroscopic similarities of the 

metallocenters there is a strong similarity between the mechanism of Rieske dioxygenases 

and monooxygenases. Additionally, monooxygenation activity of a dioxygenase and vice 

versa were demonstrated (Wende et al., 1982; Wackett et al., 1988). In general, Rieske 

oxygenases rely on a reductase component that shuttles electrons from NAD(P)H via the 

Rieske cluster onto the mononuclear iron center in the active site. These reductase partners 

often contain a ferredoxin and a flavin cofactor. The resulting reduced ferrous ion at the 

mononuclear iron center activates molecular oxygen, leading ultimately to oxidation of the 

substrate. One of the most thoroughly studied Rieske oxygenase is the naphthalene 1,2-

dioxygenase (NDO) from Pseudomonas sp. NCIB 9816-4 and is often used as a model 

enzyme to provide considerable insight into the structure and mechanism of Rieske enzymes. 

The complete NDO enzyme consists of three protein components: the reductase protein 

contains an FAD cofactor and a plant-type [2Fe-2S] cluster, a small ferredoxin electron 

transfer protein that contains a Rieske [2Fe-2S] cluster and the α3β3 oxygenase component 

with a Rieske and a mononuclear iron center. NDO catalyzes the formation of cis-(1R,2S)-

dihydroxy-1,2-dihydronaphtalene formation from naphthalene, O2 and NADH (Resnick et 

al., 1996). As for many other Rieske enzymes, the catalytic center is coordinated by a so-

called “2-His-1-carboxylate triad” (two histidine residues and an aspartate/glutamate 

residue). Another interesting structural feature is the connection of two subunits via a 

conserved aspartate residue to facilitate the electron transfer from the Rieske [2Fe-2S] cluster 

to the mononuclear iron center. The distance between these centers within each subunit is 

about 44 Å, preventing any electron transfer, whereas the distance between these redox 
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centers from adjacent subunits is only about 12 Å. The conserved aspartate residue bridges 

the two centers by hydrogen bonds to His residues within the respective coordination spere 

of the Rieske cluster and mononuclear iron center. Mutational analysis confirmed the 

essential role of this amino acid in the catalytic cycle of NDO (Parales et al., 1999). Rieske 

oxygenases are best known for bacterial degradation of aromatic hydrocarbons, but their 

catalytic repertoire is much more diverse. Involvement in natural product biosynthesis, 

oxidative cyclisation, heteroatom oxidation, hydroxylation, desaturation and dealkylation 

reactions have been described (Perry et al., 2018; Barry & Challis, 2013).  

1.5 Acinetobacter baumannii as a model for L-carnitine metabolism 

A. baumannii belongs to the genus Acinetobacter which comprises Gram-negative, strictly 

aerobic, nonfermenting and nonmotile proteobacteria. Acinetobacter species are known to 

degrade aromatic compounds and grow on sugars, succinate or alcohol (Abbott et al., 1973; 

Ornston & Parke, 1977; Young et al., 2005). A. baumannii was used as a model organism for 

the investigation of the L-carnitine metabolism, since the respective genetic tools are well-

established and the degradation of quaternary ammonium compounds such as L-carnitine has 

been described (Kleber et al., 1967). Furthermore, the putative gene cluster responsible for 

the metabolism of L-carnitine was identified using bioinformatic tools (Figure 5) (Zhu et al., 

2014; Breisch et al., 2019).  

 

 

 

Figure 5: Putative carnitine degradation gene cluster in A. baumannii according to Zhu et al., (2014) and 

Breisch et al., (2019). LysR: Potential regulator of genes essential for carnitine oxidation. M-DH: Predicted 

malate dehydrogenase. Aci01347: Carnitine and choline transporter. AC-HYD: predicted acylcarnitine 

hydrolase. CntA: Predicted oxygenase. MSA-DH: Predicted malic semialdehyde dehydrogenase. CntB: 

Predicted reductase. 
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The two genes cntA (oxygenase) and cntB (reductase) were predicted to play a major role in 

L-carnitine degradation into TMA and malic semialdehyde. Metabolic conversion of L-

carnitine by A. baumannii has been demonstrated by mutagenesis experiments. A deletion 

mutant of either cntA or cntB was completely defective in growth on carnitine while the 

complementation with the respective cntA or cntB carrying plasmid restored the growth on 

carnitine as sole carbon source (Zhu et al., 2014). Only recently, the related A. baumannii 

carnitine transporter Aci01347 (Figure 5, green) was identified and characterized (Breisch et 

al., 2019). Elucidation of the functional role of the predicted regulator LysR and of the 

predicted proteins malate dehydrogenase (M-DH), acylcarnitine hydrolase (AC-HYD) and 

malic semialdehyde dehydrogenase (MSA-DH) are still pending.   

1.6 Carnitine monooxygenase: Components of an unusual Rieske-type 

oxygenase  

On the basis of biochemical investigations CntA was described as an unusual Rieske-type 

oxygenase carrying a mononuclear iron in the catalytic center. CntB was demonstrated as the 

corresponding reductase containing a flavin binding sequence, an NADH binding site and a 

plant-type [2Fe-2S] cluster (Zhu et al., 2014). For the potential plant-type [2Fe-2S] center in 

CntB a binding sequence with four cysteine ligands was proposed. It was shown that CntA 

belongs to a group of uncharacterized Rieske proteins with a glutamate (Glu-205 in A. 

baumannii) instead of an aspartate in the conserved position for a proposed intersubunit 

electron transfer between the Rieske [2Fe-2S] center and the mononuclear iron center. These 

important findings were described by Zhu et al., (2014). The following reaction of carnitine 

monooxygenase was proposed.  

 



Introduction  

 
14 

 

 

Figure 6: Proposed reaction mechanism of L-carnitine degradation according to Zhu et al., (2014). 

Conversion of L-carnitine via a proposed hydroxyl-intermediate (*) into malic semialdehyde and TMA. The 

carbon backbone is further oxidized and utilized in the TCA cycle by the enzymes malic semialdehyde 

dehydrogenase and malate dehydrogenase.  

 

The authors assume that molecular oxygen and an external electron source is needed for the 

conversion of L-carnitine into the products TMA and malic semialdehyde. The predicted 

hydroxylation of the substrate is followed by the cleavage of the C-N bond and the release 

of TMA. The proposed intermediate is shown in brackets. The enzymes malic semialdehyde 

dehydrogenase and malate dehydrogenase further oxidize the carbon backbone into malic 

acid which acts as a central metabolite in the citric acid cycle (Kleber et al., 1977; Seim et 

al., 1982). The essential role of these proteins was demonstrated by in vivo experiments by 

Zhu et al., using the A. baumannii model system. While the wild-type strain was able to grow 

on this medium and TMA was detected, the mutant strains did not show any growth over 

24 h or show any TMA formation. In vitro experiments were performed by heterologous 

expression of CntA and CntB in E. coli. The presence of TMA was only detected in the 

presence of both proteins and a specific in vitro enzyme activity of ~80 nmol mg-1 min-1 was 

determined. Experimental data from Zhu et al., suggest the essential role Glu-205 in CntA, 

due to the lack of enzymatic activity after site directed mutagenesis. Neither of the mutants 

E205A or E205D were able to catalyze the formation of TMA from carnitine. Based on these 

results the proposed electron pathway was summarized as indicated in Figure 7. 
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Figure 7: Proposed electron transfer according to Zhu et al., (2014). CntB recieves electrons from NADH 

and transfer these to the oxygenase CntA via a flavin cofactor and the plant-type [2Fe-2S] cluster. From the 

Rieske-type [2Fe-2S] cluster an intersubunit electron transfer occurs to the mononuclear iron domain of the 

adjacent CntA subunit. L-carnitine is converted to TMA and malic semialdehyde in the presence of molecular 

oxygen. 

 

NADH was identified as the electron donor for this reaction. The two electrons were 

proposed to be transferred to the flavin cofactor and subsequently to the plant-type [2Fe-2S] 

cluster of CntB. The adjacent Rieske-type [2Fe-2S] center of CntA might receive electrons 

from the iron sulfur cluster of CntB and mediates an intersubunit electron transfer onto the 

mononuclear iron center of an adjacent CntA protein where the conversion of L-carnitine into 

TMA and malic semialdehyde is performed in the presence of molecular oxygen.  

As a basis for the detailed investigation of carnitine monooxygenase in our laboratory, a 

series of bachelor theses and master theses were performed. Recombinant overproduction of 

CntB was achieved by cloning the codon-optimized cntB sequence into the pACYCDuet-1 

vector. The resulting N-terminally His6-tagged fusion protein was produced in E. coli Tuner 

(DE3) cells (Reinking, 2016). Significant amounts of CntB (~ 5 mg from 1 l bacterial culture) 

were present in the elution fractions with an intense yellow/orange color after affinity 

chromatography with a relative molecular weight of ~35,000 (calculated molecular mass 

37,151 Da) (Massmig, 2017). Furthermore, initial spectroscopic investigations revealed the 

presence of a flavin cofactor by fluorescent spectroscopy and characteristic absorption 

maxima for bound NADH and flavin in UV-visible absorption spectroscopy (Reinking, 

2016). EPR spectroscopy (in collaboration with the group of Prof. Wolfgang Lubitz at the 
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Max-Planck Institut für chemische Energiekonversation, Mühlheim an der Ruhr) of the 

reductase showed characteristic g-values for a plant-type ferredoxin [2Fe-2S] center (g1 = 

2.037, g2 = 1.943 and g3 = 1.900) after reduction with sodium dithionite (Massmig, 2017). 

The codon-optimized cntA gene was cloned into the pGEX-6P-1 vector resulting in an N-

terminally tagged GST fusion protein (Chachor, 2017). Protein expression was carried out in 

E. coli Tuner (DE3) cells and approximately 6 mg purified CntA were obtained from 1 l cell 

culture with a relative molecular mass of ~44,000 (calculated molecular mass 43,155 Da). 

Protein purification in the presence of a protease inhibitor still revealed a series of undefined 

protein bands with a lower molecular mass judged by SDS-PAGE analysis. Absorption 

maxima of purified CntA showed characteristic peaks indicative for an iron sulfur cluster-

containing protein. Additional EPR spectroscopic analysis revealed the presence of an Fe3+ 

signal with a spin state of S = 5/2. These findings clearly confirm the presence of a 

mononuclear iron center for CntA. After reduction with sodium dithionite, characteristic g-

values of g1 = 2.016, g2 = 1.921 and g3 = 1.759 indicating for an additional Rieske [2Fe-2S] 

center were observed.  

Specific enzymatic activity was determined using a L-carnitine depletion assay, based on the 

work of Zhu et al., (2014) and Marquis & Fritz, (1964). Using purified CntA and CntB 

proteins in the presence of NADH and L-carnitine under aerobic conditions, the depletion of 

L-carnitine was monitored. A specific enzyme activity of 5 – 8 nmol mg-1 min-1 was 

determined.  

In a related approach, the depletion of NADH was monitored with a specific NADH 

consumption of 81 nmol mg-1 min-1 (Massmig, 2017).  
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1.7 Aim of this Study 

The conversion of L-carnitine into TMA and malic semialdehyde was recently demonstrated 

for the two-component carnitine monooxygenase from A. baumannii. 

The aim of the present PhD thesis was the detailed biochemical and spectroscopic 

characterization of the reductase component CntB and of the catalytic component CntA for 

the subsequent understanding of the sophisticated redox catalysis of carnitine 

monooxygenase. For this purpose, a reproducible enzymatic assay had to be established 

which allowed for the robust analysis of the L-carnitine conversion. Targeted inhibition of 

CntAB was proposed as a promising approach to attenuate TMA-dependent atherosclerosis 

development. Accordingly, kinetic in vitro experiments, in the presence of potential inhibitor 

molecules were to be performed. 

 

A second objective was focused on the identification of protein ligands of the flavin cofactor 

and the plant-type [2Fe-2S] cluster of CntB and also of the Rieske-type [2Fe-2S] cluster and 

the mononuclear iron center of CntA. For that purpose, a series of site-directed variant 

proteins of CntB and CntA had to be produced and analyzed according to their catalytic and 

biochemical properties. In cooperation with the group of Prof. Dr. Wolfgang Lubitz from the 

Max Planck Institute for Chemical Energy Conversion in Mülheim, proteins had to be further 

characterized by electron paramagnetic resonance spectroscopy to elucidate the functional 

role of the individual redox centers of CntB and CntA. 

 

Finally, single turnover experiments were to be performed to subsequently describe 

individual stages of the electron transfer processes between CntB and CntA and to elucidation 

a redox catalytic cycle for carnitine monooxygenase catalysis. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Instruments 

Table 1: List of instruments/devices used in this study. 

instrument/device model manufacturer 

agarose gel electrophoresis 

chamber 

Mini-Sub® Cell GT Bio-Rad, Hercules, 

CA, USA 

anaerobic work station Type B Flexible vinyl anaerobic 

chamber 

Coy Laboratory 

Products Inc. 

autoclave LVSA 50/70 Zirbus, Bad Grund, 

Germany 

blue-light transilluminator Flu-O-Blu Biozym Scientific, 

Hessisch Oldendorf, 

Germany 

centrifuges Avanti® J-E Centrifuge Beckman Coulter, 

Brea, CA, USA 

Megafuge® 1.0R Heraeus®, Hanau, 

Germany 

Minispin® Eppendorf, 

Hamburg, Germany 

Optima™ L-90K ultracentrifuge Beckman Coulter, 

Brea, CA, USA 

fluorometer FP-8500 Jasco, Oklahoma 

City, Oklahoma, 

USA 

French® Press French® Pressure Cell SLM Aminco, 

Urbana, IL, USA French® Pressure Cell Press 

FPLC ÄKTApurifier™ GE Healthcare, 

Chalfont St Giles, 

UK 

ÄKTAexplorer™ GE Healthcare, 

Chalfont St Giles, 

UK 

gel scanner BIO-5000 Plus VIS gel scanner Serva, Heidelberg, 

Germany 
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instrument/device model manufacturer 

HPLC pump PU-1580 Jasco, Oklahoma 

City, Oklahoma, 

USA 

HPLC column oven X-LC Jasco, Oklahoma 

City, Oklahoma, 

USA 

HPLC multi wavelength 

detector 

MD-1515 Jasco, Oklahoma 

City, Oklahoma, 

USA 

HPLC fluorescence 

detector 

FP-1520 Jasco, Oklahoma 

City, Oklahoma, 

USA 

magnetic stirrer KMO-1 IKA, Staufen, 

Germany 

microplate reader Varioscan® Flash Thermo Scientific, 

Waltham, MA, USA 

pH determination CG 842 Schott, Mainz, 

Germany 

photometer Ultrospec™ 2000 Amersham 

Pharmacia, 

Amersham, UK 

pipettes Reference (100 – 1’000 µl, 50 – 

200 µl, 2 – 20 µl) 

Discovery Comfort (1 – 10 ml) 

Eppendorf, 

Hamburg, Germany 

HTL 

power supply 

electrophoresis 

Power pack™ 300 Bio-Rad, Hercules, 

CA, USA 

scales BL 1500 

BP 61S 

SBA 52 

Sartorius, Göttingen, 

Germany 

Sartorius, Göttingen, 

Germany 

Scaltec 

SDS PAGE system Mini-PROTEAN® III™ Bio-Rad, Hercules, 

CA, USA 

shaker 305/3020 

CH-4103 

GFL, Burgwedel, 

Germany 

INFORS HT, 

Bottmingen, CH 

spectrophotometer NanoDrop®ND-1000 Peqlab 

Biotechnologie, 

Darmstadt, Germany 
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instrument/device model manufacturer 

thermal cycler C1000™ Thermal Cycler with 

CFX96™ real-time system 

Tpersonal 

Bio-Rad, Hercules, 

CA, USA 

Biometra 

thermomixer Thermomixer Compact Eppendorf, 

Hamburg, Germany 

UV-VIS spectrometer V-650 Jasco, Oklahoma 

City, Oklahoma, 

USA 

vortex Vortex-Genie® 2 Scientific 

Industries™, 

Bohemia, NY, USA 

water purification Milli-Q System Millipore, 

Burlington, MA, 

USA 

 

2.1.2 Chemicals, enzymes and materials 

All chemicals, enzymes and materials employed in this work are listed in Table 2. Chemicals 

which are not explicitly listed were purchased from the following manufactures: Merck, 

Fluka, Roche, Carl Roth, Sigma-Aldrich, GE Healthcare, Macherey-Nagel or Riedel de 

Haën. 

Table 2: List of utilized chemicals, enzymes and materials. 

category product manufacturer 

chemicals ampicillin Roth, Karlsruhe, 

Germany 

ATP Sigma-Aldrich, 

St. Louis, MO, 

USA 

Bradford reagent Sigma-Aldrich, 

St. Louis, MO, 

USA 

chloramphenicol Roth, Karlsruhe, 

Germany 

flavin adenine dinucleotide disodium salt hydrate Sigma-Aldrich, 

St. Louis, MO, 

USA 
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category product manufacturer 

riboflavin 5′-monophosphate sodium salt hydrate Sigma-Aldrich, 

St. Louis, MO, 

USA 

Fe(III) citrate monohydrate Fluka, Waltham, 

MA, USA 

isopropyl-β-D-thiogalactopyranoside (IPTG) GERBU, 

Heidelberg, 

Germany 

L-cysteine hydrochloride monohydrate Roth, Karlsruhe, 

Germany 

NADH: β-nicotinamide adenine dinucleotide, 

reduced disodium salt hydrate 

Sigma-Aldrich, 

St. Louis, MO, 

USA 

sodium dithionite Sigma-Aldrich, 

St. Louis, MO, 

USA 

chromatography 

column 

Superdex™ 200 Increase 5/150 GL GE Healthcare, 

Chalfont St Giles, 

UK 

enzymes and 

proteins 

Benzonase® Merck Millipore, 

Burlington, MA, 

USA 

bovine serum albumin Roth, Karlsruhe, 

Germany 

carnitine acetyltransferase from pigeon breast 

muscle (~80 units/mg protein) 

Sigma-Aldrich, 

St. Louis, MO, 

USA 

kits GeneArt® Site-Directed Mutagenesis System Invitrogen®, 

Carlsbad, CA, 

USA 

L-carnitine Assay Kit Sigma-Aldrich, 

St. Louis, MO, 

USA 

PfuUltra II Hotstart PCR Master Mix Agilent 

Technologies, 

Santa Clara, CA, 

USA 

QIAquick Gel Extraction Kit Qiagen, Hilden, 

Germany 
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category product manufacturer 

QIAquick PCR Purification Kit Qiagen, Hilden, 

Germany 

markers Gel Filtration Markers Kit for Protein Molecular 

Weights 12’000 – 200’000 Da 

Sigma-Aldrich, 

St. Louis, MO, 

USA 

GeneRuler™ DNA Ladder Mix Thermo Fisher, , 

Waltham, MA, 

USA 

PageRuler™ Prestained Protein Ladder Sigma-Aldrich, 

St. Louis, MO, 

USA 

Unstained Protein Molecular Weight Marker Sigma-Aldrich, 

St. Louis, MO, 

USA 

others microplate, 96-well flat bottom (REF 82.1581.001) Sarstedt, 

Nümbrecht, 

Germany 

Microseal® ‘B’ seal Bio-Rad, 

Hercules, CA, 

USA 

Multiplate™ PCR plates 96-well, clear Bio-Rad, 

Hercules, CA, 

USA 

protein 

purification, 

concentration 

and dialysis 

Amicon® Ultra-0.5 device (molecular weight cut-

off (MWCO): 30 kDa) 

Merck Millipore, 

Burlington, MA, 

USA 

dialysis tubing membrane visking (MWCO: 14 

kDa) 

Roth, Karlsruhe, 

Germany 

illustra NAP-5 GE Healthcare, 

Chalfont St Giles, 

UK 

Poly-Prep® Chromatography Column (0.8 x 4 cm) Bio-Rad, 

Hercules, CA, 

USA 

Protino® Glutathione Agarose 4B Macherey-Nagel, 

Düren, Germany 

TALON® metal affinity resin Clonetech, St 

Germain en Laye, 

France 
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2.2 Bacterial Strains, Plasmids and Oligonucleotides 

2.2.1 Bacterial Strains 

All bacterial strains which are used in this work are listed in Table 3. 

Table 3: Bacterial strains used in this work. 

strain genotype reference 

E. coli DH10B str. K-12 F– Δ(ara-leu)7697[Δ(rapA'-cra')] 

Δ(lac)X74[Δ('yahH-mhpE)] duplication (514341 

- 627601)[nmpC-gltI] galK16 galE15 e14–(icdWT 

mcrA) φ80dlacZΔM15 recA1 relA1 endA1 

Tn10.10 nupG rpsL150(StrR) rph+ spoT1 Δ(mrr-

hsdRMS-mcrBC) λ– Missense(dnaA glmS glyQ 

lpxK mreC murA) Nonsense(chiA gatZ fhuA? 

yigA ygcG) Frameshift(flhC mglA fruB) 

Invitrogen®, 

Carlsbad, CA, 

USA 

E. coli Tuner (DE3) F– ompT hsdSB (rB
– mB

–) gal dcm lacY1(DE3) Novagen® 

 

2.2.2 Plasmids 

Table 4: Plasmids used in this study. 

plasmid description reference 

pGEX-6P-1 vector for recombinant protein production, Ptac, 

oripBR322, N-terminal glutathione S-transferase 

(GST)-tag, PreScission™ protease specific 

cleavage site, ampicillin resistance gene (ampr) 

GE 

Healthcare, 

Chalfont St 

Giles, UK 

pGEX-6P-1-cntA derivative of pGEX-6P-1 encoding cntA gene 

from A. baumannii (codon optimized for E. coli) 

inserted into the BamHI/SalI restriction sites, 

encoding for CntA protein as GST-fusion protein, 

ampr 

Chachor, 2017 

pGEX-6P-1-cntA C86A derivative of pGEX-6P-1-cntA, amino acid 

cysteine 86 of CntA was changed to alanine 

this work 

pGEX-6P-1-cntA H88A derivative of pGEX-6P-1-cntA, amino acid 

histidine 88 of CntA was changed to alanine 

this work 

pGEX-6P-1-cntA C106A derivative of pGEX-6P-1-cntA, amino acid 

cysteine 106 of CntA was changed to alanine 

this work 

pGEX-6P-1-cntA H109A derivative of pGEX-6P-1-cntA, amino acid 

histidine 109 of CntA was changed to alanine 

this work 

pGEX-6P-1-cntA E205D derivative of pGEX-6P-1-cntA, amino acid 

glutamate 205 of CntA was changed to aspartate 

this work 
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plasmid description reference 

pGEX-6P-1-cntA E205Q derivative of pGEX-6P-1-cntA, amino acid 

glutamate 205 of CntA was changed to glutamine 

this work 

pGEX-6P-1-cntA H209A derivative of pGEX-6P-1-cntA, amino acid 

histidine 209 of CntA was changed to alanine 

this work 

pGEX-6P-1-cntA H213A derivative of pGEX-6P-1-cntA, amino acid 

histidine 213 of CntA was changed to alanine 

this work 

pGEX-6P-1-cntA D323A derivative of pGEX-6P-1-cntA, amino acid 

aspartate 323 of CntA was changed to alanine 

this work 

pACYCDuet-1 designed for coexpression of two target genes, 

encodes two multiple cloning sites each preceded 

by a T7 promotor, lac operator and ribosome 

binding site, His6-tag, chloramphenicol 

resistance gene (cmr) 

Novagen® 

pACYCDuet-1-cntB derivative of pACYCDuet-1 encoding cntB gene 

from A. baumannii (codon optimized for E. coli) 

inserted into the BamHI/SalI restriction sites, 

encoding for CntB protein with N-terminal His6-

tag, cmr 

Reinking, 2016 

pACYCDuet-1-cntB D75K derivative of pACYCDuet-1-cntB, amino acid 

aspartate 75 of CntB was changed to lysine 

this work 

pACYCDuet-1-cntB S82A derivative of pACYCDuet-1-cntB, amino acid 

serine 82 of CntB was changed to alanine 

this work 

pACYCDuet-1-cntB 

C265A 

derivative of pACYCDuet-1-cntB, amino acid 

cysteine 265 of CntB was changed to alanine 

this work 

pACYCDuet-1-cntB 

C267A 

derivative of pACYCDuet-1-cntB, amino acid 

cysteine 267 of CntB was changed to alanine 

this work 

pACYCDuet-1-cntB 

C272A 

derivative of pACYCDuet-1-cntB, amino acid 

cysteine 272 of CntB was changed to alanine 

this work 

pACYCDuet-1-cntB 

C275A 

derivative of pACYCDuet-1-cntB, amino acid 

cysteine 275 of CntB was changed to alanine 

this work 

pACYCDuet-1-cntB 

C305A 

derivative of pACYCDuet-1-cntB, amino acid 

cysteine 305 of CntB was changed to alanine 

this work 
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2.2.3 Oligonucleotides 

The oligonucleotides in Table 5 were used for mutagenesis and were purchased from 

Invitrogen (Carlsbad, CA, USA). 

Table 5: Oligonucleotides utilized for mutagenesis. Exchanged nucleotides for site-directed mutagenesis are 

highlighted in bold font. 

name sequence (5’ – 3’) 

C86A_fw CCTTTTATAACGTTGCGCCGCATCGTGG 

C86A_rv CCACGATGCGGCGCAACGTTATAAAAGG 

H88A_fw GGATAACTATATGGATTGCTATCATTGTGG 

H88A_rv CCACAATGATAGCAATCCATATAGTTATCC 

C106A_fw GTTATTACCGCGCCGTATCACGCC 

C106A_rv GGCGTGATACGGCGCGGTAATAAC 

H109A_fw CCTGTCCGTATGCGGCCTGGACCTTTAAACTGG 

H109A_rv CCAGTTTAAAGGTCCAGGCCGCATACGGACAGG 

E205D_fw GGATAACTATATGGATTGCTATCATTGTGG 

E205D_rv CCACAATGATAGCAATCCATATAGTTATCC 

E205Q_fw GGATAACTATATGCAGTGCTATCATTGTGG 

E205Q_rv CCACAATGATAGCACTGCATATAGTTATCC 

H208A_fw GGAATGCTATGCGTGTGGTCCGGCAC 

H208A_rv GTGCCGGACCACACGCATAGCATTCC 

H213A_fw GTGGTCCGGCAGCGCCGGGTTTTGCCG 

H213A_rv CGGCAAAACCCGGCGCTGCCGGACCAC 

D323A_fw CCGTCCTGAGGCGCTGAATCTGGTTG 

D323A_rv CAACCAGATTCAGCGCCTCAGGACGG 

D75K_fw GGTTTGTGTTCGTAAAAAAGTTGAAGGTAAAGG 

D75K_rv CCTTTACCTTCAACTTTTTTACGAACACAAACC 

S82A_fw GGTAAAGGTGGTGCGGTGTTTATGCATG 

S82A_rv CATGCATAAACACCGCACCACCTTTACC 

C265A_fw GAATATTGATGTTGAAGCGCTGTGTCGTGAAGG 

C265A_rv CCTTCACGACACAGCGCTTCAACATCAATATTC 

C267A_fw GTTGAATGTCTGGCGCGTGAAGGTGTTTGTGG 

C267A_rv CCACAAACACCTTCACGCGCCAGACATTCAAC 

C272A_fw CGTGAAGGTGTTGCGGGCACCTGTGAAACC 

C272A_rv GGTTTCACAGGTGCCCGCAACACCTTCACG 

C275A_fw GGTGTTTGTGGCACCGCGGAAACCGCAATTCTGG 

C275A_rv CCAGAATTGCGGTTTCCGCGGTGCCACAAACACC 

C305A_fw CCAGAAAAGCATGATGATTGCGGTTAGCCGTGCC 

C305A_rv GGCACGGCTAACCGCAATCATCATGCTTTTCTGG 
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2.3 Sterilization, growth media and additives 

2.3.1 Sterilization 

All solutions and media were vapor sterilized at 121 °C and 1 bar excess pressure for 20 min. 

Temperature sensitive solutions were sterilized by filtration (pore width 0.2 µm (Sarstedt)). 

2.3.2 Media 

Lysic broth medium 

Lysic broth (LB) medium (Sambrook & Russell, 2001) was used as a standard medium for 

the cultivation of E. coli strains.  

 

LB medium tryptone 10 g/l 

 yeast extract 5 g/l 

 NaCl 5g/l 

 

For LB solid medium, 1.5% (w/v) agar-agar was added before sterilization. 

2.3.3 Antibiotics and media additives 

All antibiotics and media additives were prepared as concentrated stock solutions with dH2O 

or 70 % (v/v) ethanol as solvent. Because of their heat sensitivity, antibiotics, IPTG and  

L-cysteine hydrochloride stock solutions were sterile filtrated (pore width 0.2 µm). Fe(III)-

citrate stock solution was sterilized by autoclaving (121 °C and 1 bar excess pressure, 

20 min). Fe(III)-citrate was stored at RT to prevent precipitation and all other solutions were 

stored at -20 °C. L-cysteine hydrochloride stock solution was prepared directly before use. 

 

 

substance solvent stock 

concentration 

final concentration 

ampicillin dH2O 100 mg/ml 100 µg/ml 

chloramphenicol 70 % (v/v) ethanol 34 mg/ml 34 µg/ml 

Fe(III) citrate dH2O 100 mM 1 mM 

IPTG dH2O 1 M 50 µM 

L-cysteine hydrochloride dH2O 100 mM 1 mM 
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2.4 Microbiological techniques 

2.4.1 Cultivation of E. coli 

Liquid pre-cultures 

E. coli cells for recombinant protein production or plasmid production were inoculated from 

a glycerol stock or from a single colony from a plate culture in a volume from 5 – 30 ml LB 

medium containing the respective antibiotics. Cells were grown under vigorous aeration 

overnight at 37 °C and 200 rpm. 

 

Liquid cultures for protein production 

For the production of recombinant proteins in E. coli, 500 ml LB medium containing the 

appropriate antibiotic was inoculated with liquid pre-culture (ratio 1:100 (v/v)) and incubated 

at 37 °C and 200 rpm in baffled flasks until the desired cell density at 578 nm (OD578) of 0.4 

– 0.6 was reached. After cells were incubated at 17 °C for 15 min without agitation, protein 

production was induced by adding IPTG and other additives. Cell cultures were further 

cultivated overnight at 17 °C and 180 rpm. 

 

Plate cultures 

For plate cultures, cell suspension (10 – 250 µl) or cell material was plated with a Drigalski 

spatula or inoculation loop on sterile agar plates containing respective antibiotics and 

incubated overnight at 37 °C.  

2.4.2 Determination of cell density 

The cell density of a liquid cell culture was determined by measuring the optical density at 

OD578 in a spectrophotometer (Ultrospec™ 2000, Pharmacia Biotech, Uppsala, Sweden). 

Cultures with cell densities OD578 > 0.7 were diluted in the respective cultivation medium 

before measurement. An OD578 of 1 corresponds to approximately 1 x 109 cells/ml. 

2.4.3 Storage of bacteria 

For long term storage of bacterial strains glycerol stocks were prepared. Therefore, 1.2 ml of 

liquid overnight pre-cultures were mixed with sterile 0.4 ml 80 % (w/v) glycerol to yield a 

final concentration of 20 % (w/v) glycerol. Glycerol stocks were stored at -80 °C. 
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2.5 Molecular biological techniques 

2.5.1 Preparing of plasmid DNA 

High amounts of plasmid DNA were obtained by harvesting 4 ml cells of an E. coli DH10B 

overnight culture by centrifugation (12’100 x g, RT, 2 min). The sedimented cells were 

suspended in 300 µl buffer P1. For cell lysis 300 µl of buffer P2 were added and the reaction 

tube was inverted several times and incubated for 2 min. The suspension was neutralized by 

the addition of 300 µl buffer P3 and cell debris and denatured proteins were separated by 

centrifugation (12’100 x g, RT, 20 min). The supernatant was transferred in a new tube, 

mixed with 600 µl of isopropanol and DNA was precipitated by centrifugation (12’100 x g, 

RT, 20 min). The sedimented plasmid DNA was washed with 400 µl 70 % (v/v) ethanol, 

centrifuged (12’100 x g, RT, 5 min), dried at 37 °C in a thermomixer and solubilized in 35 µl 

dH2O. Plasmid DNA was stored at -20 °C (Sambrook & Russell, 2001).  

Plasmid DNA for sequencing (e.g., after site-directed mutagenesis) was isolated from E. coli 

DH10B cells using the QIAprep Spin Miniprep Kit according to the manufactures 

instructions (Qiagen, Hilden, Germany). The elution of the plasmid DNA was carried out 

with 32 µl dH2O.  

 

 

buffer P1 ethylenediaminetetraacetic acid (EDTA) 10 mM 

 Tris-HCl pH 8.0 50 mM 

 RNase A solution 100 µg/ml 

   

RNase A solution ribonuclease A in 50 % (w/v) glycerol 10 mg/ml 

   

buffer P2 NaOH 200 mM 

 SDS 1% (w/v) 

   

buffer P3 potassium acetate pH 5.5 3 M 

   

2.5.2 Determination of DNA concentration 

The concentration and purity of plasmid DNA was determined by measuring the absorbance 

of a DNA solution at 260 nm and 280 nm using a spectrophotometer (NanoDrop™ ND-1000, 

PEQLAB Biotechnologie GmbH, Darmstadt, Germany). A pure DNA solution with an 

A260nm
 of 1 corresponds to a concentration of 50 µg/ml double-stranded DNA. The quality of 

the sample is affected by impurities with a dominant absorption at 280 nm. The quotient 

A260nm/A280nm provides information about DNA purity. A DNA solution with a value of 

A260nm/A280nm = 1.8 - 2.0 was considered to be pure.  
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2.5.3 Site-directed mutagenesis 

For the characterization of essential ligands involved in the coordination of cofactors single 

amino acid exchange was employed in this work. Up to 3 bp at specific positions were 

substituted in a polymerase chain reaction (PCR) using specific primers (Table 5). The 

PfuUltra II Hotstart PCR Master Mix (Agilent Technologies, Santa Clara, CA, USA) was 

used to create most of the mutated plasmids (see below). The following components were 

used for the PCR reaction in a total volume of 50 µl. 

 

25 µl PfuUltra II Hotstart PCR Master Mix 

10 pmol forward primer 

10 pmol reverse primer 

50-100 ng template DNA 

filled up to 50 µl with dH2O 

 

The following PCR program was used. 

 

30 sec 95 °C  

30 sec 95 °C  

30 sec 68 °C 20x 

60 sec/kb 68 °C  

 

The reaction mixture was treated with Dpn I (20 units) to specifically digest methylated 

parental template DNA. The mutated plasmid DNA was transformed into competent E. coli 

DH10b cells and selected on plates containing ampicillin (pGEX-6P-1-cntA) or 

chloramphenicol (pACYCDuet-1-cntB). If no colonies were obtained, the GeneArt® Site-

Directed Mutagenesis System (Invitrogen®, Carlsbad, CA, USA) was used according to 

manufacturer’s instructions.  

2.5.4 Preparation of chemically competent E. coli cells 

CaCl2 method 

An overnight culture of E. coli Tuner cells was prepared and 100 ml LB medium in 500 ml 

baffled flasks was inoculated in a ratio of 1:100 (v/v) with the pre-culture. The cultures were 

grown at 37 °C and 200 rpm until an OD578 of 0.6 – 0.8 was reached. After 10 min incubation 

on ice, the cells were harvested by centrifugation for 10 min, 4 °C and 4’500 x g (Megafuge® 

1.0R; Heraeus®). The cell pellet from 50 ml culture was carefully suspended with 10 ml ice-

cold CaCl2 – solution and placed on ice for 15 min. After another centrifugation (10 min, 
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4 °C, 4’400 x g) the pellet was suspended in 1 ml ice-cold CaCl2 – solution. The CaCl2 

competent E. coli cells were stored in aliquots of 104 µl at -80 °C.  

 

 

CaCl2 – solution CaCl2 100 mM 

 glycerol 10 % (w/v) 

 

 

RbCl method 

An overnight pre-culture of E. coli DH10B was used to inoculate 500 ml LB medium in a 500 ml 

baffled flask in a ratio of 1:100 (v/v). After the cultures reached an OD578 of 0.5 – 0.6 the cells 

were harvested by centrifugation for 10 min, 4 °C and 4’500 x g. The cell pellet was 

suspended in 100 ml ice-cold TFB-I buffer and incubated on ice for 5 min. Cells were 

centrifuged for 10 min, 4 °C and 4’500 x g and subsequently suspended in TFB-II buffer (in 

approximately twice the volume of the sediment). After incubation on ice for 1 h cells were 

stored in aliquots of 104 µl at -80 °C. 

 

 

TFB-I potassium acetate 30 mM 

 CaCl2 10 mM 

 MnCl2 50 mM 

 RbCl2 100 mM 

 glycerol 15% (v/v) 

 pH 5.8 adjusted with acetic acid  

   

TFB-II piperazine-N,N`-bis(2-ethanesulfonic acid) 

(PIPES)-HCl pH 6.5 

10 mM 

 CaCl2 75 mM 

 RbCl2 10 mM 

 glycerol 15% (v/v) 

 ph 6.5 adjusted with KOH  

 

2.5.5 Transformation of chemically competent E. coli cells 

Transformation of chemically competent E. coli DH10B or E. coli Tuner cells was carried 

out by heat shock. Therefore, 1 µl of plasmid DNA was mixed with 50 µl of competent cells 

and stored on ice for 15 – 30 min. The heat shock at 42 °C was performed for 45 sec and 

subsequently incubated on ice for 2 min. Regeneration of the transformed cells was achieved 

by adding 500 ml of LB medium and incubation at 37 °C and 600 rpm for 1 h. 50 and 100 µl 

of the cell suspension was plated on LB agar plates containing respective antibiotics. The 

residual cell suspension was sedimented (2 min, RT, 2’400 x g), the supernatant was 
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discarded and the concentrated cell suspension was plated. The plates were incubated 

overnight at 37 °C. 

 

2.5.6 DNA Sequencing 

Plasmid DNA sequence determination after mutagenesis was performed by GATC 

Biotech/Eurofins based on the Sanger method (Sanger et al., 1977). Primers used for 

sequencing are listed in Table 5. Plasmid DNA and primers were provided within the 

concentration range suggested by the company. The results were analyzed with the 

Lasergene® software package (DNASTAR® Inc., Madison, WI, USA) 

 

2.6 Protein biochemical methods 

2.6.1 Recombinant protein production 

E. coli Tuner (DE3) cells containing the plasmid pGEX-6P-1-cntA, pACYCDuet-1-cntB or 

plasmid variants were used for the recombinant protein production. Liquid pre-cultures were 

prepared (section 2.4.1) with ampicillin (CntA and variants) or chloramphenicol (CntB and 

variants). 500 ml liquid cultures for protein production (section 2.4.1) were induced with 

IPTG and the media additives Fe(III)-citrate and L-cysteine hydrochloride (section 2.3.3) 

were supplemented. Cells were harvested in a total volume of 1 l by centrifugation at 

2’000 x g at 4 °C for 15 min (Avanti® J-E Centrifuge, JLA 8.100 Beckman Coulter, Brea, 

CA, USA). The pellet was kept on ice, suspended in harvesting buffer and sedimented again 

(15 min, 4’000 x g and 4 °C). The supernatant was discarded and the cell pellet was stored 

at -20 °C in a 50 ml tube.  

For anaerobic protein purification, liquid cell cultures were transferred in an anaerobic 

chamber (95 % N2, 5 % H2, <1 parts per million (ppm) O2) and incubated for 2 h without 

agitation. Cells were harvested by centrifugation for 15 min, 2’000 x g and 4 °C (Avanti® J-

E Centrifuge, JLA 8.100 Beckman Coulter, Brea, CA, USA). The pellet was suspended in 

anoxic harvesting buffer and sedimented again (15 min, 4’000 x g and 4 °C). The supernatant 

was discarded and the cell pellet was stored at -20 °C. 

 

 

buffer 1 HEPES NaOH, pH 7.5 100 mM 

 NaCl 150 mM 
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2.6.2 Disruption of cells 

Sedimented cells from 1 l culture with overproduced CntA, CntB or respective variants were 

suspended in buffer 1 and disrupted by a single passage through a French® Press at 14’500. 

1 µl Benzonase® was added prior disruption as well as other additives such as FMN or ATP 

as indicated. Disrupted cells were subjected to ultracentrifugation (112’000 x g, 65 min, 4 °C) 

to separate the soluble protein fraction from insoluble cell components. 

2.6.3 Affinity chromatography  

Aerobic protein purification of GST-tagged CntA proteins 

For the purification of GST-tagged CntA and variants, a Poly-Prep® chromatography column 

(BioRad) containing 1 ml Protino® Glutathione Agarose 4B (Macherey-Nagel, Düren, 

Germany) was used. The soluble fraction after cell disruption and ultracentrifugation (section 

2.6.2) was loaded on the equilibrated column and drained from the column. Optional washing 

steps with 5x 1 CV ATP (10 mM ATP in buffer 1) were performed as indicated, followed by 

two washing steps with 6 column volumes (CV) of buffer 1 respectively to remove unbound 

proteins. Protein elution was performed by proteolytic on-column cleavage with PreScission 

Protease (GE Healthcare, Chalfont St Giles, UK). Therefore, 400 Units protease in 1.5 CV 

buffer 1 was mixed with glutathione agarose and incubated overnight at 4 °C on a roller 

mixer. The target protein was drained from the column and the column was washed with 2x 

1 CV buffer 1. 

 

Aerobic protein purification of His6-tagged CntB proteins 

To purify His6-tagged CntB and variant proteins, a Poly-Prep® chromatography column 

(BioRad) containing 1 ml Talon® metal affinity resin (Clonetech, St Germain en Laye, 

France) was used. The soluble fraction after cell disruption and ultracentrifugation (section 

2.6.2) was loaded on the equilibrated column and incubated for 15 min on a roller mixer. 

Optional washing steps with ATP (10 mM ATP in buffer 1) and FMN (10 mM FMN in buffer 

1) were performed as indicated, followed by 10 CVs of buffer 1 to remove unbound proteins. 

Elution was performed with buffer 1 in the presence of 15 or 50 µM imidazole, until no 

yellowish elution was drained from the column.  

 

Anaerobic protein purification 

For single turnover experiments, anaerobic protein purification was performed. Therefore, 

all steps from cell harvest (section 2.6.1), cell disruption (section 2.6.2) to protein purification 

(section 2.6.3) was carried out under strict anaerobic conditions in an anaerobic chamber 

(Coy Laboratories, Grass Lake, MI, USA) with an oxygen partial pressure below 1 ppm 

(Oxygen detector, Coy Laboratories, Grass Lake, MI, USA). All buffers and additives were 

N2 saturated prior to use. 
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2.6.4 Dialysis 

Buffer exchange was performed at 4 °C using either dialysis membranes with a molecular 

weight cut-off of 30’000 Da by dialyzing two times against 1 l buffer as indicated (17 h, 2 h) 

or illustra NAP®-5 columns (GE Healthcare, Chalfont St Giles, UK) according to 

manufactures manual.  

2.6.5 Concentrating of protein solutions 

Elution fractions containing purified protein were concentrated up to the desired protein 

concentration using Amicon Ultra-0.5 Centrifugal Filter Units (Millipore, Burlington, MA, 

USA) equipped with a 30,000 Da cut-off membrane according to the manufacturer’s 

instructions. The concentrated samples were immediately frozen in liquid nitrogen (EPR-

samples) or stored at -20 °C in aliquots of the desired volume.  

2.7 Protein characterization 

2.7.1 Determination of protein concentration 

The concentration of protein solutions was determined by incubating the purified proteins 

with Bradford reagent (Sigma-Aldrich, St. Louis, MO, USA) according to manufacturer`s 

instructions and subsequent measurement of the absorption at 595 nm.  

This method is based on the shift of absorption from 465 nm to 595 nm of the dye Coomassie 

Brilliant Blue G-250. Absorption at 465 nm indicates the unbound dye. In the presence of 

proteins, the dye attaches to basic amino acids and the absorption changes to 595 nm. This 

shift is also visually recognizable as a color change from red brown to blue (Bradford, 1976). 

A calibration with a standard, e.g., bovine serum albumin, is necessary for the calculation of 

protein concentrations. Protein dilutions with known concentrations in the respective buffer 

were analyzed to determine a calibration curve. 

2.7.2 Discontinuous SDS polyacrylamide gelelectrophoresis 

Discontinuous sodium dodecyl sulfate-polyacrylamide gelelectrophoresis (SDS-PAGE) is a 

method to analyze protein samples according to their molecular mass. This method was 

performed as described by Laemmli (1970) with modifications by Righetti et al. (1990). The 

polyacrylamide gel consists of a permeable matrix, through which molecules can travel, if an 

electrical current is present. The migration of proteins through the gel depends on their 

length, conformation and charge. To separate proteins based on their length, ß-

mercaptoethanol and SDS were used. ß-mercaptoethanol reduces disulfide bonds and SDS 

destroys the tertiary structure by dissolving hydrogen bonds and hydrophobic interactions. 
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Because of the ability of SDS to bind amino acid residues through hydrophobic interaction, 

all proteins masked with negative charges in defined ratio. 

For SDS-PAGE analysis protein samples were supplemented with 2x SDS loading dye in a 

ratio of 1:1 and incubated for 10 min at 95 °C to denature the proteins. Samples were loaded 

onto SDS gels in electrophoresis buffer at a current intensity of 45 mA per gel until the 

bromophenol blue band had passed the gel. During electrophoresis, proteins first migrate 

through the stacking gel where they get focused and subsequently separated due to their 

molecular mass in the running gel. The different behavior of proteins in these parts of the 

gels relies on pH changes. To determine the relative molecular mass of unknown proteins the 

protein size standard Unstained Protein Molecular Weight Marker (Thermo Scientific) was 

used. Gels were stained with Coomassie Brilliant Blue G-250 solution and destained until 

distinct protein bands were visible. For documentation, gels were scanned and then dried 

between cellophane foils.  

 

 

 

running Gel Rotiphorese® Gel 30 2 ml 

(12 % (w/v) 

acrylamide) 

1.5 M Tris-HCl pH 8.8, 0.4 % SDS (w/v) 1.25 ml 

dH2O 1.75 ml 

10 % (w/v) aminoperoxodisulfat 50 µl 

N,N,N’,N’-tetramethylethylendiamin 5 µl 

   

stacking Gel Rotiphorese® Gel 30 0.5 ml 

(6 % (w/v) 

acrylamide) 

0.5 M Tris-HCl pH 6.8, 0.4 % SDS (w/v) 0.625 ml 

dH2O 1.375 ml 

10 % (w/v) aminoperoxodisulfat 25 µl 

 N,N,N’,N’-tetramethylethylendiamin 2.5 µl 

  

 

 

2x SDS loading dye Tris-HCl, pH 6.8 50 mM 

 SDS 2 % (w/v) 

 glycerol 10 % (v/v) 

 β-mercaptoethanol 2 mM 

 bromophenol blue 0.1 % (w/v) 

   

electrophoresis 

buffer 

Tris-HCl, pH 8.8 50 mM 

glycine 385 mM 

 SDS 0.1 % (w/v) 

   

staining solution ethanol 30 % (v/v) 

acetic acid 10 % (v/v) 

 Coomassie Brilliant Blue R-250 0.25 % (w/v) 
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 in dH2O  

   

destaining solution ethanol 30 % (v/v) 

 acetic acid 10 % (v/v) 

 in dH2O  

2.7.3 UV/Visible light absorption spectroscopy 

UV/visible light absorption spectra were recorded using a V-650 spectrometer (Jasco, 

Oklahoma City, Oklahoma, USA). The spectra were monitored from 250 – 600 nm with a 

scan speed of 200 nm/min and a bandwidth of 1 nm. Data were analyzed with the Spectra 

Manager software (Jasco, Oklahoma City, Oklahoma, USA). 

2.7.4 Determination of iron 

The iron content of purified proteins can be visualized and measured colorimetrically as 

described by Lovenberg et al. (1963). The complex of bathophenantroline disulfonate and 

Fe(II) ions can be detected photometrically. The assay was performed in duplicates in a total 

volume of 65 µl, using 10 µl and 20 µl of a purified protein sample and buffer 1. 45 µl 1 M 

perchloric acid was added to each sample and after intensive mixing the samples were 

incubated for 15 min at room temperature followed by centrifugation for 5 min and 6’700 x g. 

72 µl bathophenantroline disulfonate, 36 µl ascorbic acid sodium salt solution and 27 µl 1:3 

diluted saturated ammonium acetate were mixed intensively with 90 µl supernatant and 

incubated for 30 min at room temperature. A pink color indicates iron ions in the sample. 

After 5 min centrifugation at 6’700 x g, the samples were measured at 535 nm and 680 nm. 

Absorption at 680 nm was subtracted from the absorption at 535 nm to determine only the 

complex of bathophenantroline disulfonate and Fe(II) ions. A series of dilution of an iron 

standard (0 – 8 nmol, Fluka, Waltham, MA, USA) was used to create a calibration curve for 

the calculation of iron content in both samples.  

 

 

substance stock concentration 

bathophenantroline disulfonate 1.7 mg/ml in dH2O 

ascorbic acid sodium salt solution 38 mg/ml in dH2O 

2.7.5 Determination of sulfur 

Measurement of sulfur in proteins containing [Fe-S] cluster is based on a method by Beinert 

(1983). A Zn-acetate solution in the presence of NaOH is used to release sulfur from [Fe-S] 

clusters in form of sulfide which leads to the formation of methylene blue with N,N-dimethyl-

p-phenylendiamine (DMPD) in the presence of FeCl3 in HCl. This complex can be detected 
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photometrically. 30 µl and 60 µl of a protein sample in a total volume of 100 µl buffer 1 were 

used for this assay. In a very short interval, 300 ml 1 % (w/v) Zn-acetate and 15 µL 3 M 

NaOH were added. While adding Zn-acetate, sulfur can leak in form of H2S. The solution 

was mixed intensively and incubated for 5 – 10 min at room temperature. 75 µl 0.1 % (w/v) 

DMPD and 16 µl 23 mM FeCl3 were applied in a short interval. After mixing, the protein 

samples were incubated for at least 3 h and the standard for 30 min at 4 °C. The resulting 

solution has a blue coloration, if sulfur is present. Before detection at a wavelength of 

670 nm, the samples were centrifuged for 5 min at 6’700 x g. For quantification of sulfur in 

the sample, a calibration curve with a sulfur standard (0 – 20 nmol Li2S) was created.  

 

 

substance solvent stock concentration 

Zn-acetate * 2 H2O dH2O 10 mg/ml 

DMPD 5 M HCl 1 mg/ml 

FeCl3 * 6 H2O 1.2 M HCl 3.75 mg/ml 

Li2S 30 mM NaOH 0.92 mg/ml 

NaOH dH2O 3 M 

 

2.8 Determination of specific enzyme activity 

2.8.1 NADH depletion assay 

A spectroscopic NADH depletion assay was performed to determine the electron 

consumption compared to the depletion of L-carnitine. Therefore, 1.2 µM CntA, 1.2 µM 

CntB, 300 µM L-carnitine and 200 µM NADH were mixed in a glass cuvette and the 

absorption at 340 nm was monitored. The specific NADH depletion activity was determined 

by calculation of the slope in the linear range of the assay using an extinction coefficient ε340 

= 6.2 mM-1 cm-1 for NADH (Hossain et al., 1984). Control reactions in the absence of CntA, 

CntB or under strict anaerobic conditions were performed. All reactions were performed at 

least in triplicate. 

2.8.2 Determination of the specific enzyme activity 

Due to the rather low specific activity of the in vitro enzyme activity assay described under 

Massmig (2017) the related protocol was optimized. Two consecutive steps are required for 

the determination of specific enzyme activity. The first part of the assay is composed of all 

components for the conversion of the substrate L-carnitine into TMA and malic 

semialdehyde. The subsequent part of the assay contains components for the enzymatic 

quantification of remaining L-carnitine.   



Materials and Methods  

 
37 

 

The following list summarizes all changes that were performed in this work: 

▪ proteins were purified in the absence of cOmplete™, Mini, EDTA-free Protease 

Inhibitor Cocktail (Roche) 

▪ the ratio of CntB to CntA was adjusted from 1:1 to 4:1 

▪ enzymes were pre-incubated at 37 °C for 10 min 

▪ the substrate concentration was raised from 250 µM to 300 µM 

▪ the total assay volume was decreased from 600 µl to 100 µl 

▪ reaction mixture was incubated at 37 °C instead of 25 °C 

 

Optimized in vitro L-carnitine depletion assay 

A typical activity assay was composed of 20 µM CntB, 5 µM CntA, 300 µM L-carnitine, 

2 mM NADH as electron donor in buffer 1. For the determination of individual time points 

(0, 15, 30, 60, 90 sec), an assay volume of 100 µl was prepared, respectively. The enzyme-

substrate mix was pre-incubated for at least 10 min at 37 °C, prior the reaction was started 

by the addition of NADH. The reactions were stopped by heat denaturation at 99 °C for 

10 min. Denatured proteins were separated by centrifugation at 12’100 x g at RT for 10 min. 

50 µl of the L-carnitine containing supernatant were transferred in a new reaction tube and 

stored on ice until further processing in the L-carnitine detection assay.  

 

Optimized enzymatic detection of L-carnitine 

The quantification of free L-carnitine is based on the assay performed by Marquis & Fritz, 

(1964) which was modified by Massmig (2017). Free L-carnitine is converted in the presence 

of carnitineacetyltransferase (CAT) and acetyl-coenzyme A (acetyl-CoA) to acetylcarnitine 

and CoA-SH. The thiol of CoA-SH cleaves the disulfide bond of 5,5'-dithiobis-(2-

nitrobenzoic acid) (DTNB) which results in the formation of 2-nitro-5-thiobenzoate (TNB−). 

Subsequently, TNB- is converted into TNB2- in aqueous solutions at neutral pH. The product 

has a yellow color and can be detected spectroscopically at 412 nm. This reaction is fast and 

stoichiometric, one thiol molecule results in one TNB2- molecule (Gustavsen, 2000). The 

specific enzymatic activity was calculated using either the molar extinction coefficient of 

TNB2- of ε = 14.15 mM-1
 cm-1 or a calibration curve. The calibration curve was determined 

using a serial dilution of L-carnitine, covering a range from 0 – 50 µM. Enzymatic 

determination of L-carnitine was performed and the sample concentration was plotted against 

the resulting spectroscopic signal. The reaction sequence for the determination of L-carnitine 

is summarized in Figure 8.  
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Figure 8: Enzymatic quantification of L-carnitine. L-carnitine and acetyl-CoA were converted into 

acetylcarnitine and CoA-SH in the presence of carnitineacetyltransferase. The addition of DTNB leads to the 

formation of TNB2- which can be quantified spectroscopically.  

L-carnitine containing samples were incubated in the presence of 50 µM acetyl-CoA and 

0.2 U carnitineacetyltransferase and were incubated for 20 min at 25 °C and 200 rpm in a 

volume of 250 µl. Therefore, 50 µl samples were supplemented with 200 µl reaction mix to 

fully convert L-carnitine into acetylcarnitine. Subsequent addition of 50 µl DTNB solution 

leads to the fast conversion of DTNB into TNB2-. The final product was spectroscopically 

quantified at 412 nm using a microtiter plate after 10 min incubation at 25 °C and 200 rpm. 

 

Table 6: Composition of the master mixes of the enzymatic detection of L-carnitine. 

 Component Stock 

concentration 

Final concentration 

reaction mix 

Acetyl-CoA 2 mM 50 µM 

CAT 0.2 U µl-1 0.2 U 

in buffer 1 

  

DTNB solution 
DTNB 2 mM 100 µM 

in buffer 1 

 

2.8.3 Modified L-carnitine depletion assay for TMA determination by gas 

chromatography 

Enzymatic TMA formation was determined by gas chromatography (Manthey, 1988; 

Stockemer & Kruse, 1985). Therefore, the standard L-carnitine depletion assay (section 2.8.2) 

was modified as followed. For the comparison of wild-type protein with related CntB or 

CntA variant proteins, an equimolar ratio of reductase and oxygenase was used. To obtain 

maximum TMA amounts, 2 mM L-carnitine (instead of 300 µM) and  2 mM NADH were 



Materials and Methods  

 
39 

 

used. After 2 min incubation at 37 °C the reaction was stopped by the addition of 1 ml 1 M 

perchloric acid. Variant proteins of CntA or CntB or control experiments in the absence of 

CntB or NADH were processed accordingly. Commercial TMA quantification by gas 

chromatography was performed by IBEN (Bremerhaven, Germany).  

 

2.9 Analysis of the flavin cofactor 

2.9.1 Fluorescence spectroscopy 

Presence of a flavin cofactor in purified samples of CntB was determined by fluorescence 

spectroscopy. A protein sample of 400 µl at a concentration of 25 µM was precipitated by 

heat denaturation at 99 °C for 10 min and centrifuged at 12’100 x g at RT for 10 min. 

Fluorescence spectra of the resulting supernatant were monitored from 450 – 600 nm with 

an excitation wavelength of 370 nm or 450 nm using an FP 8500 fluorometer (Jasco, 

Oklahoma City, Oklahoma, USA).  

2.9.2 High performance liquid chromatography 

The characterization of the flavin cofactor was performed by high performance liquid 

chromatography (HPLC). A purified protein sample (50 µM) was prepared as described 

above (section 2.9.1) and 10 µl of the supernatant was analyzed on a Reprosil 100 C18 column 

(Techlab, Braunschweig, Germany) on a HPLC-system equipped with a pump (PU-1580, 

Jasco, Oklahoma City, Oklahoma, USA), a column oven (X-LC, Jasco, Oklahoma City, 

Oklahoma, USA), a multi wavelength detector (MD-1515, Jasco, Oklahoma City, Oklahoma, 

USA) and a fluorescence detector (FP-1520, Jasco, Oklahoma City, Oklahoma, USA). 

Isocratic separation was performed at a flow rate of 0.5 mL min-1 at 30 °C using the following 

mobile phase: 14% (v/v) acetonitrile, 1.5% (v/v) trifluoric acid, 0.09% (v/v) of a 75% (w/w) 

phosphoric acid in water. Flavins were detected by fluorescence measurements using an 

excitation wavelength of 370 nm and an emission wavelength of 526 nm. Authentic FAD or 

FMN samples (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 50 µM in 10 µl 

were analysed in parallel and the related elution profiles were normalized according to the 

signal obtained from the CntB-derived sample. 

2.9.3 FMN quantification 

A series of FMN standards (0 – 15 µM, Sigma-Aldrich, St. Louis, MO, USA) in buffer 1 

were prepared and a related calibration curve was determined. A purified CntB sample 

(400 µl, 25 µM) and the FMN standards were incubated at 99 °C for 10 min and centrifuged 

(12’100 x g) at RT for 10 min. The FMN containing supernatant was applied to UV-visible 
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and fluorescent spectroscopy (excitation = 450 nm; emission = 526 nm). The FMN content 

of all samples was calculated using an extinction coefficient of ϵ450 = 12.2 mM-1cm-1 of free 

FMN (Whitby, 1953). Data of FMN standards from fluorescence spectroscopy was used to 

create a calibration curve and calculate the FMN content of the CntB.  

2.10 EPR spectroscopy 

All EPR measurements were performed in tight collaboration with the group of Prof. Dr. 

Wolfgang Lubitz (Max-Planck Institut für chemische Energiekonversation, Mühlheim an der 

Ruhr). 

 

X-band EPR spectroscopy 

Protein samples at a concentration of 0.5 – 2 mM in ~50 µl buffer 1 were used. X-Band EPR 

spectra were recorded on a Bruker Elexsys E-500 CW X-band spectrometer. The sample 

tubes of 3 mm outer diameter were placed in a standard TE102 resonator. Low temperature 

measurements were obtained using an Oxford ESR 900 helium flow cryostat (3-300 K). 

Baseline corrections were performed by subtracting a background spectrum, obtained under 

the same experimental conditions from an empty tube. All spectra were recorded at 9.653 

GHz, 7.5 G modulation amplitude, 0.2 mW microwave power and 100 kHz modulation 

frequency. 

 

Q-band EPR spectroscopy 

Q-band experiments using samples of 0.5 – 2 mM in ~50 µl buffer 1 were performed on a 

Bruker ELEXYS E580 spectrometer with a SuperQ-FT microwave bridge (5 W output 

power) using a home-built resonator described earlier (Reijerse et al., 2012). Cryogenic 

temperatures (10 – 30 K) were obtained by a closed cycle helium flow cryostat (Cryogenic 

Ltd.). ENDOR experiments were performed using a 300 W ENI 300 L RF amplifier. 

Experimental conditions: 30 K; Sequence: π1-RF1-π/2-τ-π2-echo, π1 = 100 ns, RF1 = 20 µs, 

π/2 = 30 ns, π2 = 60 ns; 1’800 scans, 5 shots, Trep = 40 ms, 300 points, microwave frequency 

= 34.03025 GHz, field position = 12’140 Gauss 

2.10.1 Single turnover experiments 

Single turnover experiments were focused on the electron transfer between CntB and CntA. 

These experiments are based on the different redox states of both proteins. The redox centers 

of the purified proteins were always obtained in the oxidized state, due to the presence of 

oxygen and as no reducing agents were employed during the purification process. These 

redox states are indicated as FMN/[2Fe-2S]2+ for CntB and [2Fe-2S]2+/[Fe]3+ for CntA. The 

different redox states were analyzed by the following three consecutive experiments (I - III). 

 



Materials and Methods  

 
41 

 

All experiments were performed under strict anaerobic conditions in an anaerobic chamber 

(Coy Laboratories, Grass Lake, MI, USA) with an oxygen partial pressure below 1 ppm 

(Oxygen detector, Coy Laboratories, Grass Lake, MI, USA).  

 

(I) Creating the FMNH*/[2Fe-2S]+ redox state of CntB 

Oxidized CntB was purified, based on the anaerobic purification protocol in section 2.6.3. 

To enhance the incorporation of the flavin cofactor 2 ml of 10 mM FMN was added before 

cell disruption in combination with 2 ml of 10 mM ATP to prevent the co-purification of 

chaperons. 5 x 1 CV 10 mM ATP washing steps were performed after the removal of 

unbound proteins, followed by 2x 5 ml buffer 1. The immobilized protein (~1 mM) in the 

FMN/[2Fe-2S]2+ state was incubated with a 2 mM NADH or 2 mM sodium dithionite 

solution (1 CV) for 10 min. After excessive washing with buffer 1 (2 x 3 CV) the reduced 

protein was eluted in 2 ml buffer 1 containing 50 mM imidazole. A 300 µl sample was taken 

for UV-visible spectroscopy analysis and the residual protein was concentrated to ~ 1 mM, 

transferred into 3 mm EPR tubes and frozen in liquid nitrogen for subsequent EPR analysis. 

 

(II) Enzymatic reduction of CntA with reduced CntB 

CntB in the reduced state was affinity purified according to the method described in (I). After 

the final washing step, 1 mM CntA (1 CV) was incubated in the presence of the immobilized 

(reduced) CntB for 10 min on the column. Subsequently, both proteins were individually 

eluted. CntA was recovered by removing the end-cap and eluted in the presence of 1 CV 

buffer 1. The column was washed with 2 x 3 CV buffer 1 before CntB was liberated with 

2 ml buffer 1 containing 50 mM imidazole. Both proteins were analyzed by UV-visible and 

EPR spectroscopy. 

 

(III) Analysis of oxygen-dependent product formation 

Based on the method described under (II), CntA was reduced in the presence of CntB. Prior 

elution of the proteins, the column was incubated with 1 CV 10 mM L-carnitine for 10 min. 

After the individual elution of both proteins (see above), each fraction was exposed to 

molecular oxygen. The sealed caps were opened outside the anaerobic chamber for 5 min 

with carefully mixing. The samples were analyzed by UV-visible spectroscopy. 

2.11 Small angle X-ray scattering experiments 

Small angle X-ray scattering (SAXS) provides a technique for low-resolution structural 

characterization and determination of the oligomeric state of proteins and protein complexes. 

Although, there is a limit in the resolution of ~10 Å, it provides important structural 

information about biomolecules in solution without crystallography data (Mertens & 

Svergun, 2010; Skou et al., 2014). SAXS experiments were performed by Dr. Jörn Krausze 

(Institute of Plant Biology, Technical University Braunschweig, Germany) at beamline 

BM29 (Pernot et al., 2013) of the European Synchrotron Radiation Facility (Grenoble, 
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France). A concentrated sample of CntA (430 µM) in buffer 1 was exposed to an X-ray 

energy of 12,500 eV at a temperature of 293 K while steadily flowing through a quartz 

capillary. The scattering intensities were recorded with a Pilatus 1M hybrid photon counting 

detector within a momentum transfer range of 0.035 – 5 nm-1. A total of ten scattering images 

were collected with an exposure time of 0.5 s per image. The scattering data were processed 

with programs from the ATSAS suite (Franke et al., 2017). The scattering images were 

appraised for apparent effects of radiation damage and subsequently normalized, averaged, 

and base-line corrected through the subtraction of buffer scattering with the program 

PRIMUS (Konarev et al., 2003). Scattering intensities for a theoretical trimer or a monomer 

of CntA were calculated and fitted to the experimental data with the program CRYSOL 

(Svergun et al., 1995). CRYSOL reports χ2 values as an indicator for the general agreement 

of theoretical and experimental curves, which are calculated by 

 

𝜒2 = ∑ (
(𝐼𝑜𝑏𝑠−𝐼𝑐𝑎𝑙𝑐)2/𝜎𝐼𝑜𝑏𝑠

2

𝑁−1
) 𝑁

1     (1) 

 
with N being the number of individual read out data points. For a more thorough assessment 

of the quality of fit throughout the resolution range, the residual was calculated 

 

Δ𝐼/𝜎𝐼 = (𝐼𝑜𝑏𝑠 − 𝐼𝑐𝑎𝑙𝑐)/𝜎𝐼𝑜𝑏𝑠    (2)  

 

which was plotted as function of momentum transfer/resolution. The best agreement is 

reflected by the smallest χ2 value and by residuals ΔI/σI only marginally different from zero 

throughout the whole resolution range. 

2.12 UV-visible spectroelectrochemical measurements 

Spectroelectrochemistry is a useful tool to investigate redox characteristics of biological 

redox systems (Heineman et al., 1982). With this method, reduction potentials (Eo) and 

electron stoichiometry (n-values) can be determined. In this work electrochemistry and UV-

visible absorption measurements were combined using the method described by Birrell et al., 

2016. All experiments and data analysis were performed by Christoph Laurich (Max-Planck-

Institute for Chemical Energy Conversion, Mülheim an der Ruhr, Germany). Protein samples 

of 25 μl (500 µM) in 100 mM HEPES-NaOH, pH 7.5 containing 150 mM NaCl were used 

for a series of redox titrations (oxidation and reduction). The potential was altered in steps of 

10 mV with 10 min equilibration time before spectra measurement. The redox reaction was 

followed by the absorbance change at 462 nm and oxidative and reductive titrations were 

fitted according to the Nernstian equation (n ≈ 1). 
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2.13 Bioinformatic tools 

The following tools were used during this work. 

 

Sequence comparison 

The basic local alignment search tool (BLAST) using the default settings was used to identify 

homologous protein sequences (Altschul et al., 1990). All alignments were performed by 

CLUSTAL Omega (Sievers et al., 2011). 

DNA analysis visualization were carried out using the Lasergene® software package 

(DNASTAR). 

 

Protein structure homology modeling 

Based on the protein sequence of the target protein a homology model was generated using 

templates from the Protein Data Bank (PDB) (Berman et al., 2000) employing the SWISS-

MODEL server (Waterhouse et al., 2018).  

 

Molecular visualization software 

Three-dimensional protein structures were visualized using PyMOL Molecular Graphics 

System (Schrödinger, LLC). 
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3 Results and Discussion 

The main focus of this work was the biochemical characterization of the L-carnitine 

degrading Rieske-type monooxygenase CntA and the corresponding reductase CntB from A. 

baumannii. The first part of this thesis describes the CntA and CntB dependent conversion 

of L-carnitine into TMA. The second part is focused on the detailed characterization of the 

redox components of the reductase CntB and of the oxygenase CntA. Finally, a model for 

the key electron transfer seps of carnitine monooxygenase is presented on the basis of single 

electron transfer experiments.  

3.1 Enzymatic conversion of L-carnitine by the two-component carnitine 

monooxygenase 

Purification of CntA and CntB from A. baumannii 

Proteins CntA and CntB were recombinantly produced in E. coli Tuner carrying either 

plasmid pGEX-6P-1-cntA or pACYCDuet-1-cntB (section 2.6.1). Both protocols (Reinking, 

(2016), Chachor, (2017), and Massmig, (2017)) were modified to optimize the production 

yield and to reduce the amount of co-purified E. coli proteins. The improved purification 

protocols did not include the use of complete™, Mini, EDTA-free Protease Inhibitor Cocktail 

(Roche) and as a result, less protein degradation and higher catalytic activity of the target 

proteins were observed (see below). To reduce the amount of co-purified E. coli proteins in 

CntA and CntB elution fraction, additional washing steps with 10 mM ATP in buffer 1 were 

applied. The addition of ATP leads to the dissociation of protein-chaperon complexes 

(Langer et al., 1992). Residual ATP and other unspecific proteins were removed from the 

column by washing steps with buffer 1 as indicated in the materials and methods section.  

Figure 9 shows a typical purification of CntB (left) and of CntA (right) according to the 

optimized protocol.  
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Figure 9: SDS-PAGE analysis of the affinity purification of His6-tagged CntB (left) and GST-tagged CntA 

(right). Purification was analyzed on a 12 % SDS-PAGE with samples from each step mixed with 2x loading 

buffer and denaturing for 10 min at 95 °C. Proteins were visualized by Coomassie Brilliant Blue staining. M, 

molecular marker with relative molecular masses (x 1’000). Lanes 1 and 4, E. coli cells after protein production. 

Lanes 2 and 5, supernatant after ultracentrifugation. Lane 3, elution fraction CntB in the presence of buffer 1 

and imidazole. Lane 6, elution fraction CntA after proteolytic on-column cleavage with PreScission Protease in 

buffer 1. 

 

Overproduced proteins in E. coli cells (lanes 1 and 4) were liberated by French® Press. Cell 

debris were sedimented by ultracentrifugation and cell-free extract (lanes 2 and 5) was loaded 

onto columns prepared with material specifically for their tags (section 2.6.3). The relative 

molecular masses of the target proteins of 40’000 (lane 3) and 42’000 (lane 6) correspond to 

the calculated molecular masses of CntB (37’151 Da) after elution in the presence of 50 µM 

imidazole and CntA (43’155 Da) after proteolytic on-column cleavage with PreScission 

Protease and subsequent elution with buffer 1.  

Approximately 6 mg ml-1 CntA and 5 mg ml-1 CntB were obtained from 1 l cell culture. CntB 

was dialyzed against buffer 1 (section 2.6.4) to eliminate imidazole. The purified proteins 

were directly stored in aliquots of 100 – 200 µl at -20 °C for up to 6 weeks without detectable 

protein degradation or loss of enzyme activity.  
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3.1.1 NADH-dependent activity of the carnitine monooxygenase 

The conversion of L-carnitine into TMA and malic semialdehyde requires NADH as an 

electron donor. Therefore, an in vitro NADH-depletion assay (section 2.7.3) was established.  

Enzymatic conversion of NADH to NAD+ results in a depletion of the absorption at 340 nm 

(Renault et al., 1982). The standard assay contained 1.2 µM CntA, 1.2 µM CntB, 300 µM L-

carnitine and 200 µM NADH. The absorption at a wavelength of  340 nm was continuously 

monitored recorded and the specific NADH depletion activity was calculated (section 2.7.3). 

Appropriate control reactions in the absence of the reductase, the oxygenase or molecular 

oxygen were processed accordingly. Figure 10 summarizes the specific NADH depletion 

activity of the standard NADH depletion assay (black) and of the related control reactions. 

 

 

Figure 10: Specific NADH depletion activity of CntB. The conversion of NADH to NAD+ was monitored at 

340 nm and the specific activity was calculated using the extinction coefficient for NADH ε340 =  

6.2 mM-1 cm-1. The standard NADH depletion assay (black) contained 1.2 µM CntA and CntB, 300 µM 

 L-carnitine and 200 µM NADH. Control reactions without CntA (light blue), CntB (orange) or in the absence 

of molecular oxygen (green) were performed. The standard deviation from three individual experiments is 

indicated. 
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A specific NADH depletion activity for the standard NADH depletion assay of 

407 ± 11 nmol min-1 mg-1 was determined. In the absence of CntB, no detectable NADH 

conversion was determined. Substantial NADH depletion activity of 280 ± 11 nmol min-1 

mg-1 was also determined in the absence of CntA. Obviously, this experiment displayed an 

artificial electron transfer process. NADH-dependent reduction of molecular oxygen has 

been well-described for flavin-dependent electron transfer systems (Holtmann & Hollmann, 

2016). When the assay was repeated under anaerobic conditions, no artificial electron transfer 

was observed (-O2). It was proposed, hat an “uncoupling mechanism” of CntB is responsible 

for the NADH-dependent reduction of O2. Reduced flavins are known to be highly reactive 

towards molecular oxygen, thereby producing toxic reactive oxygen species. It has been 

demonstrated that these compounds (e.g., H2O2) potentially lead to the inactivation of 

oxygenase systems (Massey, 1994). In the present study, a large excess of NADH was used 

to overcome a partial uncoupling of the CntAB system. 

3.1.2 Determination of carnitine depletion activity 

Earlier in vitro enzyme activity measurements for carnitine monooxygenase revealed the 

conversion of L-carnitine with specific activities ranging from 80 nmol mg-1 min-1 (Zhu et 

al., 2014) to 5 – 8 nmol mg-1 min-1 (Massmig, 2017). For the robust determination of carnitine 

monooxygenase activity, it was essential to purify components CntA and CntB in the absence 

of protease inhibitor which resulted in a substantial increase of the enzyme activity as shown 

in Figure 11.  

Protein fractions purified with protease inhibitor showed a lack phase from 0 – 10 min 

followed by a linear phase from 10 – 25 min. The substrate and/or Co-substrate depletion 

then results in the lowering of activity from 25 – 60 min. Protein fractions that were purified 

in the absence of protease inhibitor sowed completely different kinetics. High enzyme 

activity is indicated by a linear phase ranging from 0 – 3 min followed by a second phase 

which is influenced by substrate and/or Co-substrate limitations. These findings are in 

agreement with a typical O2 concentration (100% air-saturation) of approximately 8 mg/l 

(250 µM) for an aqueous solution at 25 °C (Truesdale et al., 1955).  
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Figure 11: Comparative L-carnitine depletion assay: Purification of components in the presence or 

absence of protease inhibitor. L-carnitine depletion assay was performed at 25 °C in a total volume of 600 µl 

assay buffer (100 mM HEPES-NaOH, pH 7.5, 150 mM NaCl and 10 % glycerol) containing 5 µM CntA, 5 µM 

CntB, 250 µM L-carnitine and 2 mM NADH. Samples were taken from 0 – 10 min for the assay with proteins 

purified in the absence of inhibitor cocktail (gray) and from 0 – 60 min the assay with proteins purified with 

protease inhibitors (black). All assays were performed in triplicates. 

 

In the linear phase of both experiments specific enzyme activities of 48 ± 4 nmol min-1 mg-1 

(purification with protease inhibitor) and of 261 ± 31 nmol min-1 mg-1 (purification without 

protease inhibitor) were observed. From these findings it was concluded that complete™, 

Mini, EDTA-free Protease Inhibitor Cocktail strongly hampers the activity of the carnitine 

monooxygenase.  

Due to these results, further improvements of the enzyme activity were performed. The 

concentration of the reductase CntB was increased from 5 µM to 20 µM to prevent loss of 

reducing equivalents due to the proposed uncoupling mechanism (see above). The amount of 

substrate was adjusted from 250 µM to 300 µM and the total volume of the assay was reduced 

from 600 µl to 100 µl for each point of time. The assay was performed at 37 °C and the 

purified enzymes were pre-incubated at 37 °C for at least 10 min before the reaction was 

initiated with NADH.  
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Overall, these optimizations resulted in a specific enzyme activity of 771 ± 67 nmol min-1 

mg-1 which is substantially more active than described in the literature (80 nmol min-1 mg-1 

(Zhu et al., 2014)). A set of optimized assays with control reactions are summarized in Figure 

12. 

 

Figure 12: L-carnitine depletion assay. A standard L-carnitine depletion assay contained 5 µM CntA, 20 µM 

CntB and 300 µM L-carnitine in buffer 1. The reaction mixture was pre-incubated at 37 °C and initiated by the 

addition of 2 mM NADH (black) or 2 mM NADPH (blue). Samples were collected after 15, 30, 60 and 90 sec 

and heat inactivated. Remaining L-carnitine in the supernatant was determined colorimetrically in a coupled 

enzymatic assay described in the materials and methods section. Control reactions in the absence of CntA (red), 

electron donor (green) or oxygen (orange) were performed. All assays were performed in triplicates.  

 

The standard assay was also performed in the presence of NADPH was performed (blue). 

Interestingly, there was no difference in catalytic activity in comparison to the standard assay 

with NADH (black). A broaden specificity for NADH and NADPH was suggested for the 

carnitine monooxygenase. The utilization of both electron donors was already described for 

other monooxygenase (Shao et al., 2018). Control reactions in the absence of either the 

oxygenase (red), electron donor (green) or oxygen (orange) resulted in no detectable L-

carnitine conversion.  
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3.1.3 TMA formation from L-carnitine by carnitine monooxygenase 

For the identification of the reaction product via gas chromatography, high amounts of TMA 

are required (section 2.8.3). The amount of substrate in the standard assay was increased from 

300 µM to 2 mM and  the amount of NADH from 2 mM to 5 mM. The reaction mixture was 

incubated for 2 min. The samples were analyzed commercially by IBEN GmbH 

(Bremerhaven) using gas chromatography in combination with  flame ionization detection. 

The results are summarized in Figure 13.  

 

 

Figure 13: TMA formation by carnitine monooxygenase. An assay mixture containing 5 µM CntA, 20 µM 

CntB, 2 mM L-carnitine and 5 mM NADH was incubated for 2 min at 37 °C. Proteins were inactivated in the 

presence of 0.5 M perchloric acid. Samples were sealed airtight and TMA was quantified commercially by 

IBEN GmbH (Bremerhaven). 1, wild-type protein; control reactions in the absence of CntA and CntB (2), 

NADH (3) or CntB (4). 

 

The results from gas chromatography analysis suggested the formation of 406 µM TMA from 

the modified L-carnitine depletion assay (black). Control reactions in the absence of CntA 

and CntB (gray; 2), NADH (gray; 3) or CntB (gray; 4) did not result in detectable TMA 

formation.  
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3.1.4 Targeted inhibition of carnitine monooxygenase 

The targeted inhibition of carnitine monooxygenase is a promising approach to attenuate 

TMA-dependent atherosclerosis development. First experiments in this work were carried 

out with three promising compounds. The commercially available molecule 3,3-dimethyl-

1,2-butnediol (DB) was considered as a reasonable candidate, due to its similarity to the 

hydroxyl-intermediate L-carnitine degradation. Meldonium has been described as an anti-

atherosclerotic compound that significantly decreases the L-carnitine-dependent TMA 

formation in mouse models (Kuka et al., 2014). Allicin is a compound found in garlic and is 

known for a variety of antimicrobial activities (Ankri & Mirelman, 1999; Feldberg et al., 

1988). This molecule has been recently found to reduce the formation of TMA from L-

carnitine in the gut microbiome (Wu et al., 2015). In Figure 14, the structure of these 

compounds is shown.   

 

 

Figure 14: Compounds tested for inhibition of carntine monooxygenase. 3,3-dimethyl-1,2-butnediol and 

meldonium share structural similarities to the substrate L-carnitine. Allicin is known for its antimicrobial 

properties.  

 

The standard L-carnitine depletion assay was supplemented with different concentrations of 

DB, meldonium (50 µM – 10 mM)  and allicin (5 – 100 µM)  (2.8.2). The results of these 

kinetic experiments (in cooperation with Nora Huck (Huck, 2018)) are summarized in Figure 

15.  



Results and Discussion 

 
52 

 

 

 

0

100

200

300

400

500

600

standard
assay

50 µM DB 200 µM DB 500 µM DB 1 mM DB 10 mM DB

sp
ec

if
ic

 a
ct

iv
it

y 
[n

m
o

l m
g-1

m
in

-1
]

0

100

200

300

400

500

600

standard
assay

50 µM
Meldonium

200 µM
Meldonium

500 µM
Meldonium

1 mM
Meldonium

10 mM
Meldonium

sp
ec

if
ic

 a
ct

iv
it

y 
[n

m
o

l m
g-1

m
in

-1
]

A 

B 



Results and Discussion 

 
53 

 

 

Figure 15: Specific enzymatic activity in the presence of potential inhibotors of carnitine monooxygenase. 

Standard L-carnitine depletion assays were performed in the presence of 5 µM CntA, 20 µM CntB, 300 µM L-

carnitine and 2 mM NADH. Indicated amounts of inhibitors DB (A), meldonium (B) and allicin (C) were added 

to each assay. Samples were collected in the linear range of the assay and specific activities were calculated. 

All experiments were performed in triplicates. 

 

In comparison to the standard L-carnitine depletion assay (black), the addition of DB (orange) 

showed no inhibitory effect on carnitine monooxygenase in vitro. These results are in 

agreement with experiments performed by Wang et al., (2015). In this work, DB showed an 

inhibitory effect on the microbial TMA lyase activity from choline (via the CutC/D system), 

but no inhibition of  TMA formation from L-carnitine (via carnitine monooxygenase) was 

determined. 

The potential inhibitor meldonium showed inhibitory effects at concentrations higher than 

500 µM on the L-carnitine depletion activity of carnitine monooxygenase. While the specific 

activity of 477 ± 8 nmol mg-1 min-1 was reduced by 19 % at a concentration of 500 µM 

meldonium, the specific activity was found reduced by 88 % to 55 ± 21 nmol mg-1 min-1 in 

the presence of 10 mM meldonium. Due to the structural similarities of L-carnitine and 

meldonium, potential competition of meldonium and carnitine at the active site of carnitine 

monooxygenase was concluded. According to this, the enzyme might also facilitate for the  

slow conversion of meldonium by cleavage of the N-N bond. This might also result in a slow 

conversion of L-carnitine. 
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Allicin (green) showed an inhibitory effect at substantially lower concentrations. A 

concentration of 5 µM allicin leads to a residual activity of 341 ± 33 nmol mg-1 min-1 which 

is a reduction of 29 % in comparison to the standard L-carnitine depletion assay. A reduction 

of 67 % was observed in the presence of 100 µM allicin. These results correlate with the 

described mechanisms of action for allicin. Inhibition of thiol-containing enzymes was 

described by the rapid reaction of thiosulfinates with thiol groups (Ankri & Mirelman, 1999). 

Due to the presence of 10 cysteines in the amino acid sequence of CntA and 12 in CntB, 

covalent modification of these side chains in the presence of  allicin might be responsible for 

the inactivation of the carnitine monooxygenase. 

3.2 Characterization of the reductase CntB 

3.2.1 CntB is a FMN-dependent reductase 

CntB facilitates the transfer of reduction equivalents from NAD(P)H onto the oxygenase 

CntA. Initial evidence for a flavin cofactor was already obtained by UV-visible and 

fluorescent spectroscopy (Massmig, 2017; Kopenhagen, 2019). The purified CntB elution 

fraction was yellow/orange in color. UV-visible spectra showed absorption maxima that were 

typical of a flavoprotein. In further experiments, the flavin cofactor was specified by 

comparative HPLC analysis (section 2.9.2) in the presence of authentic FAD and FMN 

standards. In Figure 16 the results of individual HPLC runs for a CntB protein sample and 

related standards are shown.  
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Figure 16: HPLC analysis of the FMN cofactor of CntB. The protein of 300 µL CntB (50 µM) was 

precipitated by heat denaturation at 99 °C for 10 min and subsequently centrifuged to separate the non-

covalently bound flavin from the protein. Ten µL of the supernatant were analyzed on a Reprosil 100 C18 column 

(Techlab, Braunschweig, Germany). The flavins were detected by a fluorescence detector (FP-1520, Jasco, 

Oklahoma City, Oklahoma, USA) using an excitation wavelength of 370 nm and the emission wavelength for 

flavins at 526 nm. Authentic standards of FAD and FMN showed retention times at 9.9 min and 13.9 min, 

respectively. The CntB sample revealed a signal with an elution time of 13.9 min. The relative fluorescence of 

FAD was normalized by a factor of 0.5 and of FMN by a factor of 0.25. 

 

The supernatant of the denaturized CntB sample after centrifugation (black) revealed a signal 

at 13.9 min which is in agreement with the retention time of the FMN standard (orange). In 

a recent publication, FAD was proposed as a cofactor on the basis of based on sequence 

analysis by Zhu et al., (2014).  

The molar ratio between FMN and CntB was determined after heat denaturation (section 

2.9.3). An elution fraction with purified CntB (25 µM) and samples with a defined 

concentration of a FMN standard were analyzed by UV-visible and fluorescent spectroscopy. 

The FMN calibration curve is depicted in Figure 17.  
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Figure 17: FMN calibration curve. To quantify the amount of FMN in purified CntB samles a FMN 

calibration curve was determined. A series of defined FMN samples in buffer 1 ( 0 – 15 µM) were analyzed by 

fluorescence spectroscopy (450 nm excitation). The resulting fluorescence units at 526 nm were plotted against 

the FMN concentration of the analyzed samples. 

 

A protein sample with a concentration of 25 µM CntB resulted in an FMN content of  

13.67 ± 0.40 µM or 15.29 ± 0.34 µM using either the absorption coefficient of free FMN ɛ = 

12.2 mM-1cm-1 or the linear equation of the calibration curve ( y = 0.0235x – 0.0329). The 

molar ratio of FMN to protein was determined to be roughly 0.6. partial loss of the flavin 

during the purification process was concluded. The activity of the flavin-containing reductase 

of CntB was determined based on the NADH depletion assay (section 2.8.1) in the presence 

of CntA, CntB, L-carnitine, FMN or FAD and NADH or NADPH. The specific NAD(P)H 

depletion activity is depicted in Figure 18. The addition of 2 µM FMN to the reaction mixture 

(black) increased the NADH depletion from 407 ± 11 nmol min-1 mg-1 (see Figure 10) to 

586 ± 20 nmol min-1 mg-1. Flavin supplementation might reconstitute CntB samples and 

increase the overall catalytic activity by 44 %. Although, FMN was identified as a natural 

cofactor of CntB, the oxidation rate for NADH was slightly increased in the presence of FAD. 

NADH depletion of 627 ± 7 nmol min-1 mg-1 was determined in the presence of 2 µM FAD 

(gray). NADPH instead of NADH as an electron donor did not result in a significant change 

in catalytic activity. A NADPH depletion of 627 ± 22 nmol min-1 mg-1 was determined (light 

gray).  
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Figure 18: Catalytic properties of CntB in the presence of FMN, FAD or NADPH. The conversion of NAD(P)H to 

NAD(P)+ was monitored at 340 nm and the specific activity was calculated using the extinction coefficient for NAD(P)H 

ε340 = 6.2 mM-1 cm-1. Assay contained 1.2 µM CntA and CntB each 2 µM FMN, 300 µM L-carnitine and 200 µM NADH 

(black). 1.2 µM CntA and CntB each, 2 µM FAD, 300 µM L-carnitine and 200 µM NADH (gray), or contained 1.2 µM 

CntA and CntB each, 2 µM FMN, 300 µM L-carnitine and 200 µM NADPH (light gray). 

It was concluded that CntB accepts NADH or alternatively NADPH as an electron donor. 

The enzymatic activity of purified CntB can be significantly increased by supplementing 

FMN of FAD to the assay.  

Related findings were also reported for the reductase of glycine betaine monooxygenase 

BmoB (Shao et al., 2018). Apparent kinetic parameters for the reductase activity of BmoB 

were analyzed using 1.2 µM purified protein and various concentrations of the tested 

substrates (12.5 – 200 µM NADH; 12.5 – 800 µM NADPH; 2.5 – 200 µM FAD; 2.5 – 

200 µM FMN). Using a fixed NADH concentration of 200 µM, FAD was found to be the 

native cofactor of BmoB (Vmax = 5.90 ± 0.18 µmol min-1 mg-1), but the oxidation rate for 

NADH in the presence of FMN was slightly higher (Vmax = 6.79 ± 0.12 µmol min-1 mg-1). 

The use of NADH (Vmax = 1.25 ± 0.07 µmol min-1 mg-1) and NADPH (Vmax = 0.49 ± 

0.05 µmol min-1 mg-1) as electron donor was also demonstrated while using a fixed FAD 

concentration of 150 µM. As a result, BmoB was described as an NAD(P)H-dependent flavin 

reductase.  
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FMN binding was further explored using structure guided mutagenesis. Therefore, the 

sequence of CntB was uploaded on the SWISS-MODEL server to search for homologue 

protein structures (Waterhouse et al., 2018). With a sequence identity of 37 % the three-

dimensional structure of the phthalate dioxygenase reductase (pdb entry: 2PIA) from 

Pseudomonas cepacia (Correll et al., 1992) was used as a template for three-dimensional 

modelling of CntB. This reductase component is composed of a NADH binding domain, a 

FMN binding domain and contains a plant-type [2Fe-2S] cluster. The calculated CntB model 

and potential binding sites were analyzed using the PyMOL Molecular Graphics System 

(Schrödinger, LLC). After assessment of the three-dimensional structure of the orthologous 

protein, functional relevance of the amino acids Asp-75 and Ser-82 in the proposed FMN 

binding pocket was suggested. The aspartate was replaced by a lysine residue (D75K) and 

the serine was replaced by an alanine residue (S82A). Those amino acids were individually 

exchanged by site-directed mutagenesis (section 2.5.3) and variants were produced and 

purified according to the CntB wild-type protein (sections 2.6.1, 2.6.2, 2.6.3). A 

representative SDS-PAGE analysis of elution fractions of the mutant variants in comparison 

to the wild-type protein is shown in Figure 19.  

 

 

Figure 19: SDS-PAGE analysis of purified CntB and FMN variants. CntB proteins were recombinantly 

produced in E. coli Tuner (DE3) cells and purified using Co2+-loaded chelating sepharose. Protein elution 

fractions were denatured with 2 x SDS loading dye at 95 °C for 10 min, analyzed on a 12 % SDS-PAGE and 
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visualized via Coomassie Brilliant Blue staining. Lane M, molecular mass marker, relative molecular masses 

(*1’000) are indicated; Lanes 1 – 3, CntB elution fractions: wild-type (1), D75K (2) and S82A (3). 

Elution fractions of variants D75K and S82A did not show any differences in protein yield 

or purity in comparison to the wild-type protein. However, the yellow/orange color of the 

elution fractions was considerably attenuated and the UV-visible spectra (Figure 20) of the 

mutant variants showed deceased absorption maxima at 340 nm, 410 nm and 463 nm in 

comparison to the wild-type protein. 

 

 

Figure 20: Spectral analysis of CntB cofactor. Room temperature UV-visible spectra were recorded with 

25 µM of purified protein and elution buffer as background. The characteristic signals at 340 nm, 410 nm and 

463 nm were decreased for the D75K (gray continuous) and S82A (gray dashed) variant in comparison to the 

wild-type protein (black).  

 

These spectroscopic changes correlate with the flavin content of the respective proteins. In 

comparative analysis of the flavin content a 25 µM protein sample was analyzed after heat 

denaturation by fluorescent spectroscopy (section 2.9.3). For the wild-type protein a FMN 

content of 16.38 ± 0.32 µM was determined, while 11.24 ± 0.28 µM and 3.56 ± 0.05 µM 

were determined for D75K and S82A variant, respectively. From these results, a functional 

relevance of the residues Asp-75 and Ser-82 for the flavin binding site was suggested. 
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Furthermore, a reduction of the NADH depletion activity was observed for both variants. 

Specific activities of 280 ± 12 nmol min-1 mg-1 and 94 ± 8 nmol min-1 mg-1 for D75K and 

S82A, respectively were determined. The reduced flavin content in both reductase variants 

might hamper the efficient transfer of electrons onto the oxygenase, as the L-carnitine 

depletion activity for the D75K and S82A variant was reduced by 30 ± 8 % and 65 ± 6 %, 

respectively. For these experiments, the standard assay was modified by using equal amounts 

(5 µM) of CntA and CntB instead of a 4-fold excess of the reductase CntB and a control 

reaction in the presence of wild-type protein was performed. Unlike the L-carnitine depletion 

activity, the determination of TMA was carried out without modifications in a 4-fold excess 

of the reductase to oxygenase as described in section 2.8.3. Formation of 372 µM TMA was 

determined by gas chromatography for the D75K variant and 228 µM TMA for the S82A 

variant.  

Overall, a correlation of the flavin binding and catalytic activity of the reductase was 

observed. Electron transfer onto the oxygenase is affected by the flavin content of the 

reductase which was demonstrated by reduced NADH consumption as well as reduced L-

carnitine depletion activity and reduced TMA production by variants D75K and S82A.   

Beside the biochemical characterization, the variants D75K and S82A were analyzed by EPR 

spectroscopy which was performed in cooperation with Prof. Dr. Wolfgang Lubitz and Dr. 

Edward Reijerse from the Max-Planck-Institute for Chemical Energy Conversion in 

Mülheim an der Ruhr (Germany). Therefore, purified protein samples of D75K and S82A 

(~1 mM) were chemically reduced in the presence of 10 mM sodium dithionite under 

anaerobic conditions. After 10 min incubation, the samples were transferred into 3 mm EPR 

tubes and frozen in liquid nitrogen. Results are depicted in Figure 21.  
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Figure 21: EPR spectra of CntB variants D75K and S82A. CntB variant proteins D75K and S82A were 

purified according to the protocol developed for the wild-type protein under aerobic conditions. Concentrated 

protein samples (~1 mM) were transferred into 3 mm EPR tubes and frozen in liquid nitrogen. All spectra were 

recorded at 9.653 GHz, 7.5 G modulation amplitude, 0.2 mW microwave power and 100 kHz modulation 

frequency. The experiments were performed by Dr. Edward Reijerse from the Max-Planck-Institute for 

Chemical Energy Conversion in Mülheim an der Ruhr (Germany). 

 

The EPR spectra revealed the presence of the plant-type [2Fe-2S] cluster for both variants 

with typical g values of g1 = 2.037, g2 = 1.944 and g3 = 1.900 for D75K and g1 = 2.036, g2 = 

1.943 and g3 = 1.902 for S82A. These results are in agreement with the determination of the 

iron and sulfur content (2.7.4 and 2.7.5) so that no destabilization of the plant-type [2Fe-2S] 

cluster in the absence of the residues Asp-75 and Ser-82 was suggested. A summary of the 

biochemical characterization and EPR spectroscopy is shown in Table 7. 

Table 7: Biochemical characterization of variants D75K and S82A. Table summarizing biochemical and 

spectroscopic properties of CntB variants. The specific activity of the L-carnitine depletion assay (771 ± 67 nmol 

min-1 mg-1) of the wild-type was set as 100%.  

 D75K S82A 

FMN content (µM) 11.24 ± 0.28 3.56 ± 0.05 

Relative L-carnitine depletion activity (%) 65 ± 6 30 ± 8 

TMA formation (µM) 372 228 

NADH depletion activity (nmol min-1 mg-1) 280 ± 12 94 ± 8 

Iron content (nmol protein-1) 1.85 ± 0.19 2.12 ± 0.18 

Sulfur content (nmol protein-1) 1.84 ± 0.16 1.85 ± .019 

EPR signal for [2Fe-2S] wt wt 
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3.2.2 Characterization of the plant-type [2Fe-2S] domain of CntB 

The presence of the plant-type [2Fe-2S] cluster was already confirmed by EPR spectroscopy 

(Massmig, 2017). To further characterize this protein cofactor the ligands of the cluster had 

to be identified. Therefore, the homology model of CntB (section 3.2.1) was analyzed in the 

proposed region for the [2Fe-2S] cluster. Five cysteine residues (Cys-265, Cys-267, Cys-

272, Cys-275 and Cys-305) were identified as potential ligands of the redox active [2Fe-2S] 

cluster. These residues were individually mutagenized into alanine by site directed 

mutagenesis (2.5.3). Related mutant proteins were produced and purified according to the 

CntB wild-type protein (sections 2.6.1, 2.6.2, 2.6.3). The corresponding elution fractions 

were analyzed by SDS-PAGE analysis and are presented in Figure 22. Clear differences for 

the variants C267A, C272A, C275A and C305A were observed in comparison to variant 

C265A. Eluate fractions of variants C267A, C272A, C275A and C305A always contained 

substantially lower amounts of the target protein (~1/10) contaminated with significant 

amounts of CntB degradation products. In contrast, variant C265A elution fractions showed 

no differences in protein yield and purity to the wild-type elution fraction. Due to the 

instability of variants C267A, C272A, C275A and C305A, further purification methods were 

impeded. Freshly prepared protein samples of these proteins were directly analyzed after 

affinity purification by UV-visible spectroscopy (section 2.7.3), enzymatic activity assays 

(sections 2.8.1 and 2.8.2) and EPR measurements (section 2.10). There was a complete loss 

of absorption maxima except for the signal at 280 nm, as well as no detectable enzymatic 

activity and EPR measurements of the related samples indicated the complete loss of the 

[2Fe-2S] center. The results of biochemical characterization in summarized in Table 8. From 

these data it was concluded, that residues Cys-267, Cys-272, Cys-275 and Cys-305 function 

as ligands of the plant-type [2Fe-2S] cluster of CntB. Apart from the function as a redox-

active component of carnitine monooxygenase, it was proposed that this oxygen-insensitive 

[2Fe-2S] cluster is of central importance for the structural integrity of CntB.  

With a FMN content of 16.76 ± 0.49 µM the variant C265A showed a similar FMN content 

of ~0.6 FMN molecules per CntB molecule as observed for the wild-type protein. 

Corresponding to that, the NADH depletion activity as well as the relative L-carnitine 

depletion activity in the presence of this protein was not affected by this mutation (Table 8).  
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Overall, variant Cys-265 showed wild-type like characteristics, so no crucial role of Cys-265 

was concluded for this residue. 

 

 

Figure 22: SDS-PAGE analysis of purified CntB and variants C265A, C267A, C272A, C275A, C305A. 

CntB proteins were recombinantly produced in E. coli Tuner (DE3) cells and purified using Co2+-loaded 

chelating sepharose. Protein elution fractions were denatured with 2x SDS loading dye at 95 °C for 10 min, 

analyzed on a 12 % SDS-PAGE and visualized via Coomassie Brilliant Blue staining. Lane M, molecular mass 

marker, relative molecular masses (*1’000) are indicated; Lanes 1 - 6, purified CntB elution fractions: wild-

type, C265A, C267A, C272A, C275A and C305A.  

 

Table 8: Biochemical characterization of CntB variants C265A, C267A, C272A, C275A and C305A. A 

table summarizing biochemical and spectroscopic properties of CntB variants is shown. The specific activity 

of the L-carnitine depletion assay (771 ± 67 nmol min-1 mg-1) of the wild-type was set as 100%. “-“ experiment 

not performed, “<5” enzymatic activity below the detection limit of the respective assay, “n.d.” an EPR signal 

was not detectable. 

 C265A C267A C272A C275A C305A 

FMN content (µM) 16.76 ± 

0.49 

- - - - 

Relative L-carnitine 

depletion activity (%) 

99 ± 11 <5 <5 <5 <5 

TMA formation (µM) 284 - - - - 

NADH depletion activity 

(nmol min-1 mg-1) 

392 ± 33 <5 <5 <5 <5 

Iron content  

(nmol protein-1) 

2.05 ± 

0.17 

0.10 ± 

0.04 

0.14 ± 

0.05 

0.23 ± 

0.11 

0.18 ± 

0.09 

Sulfur content  

(nmol protein-1) 

1.95 ± 

0.29 

0.25 ± 

0.17 

0.05 ± 

0.04 

0.28 ± 

0.09 

0.24 ± 

0.12 

EPR signal for [2Fe-2S] wt n.d. n.d. n.d. n.d. 
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3.3 Characterization of the oxygenase CntA 

3.3.1 CntA is a functional trimer 

Analytical gel permeation chromatography revealed a relative native molecular mass of 

139’000 (calculated molecular mass = 43’156 Da) for CntA from A. baumannii indicating a 

functional trimer (Massmig, 2017). Other related Rieske-type oxygenases such as the Rieske-

type Demethylase (pdb entry: 3VCA) (Daughtry et al., 2012) with a sequence identity of 24 

%, the carbazole 1,9a-dioxygenase (pdb entry: 1WW9) (Nojiri et al., 2005) with a sequence 

identity of 19 % or the large subunit of NDO (pdb entry: 2B1X) (Gakhar et al., 2005) with a 

sequence identity of 21 % share similar structural formations. 

The first structure of the NDO was published in 1998 (Kauppi et al., 1998) and a distance of 

43.5 Å between the Rieske [2Fe-2S] cluster and the mononuclear iron at the active site of the 

NDO was calculated. A direct electron transfer between these cofactors was excluded, 

because of the long distance. However, the distance between the Rieske [2Fe-2S] cluster of 

one subunit and the mononuclear iron in a neighboring subunit is considerably shorter with 

12 Å. With this information, an intersubunit electron transfer was suggested for all Rieske-

type oxygenases. 

To verify the proposed trimer of CntA SAXS experiments were performed by Dr. Jörn 

Krausze (Institute of Plant Biology, Technical University Braunschweig, Braunschweig, 

Germany). Therefore, a series of dilutions of the protein were used to determine the 

experimental scattering curve. Data processing and experimental procedure are described in 

section 2.11. Figure 23 shows the results of the experimental scattering curve (black dots) in 

comparison to the simulated scattering curves for a hypothetical monomer (blue line) and the 

hypothetical trimer (red line). The X2 value reflects the fit quality of the experimental data 

and simulation.  
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Figure 23: SAXS analysis of CntA. A series of dilution of CntA was exposed to an X-ray energy of 12’500 eV 

at a temperature of 293 K while steadily flowing through a quartz capillary. The scattering data were processed 

with programs from the ATSAS suite. Theoretical scattering intensities for the trimer and the monomer of CntA 

were calculated and fitted to the experimental data with the program CRYSOL. The experiment was performed 

by Dr. Jörn Krausze (Institute of Plant Biology, Technical University Braunschweig, Braunschweig, Germany). 

 

With a significantly higher quality fit of χ2 = 4.95 the predicted trimeric structure was verified 

in contrast to the monomer (χ2 = 99.27). The SAXS raw data were processed with the 

SAXSMoW 2.0 server (Piiadov et al., 2019) to determine the native molecular weight of the 

protein. With a relative native molecular mass of 123’700 these results are in full agreement 

with the results from analytical size exclusion chromatography and the proposed trimer.  

The data from SAXS experiments were used to analyze the contact region of adjacent CntA 

proteins. It is well described that electron transfer between a Rieske [2Fe-2S] cluster and the 

mononuclear iron site depends on a “bridging” amino acid residue. Glu-205 was proposed as 

a key residue for the intersubunit electron transfer of CntA (Zhu et al., 2014). The Phyre2 

server (Kelley et al., 2015) was used for the three-dimensional modeling of the hypothetical 

structure of CntA. For the modelling of the CntA model the following templates were used: 

Rieske-type demethylase (pdb entry: 3VCA) (Daughtry et al., 2012), putative aromatic-ring 

hydroxylating dioxygenase (pdb entry: 3N0Q (to be published), naphthalene 1,2-

dioxygenase (pdb entry: 2B1X) (Gakhar et al., 2005), biphenyl dioxygenase (pdb entry: 

1ULJ) (Furusawa et al., 2004) and Cumene dioxygenase (pdb entry: 1WQL) (Dong et al., 
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2005). For the assembly of the functional trimer the putative aromatic-ring hydroxylating 

dioxygenase (pdb entry: 3N0Q) was used as a template. The resulting model is shown in 

Figure 24. The hypothetical trimer of CntA is depicted on the left site in different orientations. 

Contact regions of the oligomer are highlighted with dotted ovals. On the right site, the 

interaction surface of one protomer is marked with “I”. It contains the Rieske-type [2Fe-2S] 

cluster. The mononuclear iron center is located on the other  interaction surface, marked with 

“II”. 

Using a color code, different properties of the interface region I and II were identified and 

summarized on the right side. The theoretical position of residue Glu-205 at the interface is 

indicated by an asterisk. The Shannon entropy H (shown from 0 to 4.322 bit, maximum 

conservation, top) shows high conservation for contact region I and II. The electrostatic 

surface potential φ (shown from -257 mV to +257 mV, middle) at the interface is indicative 

for a tight monomer-monomer interaction based on electrostatic attraction. Hydrophobic 

interactions can be excluded, based on the hydropathy index (shown from -4.5 to +4.5, 

bottom).  
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Figure 24: Homology modeling of the functional CntA trimer. The Phyre2 server was used to predict a 

structural model of monomeric CntA. This model was superimposed onto the structure of the trimeric aromatic-

ring hydroxylating dioxygenase (PDB code 3N0Q). The resulting CntA trimer (ABC) is depicted in two 

orientations as a surface/cartoon representation (left). Related interface regions I and II (dotted ovals) revealed 

a high degree of surface conservation (indicated as Shannon entropy H, ranging from 0 to 4.322 bit, top right). 

Both regions indicate an opposed electrostatic surface potential (φ, from -257 to +257 mV, middle right) and 

no increased hydropathy (-4.5 to 4.5, bottom right). The theoretical position of Glu-205 at the interface is 

indicated by asterisk. 

 

3.3.2 Ligands of the Rieske [2Fe-2S] cluster  

EPR spectroscopy revealed the presence of a Rieske-type [2Fe-2S] cluster as a cofactor for 

CntA with specific g-values of g1 = 2.016, g2 = 1.921 and g3 = 1.759 (Figure 25). Further 

evidence for a redox active [2Fe-2S] cluster was achieved by chemically reduction of this 

cluster and subsequent analysis by UV-visible spectroscopy (Figure 26).  

 



Results and Discussion 

 
68 

 

 

Figure 25: EPR spectrum of CntA wild-type. A concentrated protein sample (~1 mM) in the presence of 

10 mM sodium dithionite was transferred into 3 mm EPR tubes and frozen in liquid nitrogen. The sample was 

analyzed by EPR spectroscopy and the spectrum was recorded at 9.653 GHz, 7.5 G modulation amplitude, 

0.2 mW microwave power and 100 kHz modulation frequency. The experiments were performed by Dr. Edward 

Reijerse from the Max-Planck-Institute for Chemical Energy Conversion in Mülheim an der Ruhr (Germany). 

 

 

Figure 26: Spectroscopic properties of CntA wild-type protein. The room temperature UV-visible spectra 

were recorded in a spectral region from 250 – 600 nm. 10 µM CntA was analyzed in a total volume of 500 µL. 

The inset shows the section from 400 nm to 600 nm of the reduced CntA protein (dotted) with 10 mM sodium 

dithionite after 10 min incubation, in comparison to the untreated protein sample (continuous). The reduced 

protein sample shows reduced absorption maxima at 463 nm and 570 nm. There is a new absorption maximum 

at 520 nm. 
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As shown in Figure 26, purified CntA protein in the absence of reductants revealed 

absorption maxima at 330 nm, 463 nm and 570 nm. The outcome of the reduction experiment 

is highlighted in the inlet. Dithionite reduction of the protein leads to drastically reduced 

absorption at 463 nm and 570 nm (the absorption spectrum of dithionite at a wavelength 

< 400 nm strongly overlaps the potential CntA signal at 520). Furthermore, a new absorption 

signal at 520 nm was determined which is described in the literature as a characteristic 

property of reduced Rieske-type enzymes (Karlsson et al., 2000). These findings clearly 

indicate the presence of a redox active Rieske [2Fe-2S] cluster in CntA.  

Further experiments were focused in the identification of the ligands of the iron-sulfur cluster 

by structure guided mutagenesis. Therefore, the calculated CntA model (see section 3.3.1) 

created by Dr. Jörn Krausze (Institute of Plant Biology, Technical University Braunschweig, 

Braunschweig, Germany) was used and analyzed by PyMOL Molecular Graphics System 

(Schrödinger, LLC). After assessment of the three-dimensional structure of the orthologous 

protein and identification of the conserved Rieske motif CXHX~17CX2H, functional 

relevance of the amino acids Cys-86, His-88, Cys-106 and His-109 were analyzed. These 

amino acids were individually exchanged to alanine by site-directed mutagenesis (section 

2.5.3) and mutant variants C86A, H88A, C106A and H109A were produced and purified 

according to the CntA wild-type protein (sections 2.6.1, 2.6.2, 2.6.3). A typical SDS-PAGE 

analysis of elution fractions of all variants is shown in Figure 27. The yield and purity of all 

elution fractions was comparable identical to the wild-type protein purification. Although, 

spectroscopic differences were identified after UV-visible analysis. The brownish color of 

all variants was reduced and related absorption spectra showed drastically reduced absorption 

maxima in comparison to the wild-type protein. A representative UV-visible spectrum of the 

wild-type and variant H109A in comparison to the wild-type protein is depicted in Figure 28.  
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Figure 27: SDS-PAGE analysis of purified variants of CntA. CntA variant proteins were recombinantly 

produced in E. coli Tuner (DE3) cells and purified using Protino® Glutathione Agarose 4B. Protein elution 

fractions were denatured with 2 x SDS loading dye at 95 °C for 10 min, analyzed on a 12 % SDS-PAGE and 

visualized via Coomassie Brilliant Blue staining. Lane M, molecular mass marker, relative molecular masses 

(*1’000) are indicated; Lanes 1 – 4, purified CntA elution fraction: C86A, H88A, C106A and H109A. 

 

 

 

Figure 28: Absorption spectra of CntA wild-type and variant H109A. Room temperature UV-visible spectra 

were recorded in a spectral region from 250 – 600 nm with 10 µM of purified protein in a total volume of 

500 µL. The gray line shows a characteristic spectrum of the iron-sulfur cluster variants (H109A) in comparison 

to the wild-type protein (black). The characteristic signals for Rieske [2Fe-2S] cluster at 330 nm, 463 nm and 

570 nm were decreased for the variant protein. 
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The reduction of the absorption maxima at 330 nm, 463 nm and 570 nm is indicative for the 

loss of the iron-sulfur cluster. In cooperation with Prof. Dr. Wolfgang Lubitz and Dr. Edward 

Reijerse (Max-Planck-Institute for Chemical Energy Conversion, Mülheim an der Ruhr, 

Germany) more spectroscopic data were collected using EPR spectroscopy. All variants were 

purified under aerobic conditions, concentrated to ~1 mM, transferred into 3 mm EPR tubes 

and frozen in liquid nitrogen. For analysis of the Rieske center, concentrated samples were 

reduced under anaerobic conditions in a reaction tube in the presence of 10 mM sodium 

dithionite for 10 min, transferred into 3 mm EPR tubes and frozen in liquid nitrogen. 

Parameters for all measurements are described in section 2.10.  

EPR spectra after dithionite reduction indicated a complete loss of the respective S ½ signal 

([2Fe-2S] cluster) for the four variant proteins. The variants were also subjected to EPR 

spectroscopy in the non-reduced state to assess the integrity of the mononuclear iron center 

of CntA (Figure 29). Variants C86A and H109A showed a complete loss of the mononuclear 

iron signal at g = 4.27, while the variants H88A and C106A indicated a barely detectable S 

= 5/2 signal at g = 4.27 of about 10 % in comparison to the wild-type signal. These findings 

suggest a correlation between the maturation of the Rieske center and the subsequent 

incorporation of the mononuclear iron. According to these findings mutagenesis of residues 

Cys-86 and His-109 results in a destabilization of the mononuclear iron center.  
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Figure 29: EPR spectra of CntA variants as purified. CntA variant proteins C86A, H88A, C106A and 

H109A were purified according to the wild-type protocol under aerobic conditions. Concentrated protein 

samples (~1 mM) were transferred into 3 mm EPR tubes and frozen in liquid nitrogen. All spectra were recorded 

at 9.653 GHz, 7.5 G modulation amplitude, 0.2 mW microwave power and 100 kHz modulation frequency. The 

experiments were performed by Dr. Edward Reijerse from the Max-Planck-Institute for Chemical Energy 

Conversion in Mülheim an der Ruhr (Germany). 

 

Besides the spectroscopical analysis, biochemical characterization of the four mutant variants 

was performed. No detectable L-carnitine depletion activity was determined in related 

enzyme activity assays (<5 %). A representative TMA detection assay (section 2.8.3) with 

variant H88A was performed and no TMA formation was observed. Finally, a drastically 

reduced iron and sulfur content confirmed the absence of the iron sulfur cluster and 

mononuclear iron center. A summary of all results from biochemical characterization and 

EPR spectroscopy is shown in Table 9. These findings clearly indicate that the Rieske-type 

[2Fe-2S] cluster of CntA is coordinated by residues Cys-86 ,His-88, Cys-106, and His-109.  

 

 

750 1250 1750

field [Gauss]

C86A

H88A

C106A

H109A

4.27

4.27

1000 1500 2000



Results and Discussion 

 
73 

 

Table 9: Biochemical characterization of CntA variants C86A ,H88A, C106A, and H109A. Table 

summarizing biochemical and spectroscopic properties of Cys-86 ,His-88, Cys-106, and His-109. “<5” 

enzymatic activity below the detection limit of the employed assay. “n.d.” TMA formation not detectable. EPR 

signals for the [Fe] center and the [2Fe-2S] cluster were classified. EPR signals comparable to the wild-type 

indicated as “wt”, substantially reduced EPR signals (<10% of wild-type signal) were indicated as “weak”, 

absence of a detectable EPR signal was indicated as not detectable (“n.d.”), “-“ not performed. 

 

3.3.3 Ligands of the mononuclear iron center 

Beside the characterization of the mononuclear iron center via EPR spectroscopy (Massmig, 

2017), the ligands of the catalytic center had to be identified. The catalytic iron center of 

Rieske-type oxygenases is typically ligated by two histidine and an aspartate or glutamate 

residue, forming a so-called “2-His-1-carboxylate triad” (Hegg & Que, 1997). Based on the 

homology model of CntA (section 3.3.2), residues His-208, His-213 and Asp-323 were 

proposed as candidate ligands of the mononuclear iron. Corresponding amino acids were 

individually exchanged to alanine by site-directed mutagenesis (section 2.5.3) and variants 

H208A, H213A and D323A were produced and purified in close analogy to the wild-type 

protein (sections 2.6.1, 2.6.2, 2.6.3). A typical SDS-PAGE analysis of the elution fraction of 

all three variants is shown in Figure 30.  

 

 
Variant 

Relative L-carnitine 

depletion activity (%) 
TMA formation 

(µM) 
Iron content 

(nmol Protein-1) 

Sulfur content 

(nmol Protein-1) 

EPR signal 

for [Fe] 

EPR signal 

for [2Fe-2S] 

C86A <5 - 0.12 ± 0.03 0.35 ± 0.11 n.d. n.d. 

H88A <5 n.d. 0.06 ± 0.03 0.64 ± 0.21 weak n.d. 

C106A <5 - 0.03 ± 0.02 0.03 ± 0.02 weak n.d. 

H109A <5 - 0.03 ± 0.02 0.67 ± 0.08 n.d. n.d. 
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Figure 30: SDS-PAGE analysis of purified variants of CntA. CntA variants were recombinantly produced 

in E. coli Tuner (DE3) cells and purified using Protino® Glutathione Agarose 4B. Proteins elution fractions 

were denatured with 2x SDS loading dye at 95 °C for 10 min, analyzed on a 12 % SDS-PAGE and visualized 

via Coomassie Brilliant Blue staining. Lane M, molecular mass marker, relative molecular masses (*1’000) are 

indicated; Lanes 1 – 3, purified CntA elution fraction: H208A (1), H213A (2) and D323A (3).  

 

The yield and purity of all elution fractions were comparable to the wild-type protein. 

Furthermore, UV-visible spectroscopy showed characteristic absorption maxima at 330 nm, 

463 nm and 570 nm and after chemically reduction, EPR spectroscopy revealed typical g-

values of g1 = 2.015, g2 = 1.920 and g3 = 1.748 for the H208A variant, g1 = 2.016, g2 = 1.923 

and g3 = 1.754 for the H213A variant and g1 = 2.015, g2 = 1.924 and g3 = 1.756 for the D323A 

variant (Figure 31) indicating the presence of the S = ½ signal for the Rieske-type [2Fe-2S] 

cluster. No S = 5/2 signal which is indicative for a mononuclear iron was obtained by EPR 

spectroscopy for all variants. There was a partial reduction of the iron content as well as no 

L-carnitine depletion activity or TMA production for all three mutant variants (Table 10). 

These findings argue for a mononuclear iron center of CntA which is coordinated by protein 

ligands His-208, His-213 and Asp-323.  
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Figure 31: EPR spectra of CntA variants. Concentrated CntA variant proteins H208A, H213A and D323A 

(~1 mM) after dithionite reduction (5 mM). All spectra were recorded at 9.653 GHz, 7.5 G modulation 

amplitude, 0.2 mW microwave power and 100 kHz modulation frequency. Experiments were conducted in 

cooperation with Dr. Edward Reijerse from the Max-Planck-Institute for Chemical Energy Conversion in 

Mülheim an der Ruhr (Germany). 

 

 

Table 10: Biochemical characterization of variants H208A, H213A and D323A. Table summarizing 

biochemical and spectroscopic properties of H208A, H213A and D323A. “<5” enzymatic activity below the 

detection limit of the employed assay. “n.d.” TMA formation not detectable, “-“ not performed. EPR signals 

for the [Fe] center and the [2Fe-2S] cluster were classified. EPR signals comparable to the wild-type indicated 

as “wt”, absence of a detectable EPR signal was indicated as not detectable (“n.d.”). 
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Variant 
Relative L-carnitine 

depletion activity (%) 

Relative TMA 

formation (%) 

Iron content 

(nmol Protein-1) 

Sulfur content 

(nmol Protein-1) 

EPR signal 

for [Fe] 

EPR signal 

for [2Fe-2S] 

H208A <5 - 2.35 ± 0.11 2.08 ± 0.24 n.d. wt 

H213A <5 n.d. 2.00 ± 0.11 1.39 ± 0.15 n.d. wt 

D323A <5 - 2.71 ± 0.15 1.76 ± 0.28 n.d. wt 
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Apparently, presence of the mononuclear iron is not a prerequisite for the maturation of the 

Rieske center in CntA. A hierarchical assembly of the metallocenters was suggested. The 

intact Rieske cluster which is coordinated by Cys-86, His-88, Cys-106 and His-109 might be 

a prerequisite for the spatial positioning of the ligands for the mononuclear iron and the 

corresponding ligands. 

 

3.3.4 Characterization of the “bridging” Glu-205  

The importance of the so-called “bridging carboxylate” is demonstrated for the well 

described Rieske-type oxygenases NDO (Parales et al., 1999) and phthalate dioxygenase 

(Pinto et al., 2006). Kinetic experiments suggest that Glu-205 is essential for catalytic activity 

in CntA (Zhu et al., 2014). This carboxylate residue is conserved among all Rieske 

oxygenases mediating the intersubunit electron transfer between the [2Fe-2S] cluster and iron 

center of adjacent subunits via hydrogen bonds to their His residues (Barry & Challis, 2013). 

This interaction was studied by substitution of the Glu-205 to glutamine or aspartate by site-

directed mutagenesis (section 2.5.3). Variants E205Q and E205D were produced and purified 

in close analogy to the wild-type protein (sections 2.6.1, 2.6.2, 2.6.3). A typical SDS-PAGE 

analysis of mutant variants elution fraction is shown Figure 32. While the elution fraction 

showed no differences to the wild-type protein fraction, a moderately reduced iron and sulfur 

content was determined. However, no detectable enzymatic activity was detected (Table 11).  

 

Table 11: Biochemical characterization of variants E205Q and E205D. Table summarizing biochemical 

and spectroscopic properties of E205Q and E205D. “<5” enzymatic activity below the detection limit of the 

employed assay. “n.d.” TMA formation not detectable, “-“ not performed. EPR signals for the [Fe] center and 

the [2Fe-2S] cluster were classified. EPR signals comparable to the wild-type indicated as “wt”, substantially 

reduced EPR signals (<10% of wild-type signal) were indicated as “weak. 

 

 

 

Variant 
Relative L-carnitine 

depletion activity (%) 

Relative TMA 

formation (%) 

Iron content 

(nmol Protein-1) 

Sulfur content 

(nmol Protein-1) 

EPR signal 

for [Fe] 

EPR signal 

for [2Fe-2S] 

E205Q <5 - 2.78 ± 0.10 1.62 ± 0.14 weak wt 

E205D <5 n.d. 2.53 ± 0.15 1.53 ± 0.07 weak wt 
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EPR experiments after dithionite reduction revealed a S = ½ signal at g1 = 2.018, g2 = 1.922 

and g3 = 1.779 for E205D variant and g1 = 2.016, g2 = 1.919 and g3 = 1.762 for E205Q 

variant. By contrast, an almost complete loss of the mononuclear iron signal at g = 4.27 was 

indicated for the non-reduced samples (Figure 33). In comparison to the wild-type signal, 

there was about 90% reduction of the signal. Mutagenesis of the residue Glu-205 might 

hamper the maturation or the spatial ligation of the mononuclear iron center. In this context, 

an intact carboxylic group is essential for the proposed intersubunit electron transfer and the 

slightly smaller aspartate residue is not able to substitute the glutamate residue. It was 

concluded, that residue Glu-205 has structural as well as functional importance for the 

efficient catalysis of L-carnitine monooxygenase.  

 

 

Figure 32: SDS-PAGE analysis of purified variants of CntA. CntA mutant proteins were recombinantly 

produced in E. coli Tuner (DE3) cells and purified using Protino® Glutathione Agarose 4B. Elution fractions 

were denatured with 2x SDS loading dye at 95 °C for 10 min, analyzed on a 12 % SDS-PAGE and visualized 

via Coomassie Brilliant Blue staining. Lane M, molecular mass marker, relative molecular masses (*1’000) are 

indicated; Lanes 1 and 2, purified CntA elution fraction: E205Q (1) and E205D (2). 
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Figure 33: EPR spectra of CntA variants of the “bridging” Glu-205. Purified CntA variants E205Q and 

E205D (1 mM) as purified (left) and dithionite reduced samples (5 mM) (right). All spectra were recorded at 

9.653 GHz, 7.5 G modulation amplitude, 0.2 mW microwave power and 100 kHz modulation frequency. The 

experiments were performed by Dr. Edward Reijerse from the Max-Planck-Institute for Chemical Energy 

Conversion in Mülheim an der Ruhr (Germany). 

3.4 Spectroelectrochemical determination of the redox potentials 

Metalloproteins and their incorporated cofactors are known for their redox transition and the 

possibility to transfer electrons from one cofactor to another, even between several subunits. 

This property is utilized by a variety of catalytic functions and redox-sensing (Beinert et al., 

1997; Liu et al., 2014).  

Redox titrations for the reductase CntB and the oxygenase CntA were performed by Dr. 

Christoph Laurich (Max-Planck-Institute for Chemical Energy Conversion, Mülheim an der 

Ruhr, Germany) in a custom-built cell according to Birrell et al., 2016. Twenty-five µl of 

concentrated (~0.5 mM) purified protein in buffer 1 was oxidized or reduced 

electrochemically without mediators. The potential was altered in steps of 10 mV with 

10 min equilibration respectively and spectra were recorded by following the absorption 

change at 462 nm. The redox potentials for both proteins were only estimated due to partial 
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protein degradation during measurements. For the reductase CntB a midpoint potential of -

162 ± 10 mV was estimated, based on the oxidative and reductive titration (Figure 34 left 

panel). Measurement was hampered by protein degradation, as indicated by a decay of what 

in the range from ±0 to -100 mV prior to the transition point during reductive titration (gray 

dots). The precise redox potential of CntA could not be determined. The protein precipitate 

above +300 mV during oxidative titration (Figure 34 right panel), so a lower limit for the 

midpoint potential of +300 mV was estimated. Further spectroelectrochemical measurements 

are required for the validation of the obtained values.  

 

 

 

Figure 34: Spectroelectrochemical determination of redox potentials of CntB and CntA wild-type 

proteins. Redox potentials of purified proteins were measured in a custom-built cell by following the 

absorbance at 462 nm during reduction and oxidation. Twenty-five µl protein sample (0.5 mM) in 100 mM 

HEPES-NaOH, pH 7.5 and 150 mM NaCl buffer was analyzed with gold as a working electrode, platinum wire 

as a counter electrode and an Ag/AgCl (1 M KCl) electrode as a reference. For CntB (left) the oxidative titration 

is indicated with black dots while the reductive titration is represented by gray dots. For CntA (right) only the 

oxidative titration is indicated. Redox potentials were calculated by fitting the data points to the Nernst equation. 

The measurements were performed at room temperature in an anaerobic chamber. 

 

3.5 Proposed electron transfer of carnitine monooxygenase 

The two-component system CntAB catalyzes the monooxygenation of L-carnitine with the 

subsequent formation of TMA, malic semialdehyde and water. For this reaction two electrons 

and one molecule of dioxygen are required according to the following equation: 

carnitine + 2 e- + O2 → monooxygenated carnitine + H2O 
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Overall, the substrate is oxidized by 2 e- and the dioxygen molecule is reduced by 4 e-. In 

total there are two external reduction equivalents required for this reaction. Experimental 

data suggest that these electrons derive from NAD(P)H (section 3.2). Based on the proposed 

electron transport chain (Figure 7) the two electrons will reduce the flavin mononucleotide 

to FMNH2. Subsequent release of oxidized NAD(P)H might lead to the one electron transfer 

on the plant-type [2Fe-2S] cluster (Correll et al., 1992) resulting in the formation of a 

semiquinone FMN cofactor (FMNH*) and reduced iron-sulfur cluster ([2Fe-2S]+). The two 

reduction equivalents are further translocated to the oxygenase CntA, while one electron 

might rest on the Rieske [2Fe-2S] cluster and one on the mononuclear iron center until 

substrate conversion occurs. The results described in this work highly suggest that Glu-205 

plays an essential role in the transfer of the electrons from the Rieske center and the 

mononuclear iron. The glutamate residue is linked via two histidine ligands (His-109 and 

His-208) of adjacent CntA proteins in a trimeric complex. This hypothetical arrangement is 

shown in Figure 35 and could already be shown for related Rieske oxygenases (Pinto et al., 

2006; Parales et al., 1999; Dumitru et al., 2009).  

 

 

Figure 35: Hypothetical arrangement of the Rieske center and mononuclear iron center in CntA. Amino 

acid residues on the left are located in the Rieske domain of CntA. Amino acid residues on the right are part of 

the catalytic domain of an adjacent CntA protomer. The proposed electron transfer between these two domains 

via Glu-205 in indicated. 
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The electron pathway from CntB to CntA was further investigated by single turnover 

experiments and spectroscopic analysis. Three consecutive experiments were performed 

(section 2.10.1) to analyze the redox states of the cofactors after applying reduction 

equivalents. The first experiment was focused on the reduction of the reductase CntB to 

create the proposed FMNH*/[2Fe-2S]+ redox state (2.10.1, I). Therefore, the immobilized 

CntB protein (~1 mM, on Co2+ loaded chelating sepharose) was incubated with 2 mM of 

either the natural electron donor NADH or the unspecific reductant sodium dithionite. The 

reduced protein was eluted in the presence of 50 mM imidazole and analyzed by UV-visible 

spectroscopy. The reduction of the protein was indicated by bleaching and loss of the typical 

absorption signals at 340 nm, 410 nm and 463 nm (Figure 36; gray continuous) in 

comparison to the protein sample as purified without any reductant (Figure 36; black). After 

gentle mixing under aerobic conditions the absorption maxima were restored in the reduced 

sample (Figure 36; gray dashed). There was no difference in these spectra after reduction 

with NADH or sodium dithionite. 

 

 

Figure 36: UV-visible absorption spectra of CntB reduction experiments. CntB proteins from a cell pellet 

of 1 l culture of E. coli Tuner (DE3) pACYCDuet-1-cntB were disrupted and purified according to the standard 

protocol without elution. After reduction, the sample was eluted and the spectra was recorded (gray continuous). 

After exposure to oxygen for 5 min the sample was analyzed again (gray dashed line). A control reaction without 

reductant treatment was performed (black).  
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These findings indicate that CntB can be reversible reduced by the native electron donor 

NADH or non-specifically with sodium dithionite. Re-oxidation of CntB in the presence of 

molecular oxygen restores the absorption maxima at 340 nm, 410 nm and 463 nm. This might 

indicate that O2 can act as an electron acceptor in the absence of CntA. 

To characterize the redox state of CntB, EPR measurements were performed after NADH or 

sodium dithionite reduction. The resulting reduced protein fractions indicated substantially 

differing EPR spectra. While sodium dithionite reduction showed the typical S = ½ Signal 

with g-values of g1 = 2.037, g2 = 1.943 and g3 = 1.900, the reduction with the natural electron 

donor NADH resulted in a different spectrum (Figure 37A). A new peak appeared in low 

temperature EPR measurements at 15 K (gray). The dominant signal at g = 2.007 is in the 

characteristic region for the semiquinone form of FMN. Due to the different spin relaxation 

behavior of [2Fe-2S] clusters and semiquinones at higher temperatures, another spectrum at 

85 K was recorded (black dashed).  

 

 

 

Figure 37: EPR spectroscopic analysis of CntB after reduction with NADH. An immobilized CntB sample 

was incubated with 2 mM NADH and eluted after extensive washing. After concentration (~ 500 µM), the 

sample was immediately frozen in liquid nitrogen and subjected to EPR measurements. A, Low temperature X-

band EPR measurement at 15 K (gray) and higher temperature measurements at 85 K (black dashed) were 

performed. B, Q-band EPR analysis of the same sample. Observed proton hyperfine couplings: 1, 1.3 MHz; 2, 

2.9 MHz; 3, 5.4 MHz; 4, 8.6 MHz; 5, 10.9 MHz; 6, 16.7 MHz; 7, 24.3 MHz. The protonated (left chemical 

structure) and the negative charged (right chemical structure) FMN is indicated. The experiments were 

performed by Dr. Edward Reijerse from the Max-Planck-Institute for Chemical Energy Conversion in Mülheim 

an der Ruhr (Germany). 
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The semiquinone signal did not alter, but there was an almost complete loss of the plant-type 

[2Fe-2S]+ signal. This temperature-dependent spin relaxation behavior indicates the presence 

of a flavin radical (Rostas et al., 2018). In order to further characterize the two biologically 

relevant protonation states of this cofactor, pulsed Q-band electron nuclear double resonance 

(ENDOR) spectroscopy (section 2.10) was performed. The resulting spectrum (Figure 37B) 

was analyzed, based on a recent systematic study on FMN radicals by Rostas et al. (2018). 

The proton 4 (8.6 MHz) was assigned to the methyl group at C8 and the proton 3 (5.4 MHz) 

to the carbon at position C6. The weak features 6 (16.7 MHz) and 7 (24.3 MHz) were 

assigned to the protonated nitrogen at position 5. These results represent the FMNH* state 

after reduction with NADH. The reduction with sodium dithionite might result in a complete 

reduction of both cofactors of CntB, indicated by the EPR-active [2Fe-2S]+ cluster and EPR-

silent FMNH2 molecules. NADH only facilitates the transfer of two electrons, so that these 

electrons were evenly distributed on the two cofactors, resulting in an EPR-active [2Fe-2S]+ 

cluster and an EPR-active FMNH* radical.  

Further experiments were focused on the interaction between CntB and CntA. In previous 

EPR studies (Massmig, 2017) the EPR-active [Fe]3+ and EPR-silent [2Fe-2S]2+ redox state 

of purified CntA was experimentally determined. In this work, CntA was reduced in the 

presence of dithionite or alternatively CntB in a FMNH*/[2Fe-2S]+ redox state (2.10.1, II) 

was used as an electron donor. Therefore, a protein sample of CntB was immobilized on a 

gravity flow column and reduced with 2 mM NADH. After excessive washing a purified 

sample of CntA was applied on the column and incubated for 10 min. CntA and CntB were 

eluted individually, concentrated to ~ 0.5 mM and immediately frozen into liquid nitrogen 

for subsequent EPR analysis. Control reactions in the presence of 2 mM sodium dithionite or 

2 mM NADH were performed. EPR spectra from all elution fractions are summarized in 

Figure 38.  
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Figure 38: EPR analysis of single turnover experiments. The redox states of CntA after purification (a), after 

treatment with 2 mM sodium dithionite (b) and after 10 min incubation with NADH reduced CntB (c). The 

experiments were performed by Dr. Edward Reijerse from the Max-Planck-Institute for Chemical Energy 

Conversion in Mülheim an der Ruhr (Germany). 

 

The CntA spectrum of the control sample without any reductant (a) showed the characteristic 

S = 5/2 signal at g = 4.27 indicating the oxidized [Fe]3+ domain and no signal in the region 

of the Rieske center. The spectrum of the sodium dithionite reduced CntA sample (b) showed 

the typical S = ½ Signal with g-values of g1 = 2.016, g2 = 1.921 and g3 = 1.759. The loss of 

the S = 5/2 signal and the signal in the region for the Rieske center indicates the complete 

reduction of the protein to the [Fe]2+/[2Fe-2S]+ redox state. The same result was obtained for 

the CntA sample which was incubated with CntB in the FMNH*/[2Fe-2S]+ redox state (c). 

For this measurement two individual spectra (c, left and right) with 5 scans were recorded 
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and accumulated to increase signal strength. The field between 2200 and 3200 Gauss was 

omitted. The S = ½ Signal with g-values of g1 = 2.016, g2 = 1.921 and g3 = 1.762 clearly 

indicates the Rieske center in the [2Fe-2S]+ state and the mononuclear iron in the [Fe]2+ state. 

While CntA was successfully reduced by CntB, the EPR spectrum of CntB after incubation 

with CntA showed a complete loss of the signals for the FMNH* and [2Fe-2S]+. This result 

confirms the two-electron transfer from CntB onto CntA. Closely related results were 

obtained for the parallel analysis of the CntA protein samples by UV-visible spectroscopy. 

The drastically reduced absorption signals at 330 nm and 463 nm are shown in Figure 39A 

(gray) in contrast to the oxidized sample as purified (black). The reduced absorption signals 

suggest a transition of the redox centers into the [Fe]2+/[2Fe-2S]+ redox state. The attempt to 

reoxidize the sample by oxygen exposure for 10 min was not successful (Figure 39B; black 

= reduced CntA, gray dashed = after 10 min oxygen exposure).  

 

 

 

Figure 39: UV-visible spectroscopy of CntA samples from single turnover experiments. A, CntA as 

purified (black) and CntA after 10 min incubation with CntB (after NADH reduction) (gray). B, CntA after 10 

min incubation with CntB (after NADH reduction) (black) and after oxygen exposure for 10 min (gray dashed). 
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It was demonstrated that the sole  CntB protein is able to transfer electrons from NADH to 

molecular oxygen. As judged from single-turnover experiments, the reduced CntA protein 

does not facilitate for the electron transfer onto molecular oxygen in the absence of the 

carnitine substrate. The experiments described above, might be indicative for conformational 

rearrangements during CntA catalysis which might be also influence by the protein-protein 

interaction of CntB and CntA. The complexity of oxygen activation, substrate conversion 

and electron flow in CntA become distinct, after the addition of the substrate L-carnitine did 

not change the redox state of CntA in these single turnover experiments (2.10.1, III). A 

combination of constant electron flow with excess of NADH and binding of CntB that might 

induce the conformational change of CntA for substrate and oxygen binding is predicted. 

 

Proposed electron pathway 

The different redox states of the monooxygenase CntAB were experimentally determined. 

With these data, a proposed electron pathway was compiled (Figure 40). The different redox 

states of all cofactors were highlighted bold (I – IV).  

 

 

 

Figure 40: Proposed electron pathway of the carnitine monooxygenase CntAB. A redox cycle for the 

carnitine monooxygenase was proposed on the base basis of experiments performed in this study. The two-

electron donor NADH reduces FMN and the [2Fe-2S] cluster to FMNH* and [2Fe-2S]+ (I). The two electrons 

were transferred separately on the cofactors of CntA, resulting in the FMN/[2Fe-2S]2+ state of CntB (II) and 

[2Fe-2S]+/[Fe]2+ state of CntA (III). Subsequent reduction of O2 leads to the formation of monooxygenated L-

carnitine product and H2O, prior cleavage of the C-N bond and the formation of TMA and malic semialdehyde. 

After this reaction, the cofactors are in the oxidized [2Fe-2S]2+/[Fe]3+ redox state (IV). 

 

  



Results and Discussion 

 
87 

 

The two-electron donor NADH transfers both electrons directly on the flavin of CntB. 

Subsequent, single electron transfer from FMNH2 to the [2Fe-2S]2+ results in the 

FMNH*/[2Fe-2S]+ redox state of CntB (I). The semiquinone and iron sulfur cluster of CntB 

mediates the intersubunit electron transfer on CntA by transient protein-protein interaction. 

This results in the oxidation of CntB in the FMN/[2Fe-2S]2+ state (II) and [2Fe-2S]+/[Fe]2+ 

state of CntA (III). Subsequent activation of molecular oxygen by a two-electron transfer, 

release the oxygenase in the [2Fe-2S]2+/[Fe]3+ state (IV). As a result, one molecule of H2O 

and the monooxygenated L-carnitine intermediate in generated. The subsequent heterolytic 

cleavage of the C-N bond leads to the formation of TMA and malic semialdehyde. In the 

context of electron transfer, the essential role of Glu-205 in this redox system must be 

highlighted. This residue relates CntA to an unusual class of the Rieske-type protein family, 

since most of the other Rieske oxygenases make use of a conserved aspartate residue instead 

(Dong et al., 2005; Furusawa et al., 2004; Parales et al., 1999). The importance of this residue 

in the catalytic cycle was exemplified by mutagenesis experiments with the protein variants 

E205D and E205Q. Furthermore, the maturation of the metallocenters of CntA might be also 

influenced by Glu-205. This residue links the two histidine ligands His-109 and His-208 of 

the Rieske center and mononuclear iron center of two adjacent CntA proteins (compare 

Figure 35). As also exemplified for the related  naphthalene dioxygenase system (Parales et 

al., 1999), the carboxylate function of Glu-205 might be a key residue for the electron transfer 

between the Rieske center and mononuclear iron center of CntA.  

3.6 Recently published studies on carnitine monooxygenase 

During the finalization of this work, two related publications on the carnitine monooxygenase 

of A. baumannii were published (Quareshy et al., 2020; Shanmugam et al., 2020). The results 

of this new work strongly support the outcome of the present thesis. The structure of CntA 

from A. baumannii was resolved in the apo form (pdb entry: 6Y8J) as well as in complex 

with the  L-carnitine substrate (pdb entry: 6Y9D) or in complex with γ-butyrobetaine (pdb 

entry: 6Y8S). Trimeric structures of CntA were observed as indicated by the SAXS-

experiments of the present investigation. The distance between the Rieske [2Fe-2S] cluster 
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and the mononuclear iron center was 44 Å. Therefore, an inter-subunit electron transfer 

between the Rieske [2Fe-2S] cluster and the mononuclear iron center was concluded . Two 

histidine residues (His-88 and His-109) and two cysteine residues (Cys-86 and Cys-106) are 

involved in the coordination of the Rieske cluster. The amino acid residues His-208, His-213 

and Asp-323 form the catalytic triad at the mononuclear iron center, which is in full 

agreement with the present mutagenesis study. Besides that, comprehensive EPR 

spectroscopy was performed. Reduced CntB protein resulted in g-values of g1 = 2.031, g2 = 

1.937 and g3 = 1.899 and the radical signal for a  flavin semiquinone at g = 2.0015 was 

determined. Similar results were obtained from EPR studies in this work (compare Figure 

37A). Cross-subunit electron transfer from CntB to CntA was confirmed as well as the critical 

role of the bridging residue Glu-205. Interesting result were obtained from inhibition 

experiments. The experimental data suggested CntA substrate analogs (e.g., meldonium) are 

less likely to inhibit its activity than the presence of several aromatic residues. A promising 

compound termed MMV3 revealed an inhibition IC50 value of 1.1 ± 0.1 µM. Finally, the 

second publication was focused on a blue-light (365 nm) activation of NADH coupled to 

EPR measurements to study electron transfer between NADH and Rieske [2e-2S] cluster in 

the absence of the reductase. A single-electron transfer from photoactivated NADH to the 

Rieske center was observed resulting in the characteristic S = ½ signal for the Rieske center 

of CntA. Slightly altered signals were obtained in the presence or absence of carnitine. The 

authors suggest two overlapping EPR-active S = ½ species from a one-electron reduced 

Rieske center and another one for a mononuclear iron center or from structural changes after 

substrate binding. Overall, these experiments were focused on a general approach to study 

intermediate redox states to better understand the catalytic mechanisms in multi-component 

enzymes. The present investigation in combination with these new studies will serve as a 

solid platform for the further understanding of the sophisticate catalysis of carnitine 

monooxygenase in the future. 
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4 Summary 

The gut microbiome came into focus in recent years, since the related metabolic processes 

such as bacterial trimethylamine formation were linked to the development of cardiovascular 

diseases. The Rieske-type carnitine monooxygenase from Acinetobacter baumannii 

catalyzes the oxygen dependent conversion of dietary L-carnitine into TMA and malic 

semialdehyde. The enzyme is composed of the reductase component CntB and the catalytic 

unit CntA.  

In the first part of this study, the enzymatic conversion of L-carnitine by the two-component 

carnitine monooxygenase was analyzed. A robust enzymatic activity assay was established 

and a specific enzymatic activity of 771 ± 67 nmol min-1 mg-1 was determined. The 

consumption of NAD(P)H and production of TMA was confirmed. Furthermore, meldonium 

and allicin were initially characterized as inhibitors of carnitine monooxygenase. 

The second part of this work describes the detailed characterization of the recombinantly 

produced enzymes CntB and CntA from A. baumannii. CntB is a NAD(P)H-dependent 

reductase carrying a noncovalently bound FMN cofactor which is held in place by residues 

Asp-75 and Ser-82. The plant-type [2Fe-2S] cluster is coordinated by Cys-267, Cys-272, 

Cys-275, and Cys-305. The Rieske-type CntA protein contains a Rieske-type [2Fe-2S] 

cluster, coordinated by residues Cys-86, His-88, Cys-106, and His-109 and a mononuclear 

iron center with protein ligands His-208, His-213, and Asp-323. Residue Glu-205 might play 

a fundamental role for the redox relay of CntA. This bridging glutamate might facilitate the 

intermolecular electron transfer between the subunits of the trimeric CntA protein.  

Finally, the obtained results provided significant insights into the electron transfer 

mechanism of carnitine monooxygenase. A chain of closely spaced redox relays enables the 

NAD(P)H-dependent activation of O2 with subsequent formation of TMA, malic 

semialdehyde, and water. NAD(P)H facilitates the initial reduction of the flavin by two 

electrons. Subsequently, single-electron transfer from FMNH2 to the [2Fe-2S]2+ cluster is 

observed, resulting in a FMNH*/[2Fe-2S]+ state. Reduced CntB now enables the two-

electron intersubunit electron transfer onto CntA by transient protein-protein interaction. 

Single-turnover experiments revealed the resulting FMN/[2Fe-2S]2+ state for CntB and the 

[2Fe-2S]+/[Fe]2+ state for CntA was experimentally determined after. Molecular oxygen can 
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be activated by CntA in a two-electron transfer process with subsequent release of the 

oxygenase in the CntA [2Fe-2S]2+/[Fe]3+ redox state.  

 

5 Outlook 

 

As outlined above, detailed biochemical characterizations of CntA and CntB were performed 

in this study. There are still questions that have to be addressed in future experiments:  

 

• determination of the individual redox potentials of all cofactors 

• in-depth characterization of the inhibition mechanism of allicin and meldonium  

• determination of the three-dimensional structure of CntB 

• characterization of the protein-protein interaction of CntB and CntA 
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