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„Wirkliches Neuland in einer Wissenschaft kann wohl nur gewonnen werden, wenn man an 

einer entscheidenden Stelle bereit ist, den Grund zu verlassen, auf dem die bisherige 

Wissenschaft ruht, und gewissermaßen ins Leere zu springen.“ 

Werner Heisenberg 
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Summary 
 

The discovery of lanthanide(Ln)-dependent and -utilizing microorganisms marked a pivotal moment in 

bioinorganic chemistry. More and more Ln-dependent and -utilizing bacteria have been discovered in 

a huge variety of ecosystems, ranging from marine environments, the phyllosphere to geothermal 

fields. Most of these bacteria are methylotrophs or methanotrophs and use C1-molecules for their 

metabolism and energy source. A central enzyme is methanol dehydrogenase (MDH), which catalyzes 

the conversion of methanol into formaldehyde. Two cofactors are present in the active site of MDH: 

pyrroloquinoline quinone and a metal ion, which can be either Ca2+ or Ln3+. While the Ca-containing 

MxaFI-MDH has been extensively studied in the last decades, Ln-containing XoxF-MDH has recently 

sparked a lot of interest. The Ln-MDH from extremophile Methylacidiphilum fumariolicum SolV is able 

to incorporate a variety of Lns. The underlying enzyme mechanism is still debated in the literature 

and factors influencing the enzyme activity is still underexplored. Therefore, part of this work 

focused on the elucidation of mechanistic details and the impact of metal ion on the enzyme activity 

by comparing the enzyme activity of different Ln-MDHs. SolV was used as the model organism and 

large-scale cultivation of SolV under laboratory conditions was established. Using fast protein liquid 

chromatography, eight different Ln-MDHs (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd and Tb) were purified. UV/Vis 

spectroscopy, SDS-PAGE and ICP-MS were used to confirm functional Ln-MDH. Then, activity assays 

were used to assess enzyme activity. The widely used dye-coupled assay employs redox-active dyes to 

assess the enzyme activity. By using the native electron acceptor cytochrome cGJ from Ln-MDH, a 

protein-coupled assay was developed to complement the dye-coupled assay. Depending on the assay, 

contrasting trends among the Ln-MDHs were observed, indicating that the assays measure different 

aspects of the mechanism. Further methods were developed to assess and compare the enzyme 

activity of Ln-MDHs. Isothermal titration calorimetry was successfully used to compare the enzyme 

activity of Pr- and Eu-MDH. Protein electrochemistry can be used to investigate the enzyme activity of 

Ln-MDHs. The established protocol to prepare electrodes containing Ln-MDH and cytochrome cGJ was 

revisited to overcome previously encountered mass transport limitations. Additionally, kinetic isotope 

experiments with dye- and protein-coupled assay revealed intriguing contrasting results. Using the 

dye-coupled assay, the enzyme activity decreases with higher D2O concentration in solution. However, 

the addition of D2O to the protein-coupled assay increased the enzyme activity more than two-fold. 

Methylorubrum extorquens AM1 is another Ln-utilizing bacterium that has garnered lots of interest. 

Recent studies have shown a TonB-ABC-like pathway for its uptake of Lns. TonB-dependent 

transporters are often used by siderophores to transport essential Fe3+ into the cell. It was 

hypothesized that a lanthanide-specific chelator –lanthanophore– exists. Therefore, the goal was to 



 
 
 

 
 

identify and characterize a lanthanophore from AM1. Bioinformatic investigations by collaborators 

revealed several citrate-based siderophores as candidate for a lanthanophore. Aerobactin and 

rhodopetrobactin B were successfully synthesized and their affinity for Fe3+ and Ln3+ characterized by 

spectroscopic methods. In the end, a lanthanophore was identified which is structurally very close to 

rhodopetrobactin B. 
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I. Introduction 
 

1. Rare Earth Elements in Biochemistry 

The rare earth elements (REEs) are a group of 17 elements that consists of the 15 lanthanides (Lns) 

(Figure I-1) as well as scandium (Sc) and yttrium (Y). They are further divided into light REE (LREE, La–

Eu) and heavy REE (HREE, Gd–Lu).[1] (The radioactive promethium (Pm) is extremely rare and is not 

included in general discussions about Lns). The name is misleading, as most of the REEs are more 

abundant and widely distributed in earth’s crust than metals like copper or zinc but mineable 

concentrations are rarer than for other ores.[2] Under ambient conditions, the REEs exhibit similar 

chemical properties: they are Lewis acidic, kinetically labile, display a chemically stable +3 oxidation 

state and typically have coordination numbers (CN) between 8 and 12.[3] Due to the population of the 

4f-electron shell, the atomic and ionic radii gradually decreases along the lanthanide (Ln) series which 

is known as Ln contraction. Due to the Ln contraction the Lewis acidity gradually increases along the 

Ln series. The REEs are indispensable for a multitude of our modern technologies and are rightfully 

coined the “vitamins of modern industry”.[4] They are integral parts in many high-technology 

electronics such as TV screens, computers, smartphones and silicon chips.[4b] Furthermore, Lns are also 

widely used as catalysts, as part of hybrid cars batteries, in medicine as a contrast agent in magnetic 

resonance imaging, as part of X-ray tubes and are also employed in radiotherapy.[1, 5] The global 

production of rare earth oxides (REOs) has more than tripled in the past two decades from 95000 t 

(2003) to 350000 t (2023), clearly indicating a high demand for REE. China remains the leading country 

for REO production (70%) followed by US (12%) and Myanmar (11%).[6] Despite their high abundance 

in earth’s crust, the low solubility of their oxides, phosphates and carbonates rendered them poorly 

bioavailable and thus the research field remained underexplored.[7]  

 

Figure I-1 Overview of the lanthanides (Lns). The Lns are divided into light (La–Eu) and heavy (Gd–Lu) rare earth elements. 
The ionic radius decreases across the lanthanide (Ln) series concomitant to the increase of the Lewis acidity. Most Lns display 
a chemical stable +3 oxidation state. Ce and Eu can also be found at +4 and +2 oxidation state.[8] Pm has no stable isotopes 
and is not investigated. Ln-utilizing microorganisms preferably utilize the early Lns for growth while growth with later Lns is 
impaired.[2a] 
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In 2011, Hibi et. al showed in a methylotrophic bacterium that La3+ induces the activity of a methanol 

dehydrogenase (MDH) which is essential for its one-carbon metabolism.[9] Shortly afterwards, the 

same research group reported the first strictly La3+-dependent MDH that is essential for bacterial 

growth.[10] These findings paved the way for the new emerging research area of lanthanide 

metallobiochemistry.[2a] Prior to these findings, lanthanides and their spectroscopic and physical 

properties have been used in biochemistry for NMR studies, luminescent probes, protein coexpression 

probes, X-ray crystallography as well as a substitute for Ca2+ in metalloenzymes to characterize metal 

ion binding sites in enzymes.[8, 11] The trivalent Lns can replace the divalent Ca2+ due to their similar 

chemical properties. Both metal ions are similar in their ionic radii (Ca2+ = 1.0 Å and 1.18 Å, La3+ = 1.03 Å 

and 1.22 Å for CN 6 and 9, respectively), coordination environment, prefer the same ligands and are 

strong Lewis acids.[8] However, Lns have a higher CN compared to Ca2+ and their higher Lewis acidity 

make them more efficient catalysts for enzymatic hydrolysis reactions.[7] Since the discovery of the 

Ln-dependent MDH, the field has expanded rapidly into different research areas and it is now firmly 

established that Lns are biological relevant. A variety of Ln-dependent or -utilizing bacteria have been 

found and investigated in various ecosystems, e.g. volcanic mudpot, marine environments and the 

phyllosphere.[10, 12] These bacteria are mostly either methylotrophs or methanotrophs, thus utilizing 

C1-molecules such as methane, methanol and methylated amines and sulfur species as their energy 

source.[13] Methanotrophs oxidize methane to methanol by particulate methane monooxygenase or 

soluble methane monooxygenase, followed by the oxidation to formaldehyde by MDH.[14] Genomic 

analyses have revealed two distinct variants of this MDH: the extensively studied Ca2+-dependent 

MxaFI-MDH and the Ln3+-dependent XoxF-MDH. All methanotrophs that express Ca-MDH also have 

the gene encoding for Ln-MDH.[13] However, studies have reported methano- and methylotrophs that 

solely express Ln-MDH, underscoring the broad occurrence of Ln-utilizing bacteria. Depending on the 

available Lns, XoxF-MDH can incorporate different Lns in the active site to attain the respective 

Ln-MDH. These findings are supported by a metaproteogenomic study revealing that Ln-MDH is one 

of the most prevalent proteins in the plant phyllosphere.[15] Moreover, phylogenetic analysis identified 

at least five distinct clades of XoxF with multiple divergent homologs while certain genomes only 

encode one MxaF copy.[16] Phylogenetic and genetic analysis across methano- and methylotrophs also 

suggest that Ln-MDH evolutionary precedes Ca-MDH and that most MDHs are XoxF proteins.[13, 17] If 

an bacterium has both Ca- and Ln-MDH, the Ca-MDH will be expressed if no Ln is available. However, 

even nanomolar amounts of Ln are sufficient to trigger the “lanthanide switch”, leading to the 

preferred expression of the Ln-MDH variant even if the concentration of Ca2+ is 100-fold higher.[1, 18] 

Apart from the metal ion, the active site of the enzyme also contains the second cofactor 

pyrroloquinoline quinone (PQQ) that is crucial for the enzyme activity.[12b] The xoxF and mxaF gene 

share less than 50% sequence identity but the crucial residues for PQQ, metal binding and catalysis are 
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conserved in both enzymes.[15, 17] One significant difference within the active site is the additional 

metal-coordinating Asp residue found in Ln-MDH (Figure I-2). The Asp residue is essential for metal 

coordination and satisfies the higher CN preferences of Lns. 

 

Figure I-2 The homodimeric structure and active site of Ce-MDH from M. fumariolicum SolV (PDB: 4MAE).[12b] The additional 
meta-coordinating Asp301 residue is essential for the enzyme activity of Ln-MDH. A polyethylene glycol (PEG) molecule (from 
the crystallization buffer) occupies the substrate binding position. Figure reprinted from Phi et al.[19] 

Through site-directed mutagenesis, Good et al. exchanged this essential Asp for Ala and showed that 

this mutant strain is not able to grow with methanol and La3+, indicating a loss of enzymatic function.[20] 

Two mechanisms for methanol oxidation are discussed in literature by experimental and 

computational research groups: the addition-elimination and hydride transfer mechanism (Figure 

I-3).[20b, 21]  

 

Figure I-3 The A) addition-elimination and B) hydride transfer mechanisms are discussed in the literature for the substrate 
oxidation in MDH.[22] C5 of PQQ was omitted after the first step for clarity. Mn+ refers to the Lewis acid and can be Ca2+ or 
Ln3+. 

Both mechanisms require the activation of the PQQ C5 carbonyl bond by a Lewis acid. The hydride 

transfer mechanism suggests a concerted process where a hydride ion is directly transferred from the 
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substrate to the C5 of PQQ, along with the proton abstraction of the substrate by the catalytic Asp 

residue. The addition-elimination mechanism proposes that the substrate directly adds to the PQQ C5 

carbonyl to form a hemiketal intermediate, followed by the release of the product.[21b, 21c] As the Lewis 

acidity steadily increases across the Ln series, the enzyme activity should also increase accordingly if 

PQQ activation by the metal ion is the sole factor impacting the substrate turnover. This assumption 

was disproved, as several studies that used a dye-coupled assay to assess the enzyme activity of 

Ln-MDH have shown that the enzyme activity for Ln-MDH containing early Lns (La–Nd) is higher than 

for the late Lns (Sm–Lu).[19, 20b, 23] Moreover, the same trend was observed with heterologously 

expressed, empty XoxF-MDH that was reconstituted with PQQ and Lns.[24] 

Other biomolecules involved in Ln-uptake, transport, trafficking and storage that utilize Lns have been 

identified and characterized, collectively forming the lanthanome. Ln-dependent ethanol 

dehydrogenases have been identified and characterized in Methylorubrum extorquens AM1 and 

Pseudomonas putida KT2440, expanding the Ln-dependent metabolism to multicarbon sources.[18c] 

Lanmodulin (LanM), a highly selective Ln-binding protein consists of four metal-binding EF hand motifs, 

that are usually found in Ca2+-binding proteins, and undergoes large conformational changes upon Ln 

binding. LanM responses to picomolar concentration of Lns and possess a 108-fold higher selectivity 

towards Lns over Ca2+.[25] While LanM has demonstrated high potential in selective separation and 

recovery of REEs, its role in biological systems remains elusive.[26] Lanpepsy (LanP) is a periplasmic 

protein found in Methylobacillus flagellates that is hypothesized to be involved in Ln binding as dye 

competition assays and isothermal titration calorimetry have revealed multiple Ln binding sites.[27] The 

first lanthanophore (low-molecular Ln binding chelator) named Methylolanthanin (MLL) has been 

identified and isolated from Methylorubrum extorquens AM1. MLL has the capability to bind La3+, Nd3+ 

and Lu3+, scavenge Lns from the environment and significantly increases the growth yield of a mutant 

strain from AM1.[28]  

 

2. Rare Earth Elements in Methylotrophy 

2.1 Methylacidiphilum Fumariolicum SolV  

Methylacidiphilum fumariolicum SolV is a fascinating and unique organism that belongs to the group 

of acidophilic methanotrophs. Discovered in the hot, acidic mudpots of the Solfatara, a volcano crater 

in Italy, this extremophile has garnered significant interest due to its ability to thrive in a harsh 

environment characterized by temperature reaching up to 70 °C and extremely low pH levels, dropping 

to as low as 1.[12b, 29] SolV uses methane as its energy source, abundantly emitted by the fumaroles 

around the crater at an estimated rate of 200 kg per km² daily.[30] Methane is converted to methanol 

by a methane monooxygenase and subsequently oxidized to formaldehyde which is either assimilated 
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or oxidized to CO2.[31] The oxidation of methanol to formaldehyde, is catalyzed by a XoxF-MDH, a Ln 

ion and the cofactor PQQ. As a result of methanol oxidation, PQQ is reduced to pyrroloquinoline quinol 

(PQQH2) which is re-oxidized after a step-wise single electron transfer to two separate molecules of 

cytochrome cL, which itself is regenerated through an additional electron transfer to cytochrome cH.[12b, 

32] Nearly all methylotrophic bacteria possess these two periplasmic, c-type cytochromes. The 

cytochromes were assigned according to their isoelectronic points (pI), with pI being lower for cL and 

higher for cH. Only cL can get reduced by MDH.[31] In SolV, the cytochrome cL is referred to as 

cytochrome cGJ (cyt cGJ) and comprises of XoxG cytochrome coupled with the periplasmic binding 

protein XoxJ.[32] Cyt cGJ is the first reported cytochrome from a purely Ln-dependent methylotroph and 

serves as the direct electron acceptor for its XoxF-MDH. Cytochromes typically exhibit a reddish-brown 

color in solution which is caused by their iron-containing heme groups, but cyt cGJ exhibits a red-shifted 

absorbance spectrum leading to a yellow color in solution.[33] Further spectroscopic methods have 

revealed characteristic Soret and α-bands at 440 nm and 595 nm, respectively, and variable 

temperature variable field magnetic circular dichroism identified the presence of a low spin iron 

heme.[32] Kalimuthu et al. have also reported a temperature-dependent activity of cyt cGJ in an 

electrochemical experiment.[34] The growth rate of SolV varies with the added Ln and its concentration 

in the growth medium.[12b, 19, 35] Growth rates with early Lns (La–Nd) exceed those with Gd3+ by more 

than double the amount and display a proportionally increase from 0 to 80 nM as seen with Ce3+.[12b] 

Remarkably, SolV is also able to grow with the two actinides (Ans) americium and curium. If a mixture 

of equimolar amount of all Lns and these two Ans are added to the growth medium, SolV preferably 

takes up the early Lns, showing the highest depletion (80%) from the medium for La3+. SolV can 

selectively extract early Lns from industrial waste and post-mining waters with minimal sample 

preparation, showcasing its promising platform for the bio-recovery or REE.[35] 

 

2.2 Methylorubrum Extorquens AM1 

The methylotrophic bacterium M. extorquens AM1 is another important model organism that 

resurfaced as a central object of investigation after the discovery of the Ln-dependent XoxF-MDH and 

its Ln-utilizing and -associated proteins has been extensively investigated. AM1 and its metabolism has 

been researched for over 60 years.[36] The function and role of the abundantly expressed xoxF gene in 

many Methylobacteria and other non-methylotrophic bacterial phyla  has long been debated without 

reaching a definite conclusion.[13, 15] Only the discovery of the Ln-dependent XoxF-MDH in 2011 

provided crucial insights into the function of xoxF.[9] Following this finding, genome sequencing 

revealed that AM1 is able to express both XoxF- and MxaFI-MDH and readily switches to the XoxF-MDH 

in the presence of just 2.5 nM Ln, achieving maximum growth rate and yield above 1 µM. AM1 is able 
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to grow using the early Lns (La, Ce, Pr, Nd) as well as Sm.[18a] Furthermore, a Ln-dependent ethanol 

dehydrogenase from AM1 was isolated and characterized as well.[18c] Comprehensive transposon 

mutagenesis and growth studies have elucidated the mechanism for uptake, transport and storage of 

Lns (for details refer to chapter 1.4), providing valuable insights into the broader implication of Ln 

biochemistry and how microorganisms interact with Lns. A recent study has identified and isolated the 

first Lanthanophore, a small molecule that binds Lns, that is most likely involved in mobilization of 

insoluble Lns and transport into the cell. The discovery of the highly selective Ln-binding protein LanM 

from AM1 has launched new methods for the selective bio-recovery of REE from electronic and 

industrial waste.[26a, 37]  

 

3. Methods for Assessing Methanol Dehydrogenase Activity 

The Ca-MDH has been extensively studied by Christopher Anthony and coworkers throughout the 60s 

to 90s.[38] They have developed dye-coupled as well as protein-coupled assays to assess the enzyme 

activity of Ca-MDH, extensively outlined as a chapter in the book series Methods in Enzymology 

(Volume 188).[39] The emergence of Ln-dependent MDH has sparked a resurgence in the field of MDHs 

and the need of reliable assays to accurately assess and compare enzyme activities between different 

Ln-MDHs was evident. We have revised these methods by Anthony and coworkers and captured the 

most essential developments to assess MDH activity in the last decades in Methods in Enzymology 

(Volume 650).[40] 

In the past decades, four activity assays have been established that can be categorized in dye-coupled 

(Figure I-4) and protein-coupled assays (Figure I-5). The protein-coupled assays employ the 

physiological cytochrome of the respective MDH as electron acceptor in tandem with commercially 

available cytochrome c from equine or bovine heart to re-oxidize the physiological cytochrome. On the 

other hand, dye-coupled assays use small molecules as artificial electron acceptor for MDH. The most 

widely performed activity assay uses the artificial electron acceptors phenazine ethosulfate (PES) and 

2,6-dichlorophenol indophenol (DCPIP). After oxidation of the substrate, the electrons are transferred 

to the redox dye DCPIP through the primary electron acceptor PES. The reduction of DCPIP leads to its 

discoloration and can be monitored spectroscopically. PES and DCPIP are commercially available and 

inexpensive. Additionally, the are unspecific electron acceptors and can be applied to any MDH 

irrespective of origin. The radical cation of N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) is also 

called Wurster’s Blue (WB) and was used as electron acceptor and redox dye in the past.[41] Unlike 

PES/DCPIP, WB has to be prepared from its TMPD precursor by using a freshly prepared bromine 

solution which can be impractical for biochemistry labs.[42] Likewise, the enzyme activity can be 

monitored by UV/Vis spectroscopy. A common drawback for dye-coupled assays is the high light-
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sensitivity of these redox dyes. Ensuring minimal light exposure at any point during preparation and 

measurement is crucial to obtain reliable data, adding another layer of challenge to these methods. In 

addition, a non-physiological pH of 9 and additives and activators like ammonia, glycine ethyl ester and 

potassium cyanide are added to the assay mixture which do not reflect the conditions in the cell, 

making data interpretation challenging.[42] 

 

Figure I-4 Overview of the dye-coupled activity assays for methanol dehydrogenase. Wurster’s Blue is reduced by PQQH2, 
leading to its discoloration. The discoloration of DCPIP is caused by PES-mediated reduction. Adapted from Gutenthaler et 
al.[40] 

Beardmore-Gray et al. have introduced a protein-coupled assay to assess the enzyme activity of 

Ca-MDH.[43] The physiological cytochrome cL was coupled to the commercially available cytochrome c 

from equine heart to determine the enzyme activity of Ca-MDH. The reduction of cytochrome c by 

cytochrome cL can be monitored by UV/Vis spectroscopy. Then, Kalimuthu et al. have developed a 

method to electrochemically assess the enzyme activity of Ln-MDH.[34] Here, Eu-MDH from M. 

fumariolicum SolV and its native cytochrome cGJ were adsorbed with the biopolymer chitosan onto an 

gold electrode. Instead of a secondary cytochrome, the current was measured to determine the 

enzyme activity. A major challenge of the protein-coupled assays is the additional isolation and 

purification of the cytochrome which can require significant more time as cytochromes are usually not 

abundantly expressed in cells like MDH is. Another limitation is the specificity of the cytochrome to its 

MDH, although Beardmore-Gray et al. reported one instance were the cytochrome cL from M. 

extorquens is able to interact with the Ca-MDH from two other species as well.[43] Utilizing the 

physiological cytochrome as electron acceptor brings the experiment closer to cellular conditions and 

since none of the assay components are light-sensitive, performing experiments and interpreting the 

data is more consistent and reliable. 
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Figure I-5 Overview of the protein-coupled activity assays for methanol dehydrogenase. The physiological electron acceptor 
cytochrome cGJ (cyt cGJ) (PDB: 6ONQ) is used to re-oxidize PQQH2. Cytochrome c from bovine heart (PDB: 6FF5) is used as the 
secondary cytochrome and spectroscopic read-out. For Ln-MDH from M. fumariolicum SolV and cyt cGJ an electrochemical 
assay has been reported.[34] Protein structures were generated with Chimera. The crystal structure of cytochrome XoxG from 
M. extorquens AM1 was used for cyt cGJ because no structure has been reported so far. 

 

4. Uptake, Transport and Storage of Lanthanides and their Role in Gene Regulation 

Pol et al. recovered the strictly Ln-dependent bacterium M. fumariolicum SolV from the Solfatara 

crater in Italy which only grew under laboratory conditions after its original, Ln-rich volcanic mudpot 

water was added to the growth medium.[12b] Since then, researchers have found more and more 

examples of strictly Ln-dependent and -utilizing microorganisms.[44] The exact mechanism of 

Ln-uptake, transport and storage remains largely elusive. The research groups around Cecilia 

Martinez-Gomez, Elizabeth Skovran, Janosch Klebensberger and Julia Vorholt found evidence that the 

TonB-ABC pathway is involved in the Ln-uptake, mirroring the mechanism by which siderophores, Fe3+-

chelating small molecules, mobilize Fe3+ for cellular uptake.[45] Indeed, Zytnick et al. have identified the 

first lanthanophore, a Ln3+-binding small molecule, from M. extorquens AM1. Methylolanthanin (MLL) 

is able to bind La3+, Nd3+ and Lu3+ and significantly increases the growth yield of an AM1 mutant 

strain.[28] Import of extracellular Ln into the periplasm by a TonB-dependent mechanism has long been 

hypothesized and was confirmed in M. extorquens AM1 by Roszczenko-Jasińska et al. using transposon 

mutagenesis screens and knockout strains.[46] Once the lanthanophore-bound Ln is transported into 

the periplasm, it is predicted to enter the cytoplasm through an inner membrane transport system. 

Transmission electron microscopy revealed that La3+ accumulates as phosphate crystals in the 

cytoplasm.[46] Additionally, the REE hyperaccumulator fern Dicranopteris linearis possesses the 
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transporter NREET1 that is mainly localized in the plasma membrane of the roots. NREET1 is able to 

selectively translocate REE from the root cell walls into the cytoplasm and demonstrating a higher 

preference for LREE over HREE.[47] 

The Ln switch, the activation of Ln-MDH expression and suppression of Ca-MDH in the presence of Lns, 

was the first example of the gene regulating effect of Lns.[1, 18] Further studies have shown that the 

genetic regulation is more complex than initially outlined. In Methylosinus trichosporium OB3b, the Ln 

switch is completely negated by the presence copper which functions as the cofactor for particulate 

methane monooxygenase that facilitates the conversion of methane to methanol.[48] The 

co-expression of both Ca- and Ln-MDH is also possible and was observed in M. trichosporium OB3b 

and Methylomonas sp. strain LW13 when Ca2+ and Ce3+ were added to the growth medium.[49] 

Furthermore, deletion of the xoxF gene in Methylobacterium aquaticum 22A and M. extorquens AM1 

prevented growth in the presence of Ca2+ due to the lack of Ca-MDH expression.[50] Zytnick et al. have 

shown that even the solubility of the Ln source can drastically impact the genetic network and growth. 

Almost 1500 genes of M. extorquens AM1 were differentially expressed when exposed to soluble NdCl3 

or poorly soluble Nd2O3.[28] Gorniak et al. have conducted differential gene expression analysis and 

reported that the gene expression of Beijerinckiaceae RH AL1 varies depending on the La3+
 

concentration (50 nM vs. 1 µM) and type of added Ln (La3+ vs. Nd3+ vs. Ln cocktail containing Ce3+, Nd3+, 

Dy3+, Ho3+, Er3+ and Yb3+). Up to 41% of genes demonstrated altered expression levels in response to 

different Lns, indicating that different Lns affect different genes. The expressed genes were linked to 

a wide range of biological processes of the Ln-dependent metabolism but also span other cellular 

functions like the flagellar and chemotactic machinery, secretion and uptake system.[51]  

 

5. Biological Role of Siderophores 

Similar to Lns, iron is widely distributed in earth’s crust, but often exists in insoluble forms and is not 

readily available. Iron is an essential element for all living organism and is involved in a broad range of 

metabolic processes like oxygen transport, DNA synthesis, electron transport, cofactor for enzymatic 

reactions and synthesis of amino acids and vitamins.[52] Siderophores are small, high-affinity 

Fe3+-chelating molecules that are produced and secreted into the extracellular environment by 

microorganism and plants and play an essential role in the sequestration of insoluble Fe3+. Then, the 

siderophore-Fe3+ complex is transported across the outer membrane into the host by an active 

transport system.[53] Since the discovery of siderophores in the 1950s, they have been extensively 

studied.[54] There are more than 500 known siderophores that typically form saturated hexadentate 

complexes with Fe3+, but coordinatively unsaturated complexes are also known.[45b, 55] Pyochelin, a 

tetradentate dimer, and cepabactin, a bidentate monomer, both strongly bind Fe3+, albeit with 
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generally lower stability constants compared to their coordinatively saturated counterparts.[56] The 

majority of siderophores can be structurally divided into four major classes (Figure I-6).  

 

Figure I-6 Overview of the four main classes of siderophores. Siderophores are categorized based on the chemical structure 
of their metal-binding groups.  

Although siderophores have a high affinity towards Fe3+, Captain et al. reported a chelator-protein 

system consisting of the protein siderocalin and siderophore enterobactin that is able to form 

complexes with the lanthanide Eu3+ and Ans [Am3+, Cm3+, Th34 and Pu4+] as well.[57] Furthermore, Hardy 

and Butler employed bioinformatic methods and identified the novel siderophore pacifibactin that 

possesses four bidentate chelating groups (two hydroxamic acid and two β-hydroxyaspartic acid 

groups). Out of the four chelating groups, the cyclized N5-hydroxyornithine residue is not involved in 

Fe3+ complexation as shown by 13C NMR experiments with the Fe3+ surrogate Ga3+.[58] The remaining 

hydroxamate might be involved when metal ions with the preference for higher CN like Ln are present. 

The biological role of siderophores goes beyond “iron acquisition”. Sideromycins, which consists of a 

siderophore and an antibiotic moiety, are secreted by bacteria to invade other microorganisms, disrupt 

their cell membrane and gain competitive advantage. [59]  
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II. The Syntheses of Citrate-Based Siderophores 

 

1. Introduction 

In the last decades, siderophores and their essential biological role as low-molecular weight scavenger 

for Fe3+ for microorganism have been extensively investigated and are critical in facilitating the uptake 

and transport of this essential metal under iron-limiting conditions.[53] Since the discovery of the first 

strictly Ln-dependent bacterium, more and more species have emerged as Ln-utilizing microorganisms. 

The first studies have given insights into uptake, trafficking and storage of Lns. Research group around 

Cecilia Martinez-Gomez, Elizabeth Skovran and Janosch Klebensberger provided evidence that a 

TonB-ABC-like pathway is involved in the Ln-uptake which resembles the transport of Fe3+ into the cell 

by siderophores.[46, 60] A new class of polydentate ligands –lanthanophore– is proposed to selectively 

mobilize Lns from poorly soluble sources for the receptor-mediated uptake into Ln-utilizing 

microorganisms. In collaboration with Alexa Zytnick from the Martinez-Gomez Lab and Dr. Zachary 

Reitz from the Medema Lab, the existence of a lanthanophore in M. extorquens AM1 was investigated. 

The first bioinformatic investigations revealed a biosynthetic gene cluster in close proximity to the 

Ln-dependent MDH gene cluster. This nearby biosynthetic gene cluster was assigned to the 

biosynthesis of a chelator similar to aerobactin (AB), indicating that AB, a siderophore commonly 

utilized by bacteria, may be involved in the uptake process of Lns. This finding suggests a new function 

for AB beyond its role in Fe3+-transport, extending its function to the acquisition and trafficking of Lns 

into the bacterial cell.  

Our goal was to follow through with this lead and synthesize AB as well as evaluate its binding affinity 

and binding specificity for Lns. After characterization, in vivo growth studies with AB will provide 

insights into its ability to transport Lns into the cell and its impact on bacterial growth. These 

experiments will help us explore the potential of AB as a lanthanophore and elucidate our 

understanding of Ln-uptake mechanism. 

 

2. Synthesis of Aerobactin 

AB was first isolated by Gibson and Magrath in 1969 and then synthesized by Maurer and Miller in 

1982.[61] AB is a dihydroxamate-based siderophore that is broadly used by terrestrial and marine 

bacteria.[62] The siderophore consists of two N6-acetyl-N6-hydroxy-L-lysine (ahLys) building blocks that 

are linked to the terminal carboxyl groups of citric acid through an amide bond (Figure II-1).  
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Figure II-1 Chemical structure of aerobactin. 

With its two hydroxamate groups and the central α-hydroxyl carboxylate of citric acid, AB acts as a 

hexadentate chelator for Fe3+. The preparation of AB was based on the modified procedures by Ho et 

al.[62] The citric acid derivative was obtained after three steps (Scheme II-1). Citric acid, a tricarboxylic 

acid, has two primary and one tertiary carboxylic acid groups and thus requires a selective method to 

obtain the citric acid dimethyl ester 1. Initially, The selective synthesis involved transforming the 

terminal carboxyl groups into esters by acid-catalyzed Fischer esterification but the tedious work-up 

process led to the swap to the Dowex-H+/NaI approach.[63] This alternative method resulted in a 

comparable yield of 20–24% but with a less laborious work-up procedure. Then, the α-carboxyl group 

was protected with tert-butyl acetate. The reaction was completed after three days and 2 was 

subsequently subjected to saponification with NaOH to yield the desired tert-butyl citric acid building 

block 3.  

 

Scheme II-1 Synthesis of the citric acid building block. 

The L-lysine building block was synthesized starting with commercially available Nε-Boc-Nα-Cbz-L-lysine 

5 (Scheme II-2). First, esterification of the carboxyl group was achieved using thionyl chloride and EtOH. 
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Conveniently, the Boc group was removed with this step as well, eliminating the need for a separate 

deprotection step, obtaining 6. Then, conversion of the ε-amino group of 6 to 7 was achieved in two 

steps through N-oxidation and acetylation utilizing benzoyl peroxide and acetic anhydride (Scheme 

II-2, B), respectively. 

 

Scheme II-2 A) Synthesis of the ahLys building block 8 and coupling to the activated citric acid NHS-ester 4. Aerobactin was 
purified with semi-preparative HPLC. The functional groups that are involved in Fe3+ complexation are colored red. (B) 
Conversion of Lys-NH2 to the hydroxamate group. 

A crucial condition to achieve the desired N-oxide product in satisfying yield is an optimal buffer 

system.[64] The biphasic solvent system consists of dichloromethane (DCM) and an aqueous NaHCO3 

solution that has to be adjusted to pH 10.5 to quench benzoic acid as it forms from benzoyl peroxide. 

As a result, the formation of the desired N-oxide product is favored over the production of the 

undesired N-acetylation byproduct (amide). The yield improved from 17% at pH 10.0 to 35% yield at 

pH 10.5. The reaction conditions (30 mL of solvent per mmol starting material) for the subsequent 

acetylation of the N-oxide product with acetic anhydride by Ho et al. produced dissatisfactory yields of 
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around 10%. However, conducting the reaction directly in acetic anhydride without any additional 

solvent significantly increased the yield to 95%. After Cbz-deprotection with HBr, the key step involves 

the conjugation of the L-lysine building block 8 to the activated tert-butyl citrate moiety 4. The 

condensation reactions of the L-lysine building blocks were facilitated utilizing 

N,N’-dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS) as the coupling reagents. 

Following the condensation reaction, the last step involves the global deprotection of the protecting 

groups of 9 which was carried out in subsequent steps by trifluoracetic acid and then NaOH. Lastly, the 

crude product was purified via semi-preparative high-performance liquid chromatography (HPLC, 

method: A: H2O + 0.1% TFA and B: MeCN + 0.1% TFA, 0 → 25% in 40 min, Rt = 26 min) to isolate pure 

AB as a white powder in 7% overall yield. The purified AB was forwarded to the Martinez-Gomez Lab, 

where in vivo growth studies with M. extorquens AM1 were conducted. 

 

3. Synthesis of Deoxyschizokinen 

As in vivo studies involving AB and M. extorquens AM1 continued, cultivation and isolation of 

secondary metabolites from AM1 by our group member Dr. Ignacio Sottorff revealed indications of 

another siderophore that could possible function as a lanthanophore: deoxyschizokinen (DS). Hu and 

Boyer were the first to isolate and characterize DS from the bacteria Bacillus megaterium ATCC 19213 

in 1995.[65] DS belongs to the family of Schizokinen and shares structural similarities to AB, notable its 

citrate-based core and the presence of a hydroxamate group. Instead of a lysine-based derivative as 

additional metal-binding moieties, the side chains of DS are based on 1,3-diaminopropane. Thus, the 

DS linker length of the side chain is one methylene group shorter but the presence of the hard O-donor 

groups remains critical for the coordination of Fe3+ (Figure II-2). 

 

Figure II-2 Retrosynthetic analysis of Deoxyschizokinen. Deoxyschizokinen consists of a citrate moiety and two 
1,3-diaminopropane derivatives. The functional groups that are involved in the complexation of Fe3+ are colored red. 

To further investigate this lead, the synthesis of DS was pursued. Although the synthesis of Schizokinen 

was reported several times, no procedure for the synthesis of DS is published to the best of our 

knowledge.[66] Conveniently, the required central citrate moiety was already available from the 

synthesis of AB. DS features two asymmetric side chains: one with a hydroxamate moiety and the other 
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one being solely N-acetylated. The two distinct side chains could both be synthesized from 

commercially available 1,3-diaminopropane (Scheme II-3).  

 

Scheme II-3 Schematic overview towards the synthesis of Deoxyschizokinen. 

1,3-Diaminopropane was mono-Boc protected by Boc-anhydride to obtain 12. Then, one side chain 

was subjected to N-acetylation while the other was treated with benzoyl peroxide for the N-oxidation, 

followed by the N-acetylation. Subsequently, both side chains 10 and 11 were subjected to HCl gas for 

Boc deprotection. The ex situ generated HCl gas was produced by the addition of concentrated H2SO4 

to NaCl which was directly inserted into a solution of 10 or 11 (Figure II-3).[67] Excess amount of HCl gas 

was quenched by a solution of NaOH. After an exposure of 1–2 h, the respective HCl salts are formed 

and precipitate in Et2O that was used as the solvent. After completion of the reaction, the solvent was 

removed under reduced pressure and the product is obtained as a solid. The most challenging task was 

to keep the highly hygroscopic HCl salts of 13 and 14 dry during the next step.  
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Figure II-3 Setup for the Boc deprotection of 10 and 11 by ex situ generated HCl gas.[67] 

Then, the next step involves the coupling of both side chains to the central citrate moiety. A major 

challenge is the asymmetry of the side chains which require a careful approach to avoid undesired 

results. Two methods are possible, either a more laborious sequential two-step coupling protocol 

which allows for a more controlled coupling of each side chain or a quicker one-pot coupling reaction 

which would also lead to two possible but undesired symmetrical byproducts (Figure II-4) diminishing 

the yield of the reaction. 

 

Figure II-4 The one-pot coupling procedure could lead to the generation of symmetrical coupled but undesired byproducts in 
addition to the desired asymmetrical coupled product 15. 

The first approach was to test the sequential two-step coupling protocol based on Fadeev et al.[68] The 

protocol involves an intramolecular cyclization of 3 to obtain 16 which was facilitated by DCC. 

Subsequently, side chain 14 was added first to the cyclic citric acid, inducing the ring-opening and 

formation of the first amide bond. Then, the second side chain 13 was conjugated to 17, facilitated by 

DCC in combination with NHS to obtain 15 (Scheme II-4). 
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Scheme II-4 Sequential two-step procedure for generation of 15.[68] 

Following the sequential two-step protocol, a total yield of 6% was obtained. Due to the low yield, only 

liquid chromatography-mass spectrometry (LC-MS) could be used for product verification. The 

repetition or modification of the two-step protocol to improve the yield were not successful nor 

produced sufficient amount of product to verify product formation by 1H and 13C NMR. 

Now, the focus was shifted towards the one-pot protocol for the simultaneous coupling of both side 

chains 13 and 14 to the citrate moiety. Again, DCC and NHS was used to facilitate the formation of the 

amide bonds. Product formation could be verified by taking a sample of the reaction mixture and 

submitting to LC-MS, however this method did not allow for isolation of any product 15 and 

subsequent analysis by NMR was not possible. Other coupling reagents like 2-mercaptothiazoline or 

DCC and 1,1’-carbonyldiimidazole did not yield any sufficient amount of product either. 

To summarize, efforts were made to synthesize another citrate-based siderophore Deoxyschizokinen, 

which was also hypothesized to function as a lanthanophore. The two asymmetric 

1,3-diaminopropane-based side chains contain a hydroxamate functional group and a N-acetylated 

functional group, respectively, were successfully synthesized. The key step, coupling of both side 

chains to the central citrate moiety could not be achieved in sufficient quantities with neither a 

sequential two-step nor one-pot reaction protocol. Various coupling reagents were tested to pre-

activate the citrate moiety but no improvements were observed. 

 

4. Characterization of Aerobactin 

After the purification of AB by semi-preparative HPLC, the acquired 1H and 13C NMR data are in 

accordance with the existing data found in the literature.[62] Then, analysis of AB using high resolution 

mass spectrometry (HR-MS) revealed the [M-4H+Fe3+]- fragment (616.1318) as the major peak (Figure 
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II-5, A). These results were obtained without addition of any Fe3+ source and showcases that AB is able 

to scavenge Fe3+ from its surrounding environment (most likely from the injection port of the HR-MS) 

and its the impressive binding affinity to Fe3+. To probe if AB is capable to form a complex with Lns as 

well, a 10-fold excess of LaCl3 and LuCl3 were added to AB, respectively, and both samples were 

submitted to HR-MS. In the sample containing La3+, the AB-La3+ complex remained undetected, but the 

AB-Fe3+ was detected again. However, the sample with Lu3+, the major peak was identified as the 

[M-2H+Lu3+]+ fragment (737.1505), verifying the formation of the AB-Lu3+ complex (Figure II-5, B). 

 

Figure II-5 High resolution mass spectrometry results from aerobactin with A) Fe3+ and B) Lu3+. 

Notably, the charge of the AB-Lu3+ complex was found in the positive and negative channel with an 

overall positive or negative charge of +1 and -1, respectively. The differences in charge for AB-Fe3+ and 

AB-Lu3+ could be indicative of a different binding interaction of AB with Fe3+ and Lu3+, respectively, and 

suggests that there might be different coordination environments for the two complexes. In addition, 

the variation in charge could also impact the stability, solubility and biological function of these 

complexes under physiological conditions. This charge variation could be a “recognition signal” for 

receptors or import channels to distinguish between Fe3+ and Lns3+ and thus for siderophores and 

lanthanophores, respectively. 

Next UV/Vis spectroscopy was used for further investigation of AB. AB itself is spectroscopic silent and 

does not show any distinct features (Figure II-6, A). Then, an increasing amount of Fe3+ was added to 

the solution. The sample containing equimolar amount of Fe3+ shows a broad absorption band 

spanning a range from 400 to 500 nm and a distinct absorption maximum (λmax) at 296 nm is observed 

at 10 equivalents of Fe3+ (Figure II-6, A).  



 
The Syntheses of Citrate-Based Siderophores 

 

19 
 

 

Figure II-6 A) UV/Vis spectra of 50 µM FeCl3 and 50 µM Aerobactin with 1–10 equivalents of FeCl3 in H2O. B) UV/Vis spectra 
of 50 µM Aerobactin with 1–100 equiv. of LaCl3 in H2O. Samples were incubated for 1 h. 

The λmax around 300 nm is characteristic for the α-hydroxycarboxylate-to-Fe3+ ligand-to-metal-charge 

transfer (LMCT) and the broad absorption band at 400 nm is typical for hydroxamate-to-Fe3+ LMCT.[58] 

The same experiment was repeated with the addition of La3+ to AB instead of Fe3+ but no remarkable 

changes are detected by UV/Vis spectroscopy, even upon addition of 100 equivalents of La3+ (Figure 

II-6). 

Due to the spectroscopic silence of AB and La3+ in these experiments, complexation could only be 

monitored through changes of the LMCT bands of the AB-Fe3+ complex. In addition to the 

α-hydroxycarboxylate, two hydroxamate groups are involved in metal complexation. Harris et al. noted 

that the acidic carboxylate are deprotonated at a pH below 5, while the more basic hydroxamate 

groups are deprotonated between pH 7 and 10.[69] The deprotonation of these groups could be crucial 

for complexation, thus a buffer system with a pH set to 8 was used for the next experiment. Adjusting 

the buffer to a higher pH would more likely lead to precipitation of insoluble Fe(OH)3 and Ln(OH)3, 

thereby interfering with the measurements. Before proceeding with the experiment, 

desferrioxamine B (DFO) (Figure II-7) was employed as a proxy for AB. DFO is an aliphatic 

trihydroxamate siderophore but does not have a central citrate moiety. DFO is commercially available 

and capable of binding Fe3+ and Lns3+ which allows for gauging and adjusting of experimental 

conditions before AB is used.[70] 

 

Figure II-7 Chemical structure of desferrioxamine B (DFO). The functional groups that are involved in Fe3+ complexation are 
colored red. 
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Titration experiments were conducted to investigate the affinity of DFO and AB fors Lns3+. Similar to 

AB, DFO is spectroscopic silent but exhibits a broad peak around 400 nm characteristic for the 

hydroxamate-to-Fe3+ LMCT.[71] First, DFO was incubated with equimolar amounts of Fe3+ before an 

increasing amount of La3+ or Lu3+ were added to the solution. The same procedure was repeated for 

AB and the results are shown in (Figure II-8).  

 

Figure II-8 UV/Vis spectra of titration experiments with DFO and AB. A solution containing 100 µM DFO and 100 µM FeCl3 
was incubated for 10 min before 0–3 equiv. of A) LaCl3 or B) LuCl3 was added. A solution containing 100 µM AB and 100 µM 
FeCl3 was incubated for 10 min before 0–3 equiv. of C) LaCl3 or D) LuCl3 was added. Samples were measured after 2 h of 
incubation. Solvent: 10 mM HEPES, 100 mM KCl, pH 8.05, equivalent of LnCl3 increases from light to dark blue. 

Similar to the previous measurements with AB, the DFO-Fe3+ complex also shows the characteristic 

broad absorption from 400 to 500 nm that is indicative of the hydroxamate-to-Fe3+ LMCT. Since DFO 

has no citrate moiety, the α-hydroxycarboxylate-to-Fe3+
 LMCT around 300 nm is not visible. The 

increasing addition of La3+ to DFO-Fe3+ resulted in a reduction of the hydroxamate-to-Fe3+ LMCT signal, 

implying that the amount of DFO-Fe3+ decreases in favor of forming the DFO-La3+ complex. The same 

trend is observed for the addition of Lu3+ to the DFO-Fe3+ solution, but the decrease of the 

hydroxamate-to-Fe3+ LMCT is more pronounced in comparison to the titration of La3+ to DFO-Fe3+. This 

suggests that under these conditions, more DFO-Lu3+ is formed than DFO-La3+. The AB-Fe3+ complex 
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shows the previously observed signals at 300 and 400 to 500 nm. After titration of La3+ to the AB-Fe3+ 

complex, the hydroxamate-to-Fe3+ LMCT signal decreases while the absorption maximum at 300 nm 

increases but simultaneously flattens losing its distinct sharp peak. These results indicate a decrease 

of the AB-Fe3+ complex in favor of formation of the AB-La3+ complex. Again, the observed change is 

more pronounced when Lu3+ is added. The hydroxamate-to-Fe3+ LMCT signal flattens while a new 

absorption maximum at 325 nm replaces the characteristic α-hydroxycarboxylate-to-Fe3+ LMCT 

around 300 nm. Overall, introducing La3+ or Lu3+ to the DFO-Fe3+ and AB-Fe3+ complexes resulted in the 

decrease of the typical LMCT signals of these complexes, indicating the formation of new La3+ and Lu3+ 

complexes. These results further support the ability of AB to form complexes with Lns and that La3+ 

and Lu3+ are able to compete with Fe3+ for binding.  

Dye-based assays are another spectroscopic method to investigate the binding capabilities of ligands. 

The chrome azurol S (CAS) assay, developed by Schwyn and Neiland, is a widely used qualitative 

method to detect and determine siderophores and was later optimized for Lns by Gladilovich et al.[72] 

The classic assay solution of Schwyn and Neiland inlcudes CAS (Figure II-9), Fe3+, 

hexadecyltrimethylammonium bromide (HDTMA) and sulphosalicyclic acid, with latter serving as a 

weak chelator for Fe3+ to keep it in a soluble form.  

 

Figure II-9 Chemical structure of chrome azurol S. 

The modified CAS assay for lanthanophores contains only CAS, HDTMA and Ln3+ before AB was 

added.[73] Free CAS has a distinct λmax at 425 nm while the CAS-Ln3+ complex exhibits two absorption 

maxima at 500 and 625 nm that will decrease upon addition of a stronger ligand for Lns than CAS.[74] 

The ligand exchange can be represented by the following equation: 

 

The change in λmax can be monitored by UV/Vis spectroscopy and can also be visually perceived as a 

change in color. Before proceeding to examine the complexation of AB with Lns (La3+, Nd3+ and Lu3+), 

the modified CAS assay was assessed with DFO. Previous experiments have shown that deprotonation 

of the functional groups that are involved in metal binding are important for complexation, thus metal 

binding was assessed across the pH range of 6.4–8.1, and the results are shown in Figure II-10.  
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Figure II-10 Chrome azurol S assay with desferrioxamine B (DFO) at three different pH values with LaCl3, NdCl3 and LuCl3. 
Conditions: MOPSO/HEPES buffer (1.5 mM each), 18.75 µM CAS, 50 µM HDTMA, 18.75 µM LnCl3 and 0–3 equiv. 0–37.50 µM 
DFO, equivalents of DFO increases from light to dark blue. 

Each column corresponds to a different Ln and the rows represent the pH at which the assay was 

performed. For the La3+ column, the addition of DFO merely decreases the λmax of the CAS-La3+ complex 

at pH 6.4 but gradually increases towards higher pH. This indicates that DFO requires higher pH for 

binding of La3+. The same trend is observed for the Nd3+ column. Only at higher pH, the formation of 

the DFO-Nd3+ complex is observed. However, the higher Lewis acidity of Lu3+ leads to formation of 

DFO-Lu3+ complex even at a pH of 6.4 which was not observed for La3+ and Nd3+. At pH 8.1 using 

two equivalents of DFO, the observed spectrum overlaps with the negative control sample (no metal, 

one equivalent of DFO and one equivalent of CAS), resembling the spectra of free CAS. This suggests 

the absence of the CAS-Lu3+ complex, implying that all Lu3+ have been bound by DFO resulting in the 

formation of the DFO-Lu3+ complex. These results underscore the previous observation that DFO binds 

Lu3+ more readily than the earlier lanthanides La3+ and Nd3+. 

Since the proof-of-concept worked, the CAS assay was repeated with AB to assess its ability to bind Lns 

under various pH conditions (Figure II-11). 
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Figure II-11 Chrome azurol S assay with aerobactin (AB) at three different pH values with LaCl3, NdCl3 and LuCl3. Conditions: 
MOPSO/HEPES buffer (1.5 mM each), 18.75 µM CAS, 50 µM HDTMA, 18.75 µM LnCl3 and 0–3 equiv. 0–56.25 µM AB, 
equivalents of AB increases from light to dark blue. 

In line with the results from the CAS assay with DFO, a pH- and Ln-dependent complex formation of 

the AB-Ln3+ is observed and correlates with the amount of AB added to the assay solution. A higher pH 

leads to greater decrease of the characteristic λmax of the CAS-Ln3+ complex, implying that 

deprotonation events are likely playing a significant role in the formation and stability of the AB-Ln3+ 

complex. Furthermore, the interaction between AB and Lns is also affected by the Lewis acidity of the 

metal. Lu3+, the strongest Lewis acid among these three, exhibits a tendency to form a complex with 

AB more readily. This is indicated by the higher decline of λmax even at lower equivalents of AB in the 

assay solution, similar to the results of the CAS assay with DFO. The consistent absorbance pattern of 

the AB-Lu3+ complex also suggest that this complex is the most stable across the tested pH range, 

reflecting a potentially stronger and more stable interaction compared to the complex formed with 

La3+ and Nd3+, respectively.  

To investigate whether AB is a lanthanophore, in vivo growth studies with M. extorquens AM1 were 

conducted by Alexa Zytnick from the Martinez-Gomez group. Since AM1 is able to switch, depending 
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on availability of Lns, between Ln-MDH and Ca-MDH for its metabolism and growth, a knock-out strain 

of AM1 lacking the gene for the expression of Ca-MDH was generated. This mutant strain, called 

ΔmxaF, has a growth defect and barely grows without the addition of Lns. Only with addition of Lns, 

Ln-MDH can be expressed and the growth of the mutant strain is restored. A series of growth studies 

were conducted with the ΔmxaF mutant strain. To assess whether the availability of Lns are influencing 

the growth, NdCl3 and Nd2O3 salts were used as a soluble and poorly soluble source of Lns, respectively. 

Due to the better solubility in aqueous solution and thus better availability of Nd3+ when using NdCl3, 

the growth should, at least initially, be higher compared to Nd2O3. In addition, the Ln-limiting condition 

when using Nd2O3 could trigger or increase the biosynthetic production and secretion of the 

lanthanophore thus increasing the growth rate at a later time point. Furthermore, samples that either 

contained or lacked AB were prepared to examine if AB is able to additionally support the growth. If 

AB is an efficient lanthanophore, the supply of AB to the mutant strain grown with NdCl3 or Nd2O3 

should increase the growth in comparison to the experiment without the addition of AB. The growth 

studies were conducted in multi-well culture plates that were continuously shaken and the cell growth 

was automatically monitored by a plate reader (Figure II-12) determining the optical density at 600 nm 

(OD600). Higher Ln solubility drastically increases the growth rate of ΔmxaF, suggesting that the source 

of the Ln plays a crucial role for the growth which is negatively impacted by the less soluble Nd2O3.[73] 

As already shown above, AB is able to bind Lns at physiological pH and thus was supplemented to the 

media to investigate its effect on the growth. The addition AB did not have any significant effect on 

growth rate or growth yield of when using NdCl3 or Nd2O3. 

 

Figure II-12 A) Growth curves of ΔmxaF with NdCl3 or Nd2O3 and the effect of 2 µM AB on the growth. Final Nd3+ concentration 
of 2 µM. Each data point represents the mean of three replicates.  B) Calculated growth rates and growth yields. Raw data 
was kindly provided by Alexa Zytnick. 

The binding affinity of AB for La3+, Nd3+ and Lu3+ was assessed using various spectroscopic methods. 

Both show no characteristic peaks in the UV/Vis region thus confirmation of Ln complexation could 
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only be examined indirectly. Titration experiments and CAS assay have revealed that AB is able to bind 

Lns in a pH- and Ln-dependent way. The AB-Ln3+ complex is more readily formed at higher pH and with 

a stronger Lewis acid. Growth studies were conducted to examine the impact of AB on the ΔmxaF 

mutant strain from AM1. The exogenous addition of AB did not result in a significant enhanced growth 

and AB is likely not a lanthanophore.  

 

5. Synthesis of Rhodopetrobactin B and Petrobactin 

The exogenous addition of AB did not show any significant impact on growth of the ΔmxaF mutant 

strains of M. extorquens AM1 and cannot be considered a lanthanide-specific lanthanophore. This led 

to further bioinformatic investigation by Dr. Zachary Reitz and Alexa Zytnick. They have discovered yet 

another family of citrate-based siderophore that could be a lanthanophore: petrobactin. Petrobactin 

was first characterized by Barbeau et al. in 2021 and is produced by the oil-degrading marine bacterium 

Marinobacter hydrocarbonoclasticus.[75] Petrobactin consists of a central citrate moiety and two 

dihydroxybenzoyl groups that are connected through spermidine-based linkers. Initially defined as 

containing 2,3-dihydroxybenzoic acid groups, the structure was later revised and ultimately 

determined to comprise of 3,4-dihydroxybenzoic acid groups.[76] Further investigation revealed an 

acetyltransferase near its biosynthetic gene cluster pointing to the closely related rhodopetrobactin B 

(RPB). Rhodopetrobactin A and B, first identified by Baars et al. in 2018, share structural similarities 

with petrobactin and are both secreted by the bacterium Rhodopseudomonas palustris, from which 

the prefix “rhodo” is derived.  

Intrigued by these findings, the initial focus was on synthesizing RPB.[77] Similar to petrobactin, RPB is 

composed of a central citrate moiety and two 3,4-dihydroxybenzoic acid groups that connected by a 

dibutylenetriamine-based side chain with an acetylated secondary amine (Figure II-13).  

 

Figure II-13 Chemical structure of rhodopetrobactin B and its retrosynthetic analysis. 



 
The Syntheses of Citrate-Based Siderophores 

 

26 
 

Starting from commercially available 3,4-dihydroxybenzoic acid, the protection of the hydroxy groups 

with benzyl bromide to avoid side reaction further down the synthesis route was conducted. The 

protection step was examined with benzyl bromide and benzyl chloride, both at 65–70 °C. After 1 d of 

stirring, the reaction mixtures were treated equally. Although the protection with benzyl bromide 

should be better due to bromide being the better leaving group, the use of benzyl chloride actually 

resulted in slightly higher yield (Scheme II-5) and purity. To aid amide formation with the 

dibutylenetriamine linker 19, the benzoic acid was transformed to the more reactive benzoyl chloride 

18 with oxalyl chloride. 

 

Scheme II-5 Synthetic pathway towards the benzoyl chloride 18. 

For the dibutylenetriamine side chain, commercially available 1,4-diaminobutane was used and the 

base-catalyzed mono-Boc protection with Boc2O was performed. After separation from the unwanted 

di-Boc protected byproduct, 22 was elongated with 4-bromobutyronitrile through a SN2 reaction to 

obtain 23. After stirring for 16 h at room temperature, the secondary amine was acetylated to form 

24, followed by the reduction of the nitrile group to an amine by exposure to Co2+-catalyzed reduction 

with NaBH4 (Scheme II-6).[78]  

 

Scheme II-6 Synthetic pathway towards the dibutylenetriamine linker 19. 

Then, the amine 19 was added to the benzoyl chloride 18 (Scheme II-7). After Boc deprotection with 

TFA, the crude product 25 was ready for the conjugation to the citrate motif 3. The citrate building 

block was activated with NHS/DCC and Boc-deprotected 25 was added dropwise to the solution to 

obtain 26. In the last steps, the tert-butyl ester group and the benzyl groups were deprotected with 

HCl/AcOH and Pd/C with H2, respectively. 
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Scheme II-7 Synthetic pathway towards rhodopetrobactin B. 

After removal of Pd/C with Celite and 0.45 µM syringe filters, the crude solution was subjected to 

purification by preparative HPLC. In contrast to the purification method by Baars et al. (A: H2O + 1% 

MeCN and B: MeCN + 2% H2O), the method for AB purification (A: H2O + 0.1% TFA and B: MeCN + 0.1% 

TFA) was applied. Again, a reverse-phase C18-AQ column was used. The optimization of the method 

started with 5 to 100% B over 60 min. Various major peaks were collected and low resolution LC-MS 

analysis showed elution of RPB at around 30% B. The method was further optimized for time, 

solvent usage and separation. With the final purification method (5 to 32% B over 45 min), RPB elutes 

sharply at Rt = 27.7 min (Figure II-14). After removal of solvent by lyophilization, RPB was obtained as 

a white powder in 0.6% overall yield. 

 

Figure II-14 HPLC chromatogram of the purification of rhodopetrobactin B. Method: 5 to 32% B over 45 min, A: H2O + 0.1% 
TFA and B: MeCN + 0.1% TFA, flow: 20 mL/min, reverse-phase C18-AQ column, Rt = 27.7 min. 
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Building upon the synthesis methodology of RPB, the synthesis of petrobactin was approached (Figure 

II-15). The main distinctions are the linker length and the absence of the acetyl groups. Given that the 

citrate and catechol building blocks are shared between RPB and petrobactin, the main focus was on 

the synthesis of the side chain.  

 

Figure II-15 Chemical structure of petrobactin and its retrosynthetic analysis. 

In contrast to RPB, the linker connecting the citrate motif and the catechol moiety is based on 

spermidine. Furthermore, the secondary amine is not acetylated, thus reducing the synthesis by one 

step (Scheme II-8). 

 

Scheme II-8 Synthetic pathway towards the spermidine-based linker 27. 

Identically to the dibutylenetriamine side chain of RPB, the synthesis started from commercially 

available 1,4-diaminobutane. For the mono-protection step with Boc2O, the solvent was changed from 

MeOH with 10% TEA to DCM and without the addition of any base which resulted in an increase of 

yield from 72% to 91%. Insoluble byproducts could be removed by filtration and 22 was obtained after 

extraction without further purification by column chromatography. After mono-Boc protection, 22 was 

elongated by a SN2 reaction and 3-bromopropanenitrile to obtain 28. The reaction was optimized by 

changing the base from K2CO3 to triethylamine, reducing the heating temperature from 80 °C to 60 °C 
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and extending reaction time from 4 h to 18 h. These combined adjustments improved the yield from 

20% to 74%. The nitrile group was reduced to an amine by LiAlH4 as reduction with the previously used 

CoCl2 and NaBH4 yielded unsatisfactory results (improved from 40% to 86%). The amide 29 was formed 

with benzoyl chloride 18 and amine 27 (Scheme II-9). Subsequently, deprotection of the tert-butyl 

ester and the benzyl group of 30 followed the same procedure as in the synthesis of RPB.  

 

Scheme II-9 Key coupling step towards petrobactin. 

For the purification of petrobactin by preparative HPLC, we used the optimized method from the RPB 

as starting point (5 to 32% B over 45 min). Due to two unacetylated secondary amines, petrobactin 

should be slightly more polar than RPB thus eluting earlier with a reverse phase column. Again, major 

peaks were collected for low resolution LC-MS to identify petrobactin, but petrobactin was not 

detected in any peak. Although the mass of 30 was identified by low resolution LC-MS, the yield of the 

coupling step and subsequent purification by HPLC was insufficient for obtaining detectable levels of 

petrobactin by low resolution LC-MS. 

The previously successful approach for generating the activated citrate 3 involves the use of DCC and 

NHS. However, coupling attempts were not successful, the coupling conditions were changed to the 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 1-hydroxybenzotriazol (HOBT) system. 

Several attempts with EDC/HOBT only led to the mono-coupled product as detected by low resolution 

LC-MS (Scheme II-10).  
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Scheme II-10 Proposed synthetic pathway towards the coupling product 30. 

Further attempts, which included adjusting equivalents, reaction time and even re-adding new 

EDC/HOBT and side chain 29 to the mono-coupled product 31 also failed to yield the coupling product 

30. The assumption was made that the secondary amine of 29 might compete with the primary amine 

and also reacts with the activating reagents thus reducing formation of the desired product drastically. 

Thiazolidine-2-thione was employed to generate an activated species which is selective for primary 

amines (Scheme II-11).[79] Although a yellow intermediate was obtained indicating successful 

preparation of 33, the isolation of thiazolidine-activated citric acid was not possible. These failed 

attempts led to the decision to cease the efforts towards the synthesis of petrobactin. 

 

Scheme II-11 Proposed synthetic pathway towards thiazolidine-activated citric acid 33. 

 

6. Characterization of Rhodopetrobactin B  

With RPB in hand, the binding of RPB towards Fe3+ and Ln3+ was characterized and compared. The 

acquired 1H, 13C and 2D-NMR data of the purified RPB are in accordance with the existing data found 

in the literature.[80] Quadrupole time-of-flight mass spectrometry (QTOF-MS) analysis confirmed the 

successful synthesis of RPB (Figure II-16). Then, complex formation of RPB with Fe3+ and Ln3+ was 

assessed by QTOF-MS as previous measurements with AB showed that the respective complexes can 

be detected. Samples containing RPB with excess of Fe3+ as well as Lns (La3+ and Lu3+) were prepared 

and analyzed by QTOF-MS, but the mass of these complexes could not be detected.  



 
The Syntheses of Citrate-Based Siderophores 

 

31 
 

 

Figure II-16 High resolution mass spectrometry results from rhodopetrobactin B with its isotope pattern. 

Despite the QTOF-MS results, further binding studies were conducted. The impact of the two acetyl 

groups are especially interesting since their role in coordination of Fe3+ and Ln3+ is still elusive.  They 

could be involved in coordination with their oxygen atoms which would result in up to eight donor 

groups for the possible preferential coordination of Ln3+ over Fe3+. On the other hand, they could 

restrict the whole molecule to form certain geometry due to the sterically hindrance they create. 

Before proceeding with the experiments, DFO was employed as a proxy for RPB. 

UV/Vis spectra of RPB in H2O was measured. This was followed by the acquisition of two additional 

spectra with FeCl3 and LaCl3 as Fe3+ and La3+ source, respectively. The samples were measured 

immediately after addition of the metal salt, after 1 h and after 24 h incubation in the dark at room 

temperature (Figure II-17).  
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Figure II-17 UV/Vis spectra of rhodopetrobactin B with Fe3+ and La3+ (0.1 mM each, 1:1). Samples were measured A) directly 
(solid line), after 1 h incubation (dotted line) or B) after 24 h. Solvent: H2O, incubation: in the dark at room temperature. 

RPB shows two distinct absorption at 255 nm and 290 nm which originate from the 

3,4-dihydroxybenzoic acid groups (Figure II-17A, red solid line).[80] After the addition of equimolar 

amount of Fe3+ and immediate measurement, the observed spectra changed and one single absorption 

peak at 300 nm was observed indicating the formation of a complex (Figure II-17A, blue solid line). On 

the other hand, the addition of La3+ did not led to any major changes in the spectrum (Figure II-17A, 

green solid line). Then, all samples were incubated for 1 h in the dark at room temperature and 

measured again. After incubation, only the sample containing Fe3+ exhibited a slight change, 

characterized by a less sharp absorption peak compared to before, suggesting precipitation of the 

complex. After 24 h incubation in the dark at room temperature (Figure II-17B), the absorption peaks 

remained unchanged indicating that the addition of equimolar amount of La3+ to RPB did not led to 

complexation as no change was observed compared to the control sample. As no complexation of La3+ 

in H2O was observed, UV/Vis experiments in a buffer solution were conducted (Figure II-18). 

 

Figure II-18 UV/Vis spectra of rhodopetrobactin B with Fe3+ and La3+ (0.1 mM each, 1:1). Samples were measured directly 
(solid line) or after 24 h incubation (dotted line). Solvent: 10 mM MOPSO, 100 mM KCl, pH 6.6, incubation: in the dark at 
room temperature. 
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Similar results are observed in buffer solution. RPB remains stable over a period of 24 h, showing no 

significant change in the UV/Vis spectra (Figure II-18, red lines). Again, the spectra of RPB-Fe3+ (Figure 

II-18, blue lines) shows a drastic decrease of signal after 24 h indicating that the complex precipitates 

in buffer too. The spectrum of RPB-La3+ is unchanged which is similar to the results in H2O, suggesting 

that no La3+ is bound after 24 h in buffer. 

Then, the CAS assays was used to investigate the binding of RPB to Lns (Figure II-19). The default 

conditions across the pH range of 6.4–8.1 with three LnCl3 (LaCl3, NdCl3 and LuCl3) that were previously 

used for the assessment of DFO and AB were applied.  

 

Figure II-19 Chrome azurol S assay with rhodopetrobactin B (RPB) at three different pH values with LaCl3, NdCl3 and LuCl3. 
Conditions: MOPSO/HEPES buffer (1.5 mM each), 18.75 µM CAS, 50 µM HDTMA, 18.75 µM LnCl3 and 0–3 equiv. 0–56.25 µM 
RPB, equivalents of RPB increases from light to dark blue. 

Akin to the results with AB and DFO, a pH- and Lewis acidity-dependent binding is observed with RPB: 

an increase in pH correlates with enhanced complexation of the Lns, as evidenced by a reduction in 

λmax at 625 nm. This trend is also apparent in relation to Lewis acidity, where the highest decrease in 

λmax at 625 nm is observed for Lu3+, the strongest Lewis acid. These results suggest that RPB is able to 

compete with CAS for Lns and can strip off Lns from CAS. Although the CAS assay is not a quantitative 

method, the smaller reduction of λmax at 625 nm with RPB compared to DFO (Figure II-10) and AB 
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(Figure II-11), implies that RPB binds to Lns less strongly than DFO and AB do. This is also supported by 

the mass spectrometry data. 

In vivo growth studies with RPB did not led to significant increased growth of ΔmxaF but concurrent 

analysis of the influence of Ln solubility on gene networks revealed that nearly 1500 genes are 

differently expressed between growth on NdCl3 or Nd2O3.[28] A gene cluster, which was among the most 

upregulated genes, is homologous to a biosynthetic gene cluster expressing the transport, regulation 

and biosynthesis of citrate-based siderophores rhodopetrobactin and petrobactin. With molecular 

networking and structural analysis of ΔmxaF supernatants by ultra high performance liquid 

chromatography tandem mass spectrometry revealed a chemical structure that matches RPB minus 

two oxygen atoms.[28] Isolation and extensive NMR analysis of the molecule disclosed two doublets in 

the aromatic region, indicating the para substitution of the hydroxybenzoic acid group. The 

lanthanophore, which was named methylolanthanin (MLL, Figure II-20) is able to bind La3+, Nd3+ and 

Lu3+ as shown by mass spectrometry. The addition of MLL to ΔmxaF significantly increases the growth 

yield but is not essential for the growth.[28] 

 

Figure II-20 Chemical structure of lanthanophore methylolanthanin and the related siderophore rhodopetrobactin B. 

In summary, the successful synthesis of RPB was confirmed by NMR analysis and mass spectrometry. 

Then, the ability of RPB to form a complex with Fe3+ and La3+ in H2O and MOPSO buffer using UV/Vis 

spectroscopy was investigated. RPB exhibits absorption maxima at 290 nm and 255 nm, which is 

characteristic for the 3,4-dihydroxybenzoic acid moieties of RPB and remains stable in H2O and buffer 

after 24 h in the dark and at room temperature. A distinct maximum around 320 nm arises upon Fe3+ 

addition but no change is observed for the addition of La3+. CAS assay with RPB across the pH range of 

6.4–8.1 using La3+, Nd3+ and Lu3+ reinforce previously finding that complexation of these Lns with RPB 

increase with higher pH and a stronger Lewis acid. Finally, in vivo growth studies have shown that RPB 

does not significantly increases the growth of ΔmxaF. But further bioinformatic investigation, 

molecular networking, structural and functional analysis have revealed methylolanthanin as a 
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lanthanophore. MLL is capable of binding La3+, Nd3+ and Lu3+
 and significantly increases the growth 

yield of ΔmxaF. 

 

7. Conclusion and Outlook 

Fe3+ is an essential element that is indispensable for a wide range of cellular functions. Siderophores 

are important low-molecular and high-affinity Fe3+ chelators that are produced and secreted by 

microorganism for uptake and transport of Fe3+ into the host. Since the discovery of Ln-utilizing 

enzymes and associated proteins, it was hypothesized that a similar Ln-specific chelator 

(lanthanophore) was produced by Ln-utilizing microorganisms. The discovery of a TonB-ABC-like 

pathway, which is commonly used by siderophore-Fe3+ complexes to enter the cell, near the gene 

cluster for Ln-dependent MDH mainly supported this hypothesis.[46] Bioinformatic investigations have 

led to several citrate-based siderophores (Figure II-21) that could be a lanthanophore.  

 

Figure II-21 Overview of citrate-based siderophores that were considered to be a lanthanophore. Only aerobactin and 
rhodopetrobactin B were successfully synthesized and examined for binding towards Fe3+ and Ln3+. Methylolanthanin was 
isolated from M. extorquens AM1 and identified as a lanthanophore.[28] 
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The syntheses of four citrate-based siderophores were attempted. Deoxyschizokinen and petrobactin 

could not be synthesized due to synthetic challenges, particularly in the crucial coupling step of the 

side chains to the central citrate moiety. However, aerobactin (AB) and rhodopetrobactin B (RPB) were 

synthesized successfully. To provide insights into their capability to form complexes, their binding 

abilities with Fe3+ and Lns3+ were further characterized by various spectroscopic methods, including 

UV/Vis spectroscopy and colorimetric assays. The results suggest pH- and Lewis acid-dependent 

binding of AB and RPB. The complex formation increases with higher pH as well as stronger Lewis 

acidity (Lu3+ > Nd3+ > La3+). It should be mentioned that a higher pH will inevitably lead to formation of 

Fe(OH)3 and Ln(OH)3, distorting the results. These in vitro studies were complemented with in vivo 

studies of a mutant strain from M. extorquens AM1. The ΔmxaF strain can only grow if Lns are 

available. The addition of Nd3+ restored the growth defect of ΔmxaF and addition of AB or RPB should 

further enhance the growth. However, in some preliminary experiments growth rates and growth 

yields did not significantly increase with the addition of AB or RPB, indicating that these siderophores 

may not function as lanthanophores. Molecular networking and structural analysis of the ΔmxaF 

supernatant by ultra high performance liquid chromatography tandem mass spectrometry revealed a 

chemical structure that matches RPB minus two oxygen atoms.[28] Following the isolation, NMR 

analysis showed that the newly identified molecule has para-substituted hydroxybenzoic acid groups 

and is able to form complexes with various Lns. The lanthanophore was named methylolanthanin 

(MLL) and significantly improves the growth rate and growth yield of ΔmxaF. The structural 

resemblance of MLL to RPB offers intriguing evidence for the possibility of more lanthanophores that 

share structural similarities with siderophores. Uncovering additional lanthanophores will advance our 

understanding of the complex biochemical processes of the Ln metabolism. Considering the critical 

role of Lns in today’s industry, the insights obtained may pave the way for innovative strategies for REE 

separation and application in medicine. 
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III. Assessing Ln-Dependent Methanol Dehydrogenase Activity 

 

1. Introduction  

The acidophilic methanotroph M. fumariolicum SolV was first isolated from a mudpot near the 

Solfatara volcano by the research group of Op den Camp.[12b, 29] Despite the location and its harsh 

environmental conditions like temperatures up to 70 °C and a pH of 1, SolV is able to thrive and can 

therefore be classified as an extremophilic bacterium. Initial attempts to grow SolV in a laboratory 

setup were not successful. Only the addition of the water from the volcanic mudpot to the cultivation 

media led to growth. Inductively coupled plasma mass spectrometry (ICP-MS) analysis of the mudpot 

water revealed an unusual high concentration of Ce3+. After addition of Ce3+ to the growth medium, 

Pol et al. were able to grow SolV. Growth studies showed a concentration-dependent growth rate and 

that the growth rate also highly depends on the supplemented Ln (Ln = La, Ce, Nd, Pr, Sm, Eu and Gd) 

which is higher with the early Lns.[12b] The cultivation of SolV is a challenging task, as a gas phase with 

10% CH4
 and 5% CO2 as well as a constant temperature of 55 °C is required for optimal growth. They 

were able to successfully purify Ce-MDH and resolve the crystal structure. Other groups have obtained 

Ln-MDHs by heterologous expression in E. coli, isolation by affinity chromatography using His- and 

Strep-tags. Once isolated, the holo-enzyme was reconstituted by addition of the cofactor PQQ and the 

desired Ln.[24] This strategy allowed to obtained Ln- and An-containing MDHs but the metalation of the 

active site was not determined. Others could successfully reconstitute partial apo-enzymes with the 

addition of Lns.[20b, 81] Although these methods allowed to obtain Ln-MDH, the cyt cGJ could not be 

obtained by heterologous expression. A so far unknown modification at or near the heme complex 

makes the heterologous expression of cyt cGJ not possible and native purification is the only method 

to obtain cyt cGJ.[32] Versantvoort et al. were able to purify and characterize cyt cGJ directly from SolV.[32] 

UV/Vis spectroscopy confirmed the interaction between Ln-MDH and cyt cGJ. The addition of substrate 

and Ln-MDH caused the reduction of cyt cGJ, evident by the shift from the oxidized to the reduced state 

(434 nm to 440 nm).  

Our goal was to cultivate SolV with as many as possible Lns and isolate the respective Ln-dependent 

MDH. Due to the relatively high amount of Ln-MDH in SolV, native purification of Ln-MDH is possible. 

Additionally, the cyt cGJ was purified as well to develop protein-coupled activity assays based on the 

methods developed by Anthony and coworkers.[39] Then, the enzyme activity was systematically 

investigate to further elucidate the mechanism of Ln-MDH (Figure III-1).  
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Figure III-1 Graphical overview of the workflow. M. fumariolicum SolV was grown in a large-scale bioreactor, followed by the 
purification of Ln-MDH and cyt cGJ. After confirmation by UV/Vis spectroscopy, SDS-PAGE and determination of the metal 
content in the active site, the enzyme activity of Ln-MDHs were determined by activity assays. This figure was created with 
Biorender.com 

 

2. Large-Scale Cultivation of Methylacidiphilum Fumariolicum SolV 

The large-scale cultivation of SolV was carried out in a custom-made 3.7 L bioreactor (Figure III-2A). 

The bioreactor features an external controlled heating system for precise temperature control of its 

inbuilt heating jacket, inverted reflux condensers with an external cooling system to minimize 

evaporation of the growth medium and gas inlets for CH4, CO2 and air equipped with gas diffusion 

stones that create small bubbles to improve the solubility of the gases.  

 

Figure III-2 Pictures of the 3.7 L bioreactor for the large-scale cultivation of M. fumariolicum SolV. A) The bioreactor during 
operation is heated to 55 °C by an external heating system and supplied with air, CH4 and CO2 (CH4 and CO2 gas bottles are 
not shown). B) Two inverted reflux condensers are connected to the inlet ports and ensure minimal loss of medium due to 
evaporation. The condensers are filled with water and cooled by an external cooling system. C) Multiple inlet ports allow to 
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facilitate sample taking and refilling of medium. D) Large 0.2 µm filter units were used to keep purity of gases high (purity CH4 
≥ 99.9 vol% and CO2 99.9 vol%). More details can be found in Ref. [35] 

Additional inlet ports allow for the convenient addition of new cultivation medium and an additional 

outlet facilitates sample taking.[35] The cultivation of SolV follow the procedures reported by Singer et 

al.[35] For the inoculation of the bioreactor, SolV with the desired Ln was initially grown in small 

polypropylene plastic cultivation flasks. Once SolV reached a high cell density, the inoculant was 

transferred to the bioreactor until a starting OD600 of around 0.05 was reached. Continuous monitoring 

of the bacterial growth was achieved through regular measurement of the OD600. Bacterial growth 

typically adheres to a classic growth curve pattern: an initial lag-phase characterized by minimal 

growth, followed by a phase of rapid exponential growth, transitioning to a stationary phase and 

subsequently entering a decline in the death phase. A total of nine separate large-scale cultivations of 

SolV at 55 °C and pH 2.7 with nine different Ln (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb and Lu) were carried 

out. Exponential growth was observed for seven out of nine cultivations. The cultivation of SolV with 

Tb3+ and Lu3+ was discontinued after ten days, as the growth curve was only linear with these specific 

elements. The goal was to accumulate as much biomass as fast as possible for the subsequent isolation 

of the respective Ln-MDH and cyt cGJ, thus prior to reaching the stationary growth phase and 

subsequent death phase, 2 L of SolV cells were harvested (Figure III-3).  

 

Figure III-3 Growth curves of M. fumariolicum SolV cultivated with different Ln (2 µM) at 55 °C and pH 2.7. The arrow indicates 
the time point when 2 L of SolV was harvested and refilled with new growth medium. 
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Then, the bioreactor was refilled with new growth medium to benefit from the exponential growth 

phase, effectively creating a continuous cell culture system. This method was introduced after the 

cultivation of SolV with La3+ was finished, therefore refilling for La-SolV is not shown. With the 

exception of SolV containing Gd3+, Tb3+ or Lu3+, this approach proved effective for all other cultivations, 

achieving an OD600 of over 4 in each case. The growth curves of all cultivations up until the first harvest 

including the respective growth rates are shown in Figure III-4.  

 

Figure III-4 A) Growth curves of all Ln-SolV cultivation until the first harvest. B) Growth rates of all Ln-SolV during exponential 
phase. Growth rates of Tb- and Lu-Solv were not determined (n.d.) due to the absence of an exponential growth phase. 

Pol et al. showed similar growth rates with La3+, Ce3+, Pr3+ and Nd3+ while the SolV cultivation with Sm3+ 

and Eu3+ was less effective.[17] In our bioreactor, La-SolV also demonstrates the highest growth rate but 

Sm-, Eu- and Gd-SolV have a slightly higher growth rate than SolV grown with Ce3+, Pr3+ and Nd3+, 

contrasting their results. Pr-SolV showed the lowest growth rate. Tb- and Lu-SolV, both not grown by 

Pol et al., remained in the slow-growing lag phase. Even after ten days, Tb- and Lu-SolV showed no 

exponential growth. Although more Lns were supplemented to the growth medium than Pol et al. 

(2 µM in comparison to 0.25 µM Ln), our growth rates are much lower than reported by them (e.g. La: 

0.085 h-1 vs. 0.020 h-1).[12b] This is attributed to the use of their advanced, commercially available 10 L 

bioreactor that enables better monitoring of the cultivation process and tighter control of parameters 

such as gas flow and temperature. It is important to point out that each cultivation encountered unique 

challenges ranging from variations in initial OD600, temporary reduction or interruptions in gas supply, 

to fluctuations in temperature (48–55 °C) and varying timepoints of harvest and refilling of medium. 

After each cultivation cycle, the procedures and operations of the bioreactor were improved to 

overcome these issues. Therefore, the reported growth rates are likely not representative. 

After harvesting, the liquid cell culture was centrifuged, the supernatant discarded, the cell pellet was 

resuspended with PIPES buffer containing 1 mM MeOH and flash-frozen in liquid nitrogen. The buffer 
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containing 1 mM MeOH is imperative to stabilize the Ln-MDH in the following purification process and 

also reduces the loss in enzyme activity while being stored long-term at -80 °C. Furthermore, 

commonly used phosphate buffer should not be used as resuspension buffer nor as storage buffer and 

should be completely avoided when working with Ln-dependent proteins. Due to the formation of 

insoluble LnPO4 with the Ln in the active site of the enzyme, phosphate buffer can drastically impair 

the enzyme activity.  

 

3. Cell Lysis and Protein Purification  

3.1 Purification and Characterization of Lanthanide-Dependent Methanol Dehydrogenases 

Once the cell pellet was resuspended, the cells were subjected to cell lysis. Cell lysis is a critical step 

that involves breaking down of the cell membrane to release the intracellular components like proteins 

and DNA. An effective cell lysis can help maximizing the yield and purity of the desired target protein. 

Various methods for cell lysis are available and are generally categorized into mechanical (e.g. high 

pressure homogenizer or glass beads) and non-mechanical lysis which is further divided into physical, 

chemical and biological methods like heating, use of detergents and enzymatic digestion, 

respectively.[82] Commonly, a combination of methods is applied to ensure effective lysis. For lysis of 

SolV, the combination of freeze/thaw, chemical and enzymatic lysis was employed. A commercially 

available protein extraction reagent for chemical cell lysis was added to the frozen sample and 

incubated until thawn. Then, lysozyme was added to further facilitate the breakdown of the cell 

membrane, followed by DNAse to degrade unwanted DNA. Lastly, the protein-containing supernatant 

was separated from the cell debris by centrifugation. To optimize the isolation of Ln-MDH and cyt cGJ, 

the protocol of Pol et al. was modified.[12b] Fast protein liquid chromatography (FPLC) was conducted 

using the ÄKTA Go system, employing a cation exchange column for the purification. A 10 mM PIPES 

buffer solution containing 1 mM MeOH (pH 7.2) as buffer A was used to ensure enzyme activity 

remains high throughout the purification process. The elution buffer B consists of the same buffer with 

the addition of 1 M NaCl. Initially, bound proteins were eluted with a linear gradient of 0 to 100% 

buffer B (Figure III-5).  
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Figure III-5 Chromatogram of La-SolV purification. Buffer A: 10 mM PIPES with 1 mM MeOH (pH 7); buffer B: 10 mM PIPES 
with 1 mM MeOH and 1 M NaCl (pH 7). Gradient: 0 to 100% B. Flow: 5 mL/min. 

Three major peaks were collected and analyzed by UV/Vis spectroscopy and sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) (Figure V-25). The UV/Vis spectra displayed the 

characteristic A280 protein band for all samples indicating the presence of proteins. Peak 3 also 

demonstrates an absorbance at 355 nm which is characteristic for the cofactor PQQ implying the 

presence of Ln-MDH.[12b, 20b] SDS-PAGE analysis of peak 3 shows a prominent band around 63 kDa 

corresponding to Ln-MDH. Peak 1 has a prominent band around 25 kDA which aligns with the size of 

cyt cGJ.[32] Another faint band can be observed around 35 kDA which is suggested be a hydroxylamine 

oxidoreductase. These results show that cyt cGJ elutes at 2% B and Ln-MDH at 25 to 30% B. Further 

optimizations have led to a time- and solvent-saving protocol (see Table III-1 and Figure III-6) that 

allows to simultaneously isolate cGJ and pure Ln-MDH in a single process. 

Table III-1 Optimized purification method for the purification of Ln-MDH and cyt cGJ. CV, column volume (20 mL). 

Step # Elution buffer B Comment 

1 0–2% for 1 CV Remove unbound proteins 

2 2% for 3 CV Elution of cyt cGJ 

3 2–45% for 10 CV Elution of Ln-MDH at 25–30% B 
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Figure III-6 Chromatogram of Sm-SolV purification. Buffer A: 10 mM PIPES with 1 mM MeOH (pH 7); buffer B: 10 mM PIPES 
with 1 mM MeOH and 1 M NaCl (pH 7). Gradient: 0 to 2% B, then 0 to 45% B. Flow: 5 mL/min.  

The purification for Ln-MDH from each Ln-SolV was consistent and the results were reproducible. In 

total, nine different Ln-MDHs were obtained. Previous ICP-MS experiments have shown that the active 

site of Ln-MDHs is not fully occupied with Lns, thus determination of the metal content of the enzyme 

is indispensable.[20b] Good et al. noticed that the enzyme activity of La-MDH with a metal content of 

39% only displays half the enzyme activity compared to previous studies.[20a] Each batch of purified 

Ln-MDH should be analyzed separately and considered as an individual enzyme batch because 

variability in metal content is possible, i.e. one batch of Pr-MDH has a metal content of 50%, whereas 

another batch of Pr-MDH has 40%. To determine the metal content, the ratio between total protein 

amount and Ln3+ concentration is required. The total protein concentration of each sample was 

determined by A280 measurement with UV/Vis spectroscopy and the concentration of Ln3+ of each 

sample was measured by ICP-MS after digestion of the sample with HNO3 at 90 °C for 1 h. ICP-MS 

measurements reveal only the total metal content of a sample without specifying active site 

metalation, which can be a challenge when Ln-MDH co-purifies with other Ln-binding proteins like 

LanM, as noted by Featherston et al.[23] This would make ICP-MS measurement ineffective, but 

time-resolved laser-induced fluorescence spectroscopy (TRLFS) is able to distinguish between Eu3+ in 

the active site and in solution. TRLFS analysis validated the metal content of Eu-MDH that was 

previously determined by ICP-MS measurement, affirming the reliability of ICP-MS as an analytical 

method to determine the metal content.[83] The metal content of one batch of each Ln-MDH is shown 

in Table III-2. 
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Table III-2 Metal content of one batch of each Ln-MDH. Results of protein determination by UV/Vis spectroscopy and Ln3+ 
concentration determination by ICP-MS measurement (n = 2) were used to calculate the metal content. n.d., not detected. 

Ln-MDH La Ce Pr Nd Sm Eu Gd Tb Lu 

Metal content [%] 42.7 42.4 43.8 47.8 41.9 34.3 19.2 11.3 n.d. 

 

The metal content is higher for the early Lns up to Sm3+ (42–48%) but decreases rapidly afterwards. 

Tb-MDH showed the lowest occupancy with 11.3% and measurements of Lu-MDH did not detect 

sufficient amount of Lu3+, although preliminary analysis by SDS-PAGE clearly showed the Ln-MDH at 

63 kDa (Figure V-26). Still, Ln-MDH obtained from Lu-SolV was precluded for further experiments. For 

the remaining eight Ln-MDHs, the SDS-PAGE analysis depicted in Figure III-7 demonstrates that none 

of the samples contain any major protein impurities. 

 

Figure III-7 SDS-PAGE analysis (12% w/v acrylamide) of purified XoxF-MDHs (1: marker, 2: La-MDH, 3: Ce-MDH, 4: Pr-MDH, 5: 
Nd-MDH, 6: Sm-MDH, 7: Eu-MDH, 8: Gd-MDH, 9: Tb-MDH). BlueEye prestained protein ladder (Jena Bioscience) was used as 
the marker.  

In summary, SolV was cultivated using nine different Lns, with seven displaying exponential growth 

curves, while Tb- and Lu-supplemented SolV only demonstrated linear growth curves. A purification 

protocol was established to reliably purify the respective Ln-MDH. Due to the variability in the active 

site metalation of the enzyme, ICP-MS analysis is indispensable to accurately measure the metal 

content to determine the amount of active enzyme of each enzyme batch. ICP-MS analysis showed 

that Lu-MDH did not contain any Lu3+ in the active site and was thus omitted for further experiments. 

Therefore, eight pure Ln-MDH could be isolated from the collected Ln-SolV cells. While the purification 
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protocol also allowed to isolate cyt cGJ, an additional purification step is necessary due to the presence 

of an impurity. 

 

3.2 Purification and Characterization of Cytochrome cGJ 

In comparison to Ln-MDH, the amount of cyt cGJ isolated from SolV is rather low. The inbuilt UV/Vis 

monitor of the ÄKTA Go also indicates overlapping protein signals in cyt cGJ-containing fractions thus 

impurities by other proteins are expected. Contaminating proteins could interfere with the protein 

assay components and also distort the protein concentration measurement of cyt cGJ, compromising 

the results and validity of the quantitative assay. Size exclusion chromatography (SEC) was employed 

for the second purification of cyt cGJ to remove protein impurities by differentiating based on the 

protein size. The SEC protocol from Versantvoort et al. was modified by changing the buffer to 10 mM 

PIPES with 200 mM NaCl (pH 7.2).[32] The purification was conducted on a ÄKTA Pure system with its 

inbuild multi-wavelength UV/Vis monitor to facilitate identification of cyt cGJ fractions based on its 

characteristic A434 band.[32] Initial procedures were performed using a solvent flow of 1 mL/min but 

overlapping fractions of cyt cGJ and the impurity led to reduction of the solvent flow to 0.3 mL/min to 

increase the resolution of the separation. Reducing the flow further would not necessarily be 

beneficial, as diffusion effects could negatively affect the resolution. With the help of the 

multi-wavelength UV/Vis monitor, fractions containing cyt cGJ could be clearly identified (Figure III-8). 

Pure cyt cGJ was obtained as shown by SDS-PAGE analysis and UV/Vis spectroscopy (Figure III-9). 

 

Figure III-8 A) Chromatogram of cyt cGJ purification by size exclusion chromatography (SEC). Conditions: 10 mM PIPES with 
0.2 M NaCl, pH 7.2 at 4 °C. B) Picture of purified cyt cGJ.  

Due to the unknown modification at or near the heme complex of cyt cGJ and associated difficulties to 

conduct heterologous expression of cyt cGJ, obtaining cyt cGJ is highly laborious. Furthermore, the 



 
Assessing Ln-Dependent Methanol Dehydrogenase Activity 

 

46 
 

protein-coupled assay requires high amount of cyt cGJ (typically 1–10 µM for a single measurement). 

For the isolation of around 1 mg pure cyt cGJ, roughly 150 mL SolV cells (OD600 > 3) are required which 

takes at least 10 days to grow and 10 days to purify. A single enzyme activity measurement using the 

protein-coupled assay at 100 µL assay volume and 5 µM cyt cGJ requires 15 µg. Given eight Ln-MDH 

and conducting three measurement for each Ln-MDH, 400–500 µg of cyt cGJ is required to comfortably 

perform one experiment. Thus, alternative methods to decrease the time-consuming procedure were 

investigated.  

 

Figure III-9 A) V/Vis spectrum of cyt cGJ after purification by size exclusion chromatography. B) SDS-PAGE analysis (12% w/v 
acrylamide) of the purified cyt cGJ after size exclusion chromatography (1: marker, 2: cyt cGJ). BlueEye prestained protein 
ladder (Jena Bioscience) was used as the marker. 

In the first place, the activity and stability of cyt cGJ after long-term storage was investigated. The 

activity of previously purified cyt cGJ sample, which were stored at -80 °C, were assessed. Three 

different cyt cGJ samples, stored for varying durations, were analyzed: a five-year-old sample (cyt cGJ 

1), a 2.5-year-old sample (cyt cGJ 2) and a one-month old sample (cyt cGJ 3). The protein-coupled activity 

assay based on Gutenthaler et al. was used to assess the enzyme activity with Pr-MDH.[40] In addition, 

various ratios of Ln-MDH to cyt cGJ were evaluated for their effect (Figure III-10). 
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Figure III-10 Specific activity (n = 2) of 20–200 nM Pr-MDH with 1–10 µM cyt cGJ. Cyt cGJ 1, cyt cGJ 2 and cyt cGJ 3 were stored 
at -80 °C for 5 years, 2.5 years and 1 month, respectively. The old cyt cGJ sample was stored at 4 °C for two years. Conditions: 
10 mM PIPES pH 7.2, 50 µM cyt c from equine heart, 20 mM MeOH, 45 °C. 

Albeit belonging to different „generations”, all three cyt cGJ samples exhibited comparable enzyme 

activity across all experimental conditions. It is crucial to note that simply maintaining a specific ratio 

of cyt cGJ to Ln-MDH is not sufficient but the absolute concentration of the proteins matters as well.  

For example, both Exp 1 and Exp 2 have a Ln-MDH to cyt cGJ ratio of 50, but the enzyme activity in Exp 1 

is an order of magnitude higher due to the higher protein concentration in solution. When experiments 

with the same amount of Ln-MDH and different amount of cyt cGJ are compared (Exp 1 vs. Exp 3 or Exp 

4 vs. Exp 5), the experiments with higher cyt cGJ concentration yield higher enzyme activity. These 

results are expected as reactions typically proceed at a faster rate in more concentrated solution. 

Valuable information is found when comparing the conditions of Exp 1 and Exp 5 which is frequently 

used for the protein-coupled activity assays. Both are in the same order of magnitude, have the same 

ratio and also display comparable enzyme activity but Exp 5 only requires half the amount of cyt cGJ for 

each measurement. Henceforward, the conditions of Exp 5 were used for protein-coupled activity 

assay which will enables more efficient use of cyt cGJ over time.  

Next, the recovery and activity of cyt cGJ from assay mixtures from past experiments was evaluated. 

These assay mixtures, comprising of Ln-MDH, cyt cGJ, cyt c from equine or bovine heart and MeOH, 

were stored at 4 °C for at least two years. The assay mixture was injected without further preparation 

into the ÄKTA Go system and cyt cGJ was isolated from the remaining assay components by cation 

exchange chromatography (Figure V-27). Then, protein-coupled activity assay with 100 nM Pr-MDH 

and 2 µM cyt cGJ was conducted and a specific enzyme activity of 0.13 µmol mg-1 min-1 was reached. 

Even after over two years of storage at 4 °C, the old cyt cGJ sample remains stable and relatively active. 

The activity of this cyt cGJ sample is comparable to Exp 4 and Exp 5 (both were conducted with 100 nM 

Pr-MDH). The ratio of this cyt cGJ sample (20) falls between the ratios of Exp 4 (10) and Exp 5 (50), 

which is correspondingly reflected in its specific enzyme activity, also falling between those two 
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experiments. Therefore, assay mixtures can be retained for future use and cyt cGJ can be recovered 

without significant loss in activity.  

After a second purification step, cyt cGJ could be successfully purified by size exclusion chromatography. 

The low abundance of cyt cGJ in SolV and laborious isolation protocol required the optimization of 

handling cyt cGJ. Optimal reaction conditions for the protein-coupled assay were found and will save 

half the amount of required cyt cGJ per measurement. Additionally, cyt cGJ is highly stable and remains 

active when stored for five years at -80 °C. Recycling of cyt cGJ from previous protein-coupled assay 

mixtures is possible even after storage for more than two years at 4 °C. The the activity stays relatively 

high, but it remains open how often this recycling procedure can be done before cyt cGJ losses its 

function. 
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4. Determination of Methanol Dehydrogenase Enzyme Activity 

4.1 Publication: Activity Assays of Methanol Dehydrogenases 

 

Sophie Marie Gutenthaler, Manh Tri Phi, Helena Singer, and Lena J. Daumann* 

as published in Methods in Enzymology 2021, 650, 57–79. 

DOI: 10.1016/bs.mie.2021.01.045 

Contributions: HS, MTP and SMG wrote section 1, 2 and 3/4, respectively. LJD conceptualized, 

acquired funding and reviewed. All authors approved of the final version.  

Keywords: methanol dehydrogenase, lanthanides, assay, cytochrome, electron acceptor 

 

This work was published as a chapter in the 650th volume of the “Methods in Enzymology” book series, 

edited by Prof. Dr. Joseph A. Cotruvo Jr. This volume summarizes the latest developments in 

lanthanide-dependent processes within methylotrophs, covering aspects such as the isolation of these 

methylotrophs, genetic methodologies, protein expression and purification of lanthanide-utilizing 

proteins and activity assays for lanthanide-dependent alcohol dehydrogenases and model 

chemistry.[84] Our work is an update of the Methods in Enzymology article by Day and Anthony, 

focusing on the recent improvements of the widely used artificial dye-coupled and protein-coupled 

activity assays to investigate the enzyme activity of lanthanide-dependent methanol 

dehydrogenases.[39] We update these methods with insights into a new protein-coupled assay using 

the physiological c-type cytochrome and explore the impact of activators, additives and buffers on 

these systems.  
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4.2 Publication: Assessing Lanthanide-Dependent Methanol Dehydrogenase Activity: The Assay 

Matters 
 

Manh Tri Phi, Helena Singer, Felix Zäh, Christoph Haisch, Sabine Schneider, Huub J. M. Op den Camp, 

Lena J. Daumann* 

as published# in ChemBioChem 2024, 25, e202300811. 

(For Supplementary Information see Appendix I.) 

DOI: 10.1002/cbic.202300811 

Contributions: MTP and LJD conceived the study. MTP carried out the growth studies of SolV, 

purification, assays and data analysis. HS helped with the growth of SolV. FZ and SS assisted with the 

purification of cyt cGJ. CS provided access to ICP-MS. HJMOdC provided SolV. MTP and LJD wrote the 

manuscript. All authors approved the final version.  

Keywords: lanthanide-dependent bacteria, lanthanides, methanol dehydrogenase, methylotrophy, 

metalloenzymes 

 

 

No Lu-ck with lutetium! We compare a widely used artificial dye-coupled assay to assess the enzyme 

activity of lanthanide-dependent methanol dehydrogenases with a protein-coupled assay and show 

why the assay matters. Furthermore, we explain quickly why the metal content of metalloenzymes 

should be determined before any experiments and how this can help to obtain accurate and reliable 

date.  

 

#published under the terms of the Creative Commons Attribution-NonCommercial License (CC BY-NC 

4.0) 
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We investigate the enzyme activity of eight lanthanide-dependent methanol dehydrogenases through 

two different activity assays. Contrasting trends emerge from the widely used artificial dye-coupled 

assay (left) versus the protein coupled assay (right), underscoring the significance of why the choice of 

assay matters. The cover features a well plate illustrating results from both assays with a maze overlay 

distinguishing the misleading from the “straightforward” assay. (designed by Sophie Marie 

Gutenthaler-Tietze) 
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4.3 Assessing Enzyme Activity with Isothermal Titration Calorimetry 

Isothermal titration calorimetry (ITC) is a powerful method to obtain kinetic as well as thermodynamic 

parameters from a chemical reaction. Every reaction produces or consumes energy which is reflected 

by the generated heat. Modern calorimeters are able to measure and compensate the generated heat 

and translate the required thermal power to the reaction rate of the chemical reaction.[85] The 

instrument can compensate an exothermic reaction by reducing the supplied thermal power or an 

endothermic reaction by supplying more thermal power to return to the baseline. ITC typically consists 

of a sample and reference cell as well as a syringe (Figure III-11). The sample cell contains one reactant, 

while the reference cell contains only the buffer solution. The syringe is filled with the other reactant 

that is gradually injected into the sample cell. The required thermal power to compensate for the heat 

effect, the differential power (DP) between the reference and the sample cell, are used to calculate 

the thermodynamic parameters of the reaction. The application of ITC is versatile and is widely used 

to study binding interactions in various systems: protein-small molecule, protein-protein, RNA-RNA, 

protein-metal, small molecule-metal, enzyme-substrate etc. The method is label-free and does not 

require additional fluorophores, dyes or modification of the reactants which allows for the study of 

interactions between native states.  

 

Figure III-11 A) Picture of a MicroCal PEAQ-ITC (Malvern Panalytical) with the sample and reference cell as well as syringe. B) 
Simplified graphical representation of the sample and reference cell inside the casing. Syringe containing the substrate is 
injected into the sample cell.   

In addition to the dye- and protein-coupled assay, ITC was used as a new method to investigate and 

compare the enzyme activity of Ln-MDHs from SolV. Initial experiments were conducted using the 

components and conditions of the dye-coupled assay. The cell was filled with Pr-MDH, PES, DCPIP and 

the syringe with MeOH as substrate. These experiments were unsuccessful as only the heat generated 

solely by the injection of the substrate into the cell (dilution effect) was observed and not from the 

enzymatic reaction itself. Thus, the conditions of the protein-coupled assay were applied: the cell was 
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filled with Pr-MDH, cyt c and MeOH, while the syringe contained cyt cGJ to initiate the reaction. Using 

this setup, reproducibility was a major issue. The injection of cyt cGJ to the sample cell caused formation 

of bubbles, a challenge encountered in the protein-coupled assay using microwell plates as well, which 

subsequently burst spontaneously creating irreproducible measurements. By filling the syringe with 

Pr-MDH and mixing cyt cGJ into the sample cell, reliable results were obtained (Figure III-12). For the 

control run, cyt cGJ was omitted from the sample cell. The measured data with the adjusted baseline 

superimposed onto its control experiment is shown in Figure III-12A and Figure III-12B shows the 

results after normalization of the signal. Approximately 4 min after injection, the signal returns to the 

baseline indicating the end of the enzymatic reaction and that the substrate is fully converted. 

 

Figure III-12 Raw data of a single injection assay. A) Injection of Pr-MDH into the assay mixture containing cyt cGJ, cyt c, and 
MeOH. Cyt cGJ was omitted for the control injection. B) Results after normalization. Conditions: 5 µL of a 10 µM Pr-MDH 
solution was injected over 10 s into 5 µM cyt cGJ, 50 µM cyt c, 20 mM MeOH in 10 mM PIPES (pH 7.2), at 45 °C. 

The same experimental conditions were used, but the syringe was filled with Eu-MDH to assess its 

enzyme activity in comparison to Pr-MDH and the results are shown in Figure III-13. Again, Figure 

III-13A shows the data with adjusted baseline superimposed onto the control data and Figure III-13B 

shows the results after normalization. The signal returns approximately 10 min after injection back to 

baseline. 
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Figure III-13 Raw data of a single injection assay. A) Injection of Eu-MDH into the assay mixture containing cyt cGJ, cyt c, and 
MeOH. Cyt cGJ was omitted for the control injection. B) Results after normalization. Conditions: 5 µL of a 10 µM Eu-MDH 
solution was injected over 10 s into 5 µM cyt cGJ, 50 µM cyt c, 20 mM MeOH in 10 mM PIPES (pH 7.2), at 45 °C. 

Figure III-14 displays the results for both Pr-MDH and Eu-MDH side by side, highlighting notable 

differences: the maximum DP change is barely reaching -1.0 µW for Eu-MDH while the experiment 

with Pr-MDH shows a maximum DP change of -2.75 µW. In addition, the return to baseline after 

injection, thus complete substrate turnover, takes Eu-MDH around 10 min, more than twice as long as 

Pr-MDH. Despite these differences, the negative DP values for both enzymes classifies them as an 

exothermic reaction. 

 

Figure III-14 Results from isothermal titration calorimetry experiments of Pr- and EuMDH using the single injection mode. 
5 µL of 10 µM Pr- or EuMDH was injected into 5 µM cyt cGJ, 50 µM cyt c and 20 mM MeOH in 10 mM PIPES (pH 7.2) at 45 °C. 
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The higher DP value of Pr-MDH can be interpreted as that more exothermic energy from the chemical 

reaction in a shorter timeframe is released in comparison to Eu-MDH which could be the result of 

higher substrate turnover of Pr-MDH in comparison to Eu-MDH. Even if the same mechanism is 

expected for both enzymes, thermodynamic factors like substrate affinity and enthalpy, which stem 

from the slightly structural environment of the active site, could influence the DP value. Also, the metal 

content of both enzymes was not determined and thus the differences could also originate from the 

varying amounts of active enzymes. The difference in the time each Ln-MDH takes to return to baseline 

indicates a difference in their reaction rates. Pr-MDH requires a shorter time compared to Eu-MDH, 

suggesting a faster rate of substrate turnover for Pr-MDH. Again, given the unknown metal content of 

the enzymes, this outcome should be considered with caution. Nevertheless, this result aligns with the 

findings of the dye- and protein-coupled assay supporting the hypothesis that the metal ion in the 

active site has an essential impact on the activity of the enzyme. Although both Ln-MDHs display 

distinctive thermograms, they exhibit comparable ΔH (total heat generated) values. This similarity in 

ΔH is evident from the integrated area under the curve in the respective experiments (Figure III-15). 

This observation makes sense as the same amount of substrate is present in both experiments and 

both are able to turnover all of the substrate.  

 

Figure III-15 Calculated area under the curve reflects the total heat (ΔH) generated by the enzymatic reaction. Calculated with 
the integration tool from Origin. 

Taken together, the conditions of the protein-coupled assay was applied to assess and compare the 

enzymatic activity of Eu-MDH and Pr-MDH with a calorimeter. The crucial step was to reverse the 

default settings and fill the syringe with the enzyme instead of the substrate. According to the data, 

Pr-MDH exhibits at least twice the substrate turnover rate of Eu-MDH. This demonstrates that the 

enzyme activity of Pr-MDH is higher than Eu-MDH and is consistent with the data obtained by dye- and 

protein-coupled assays. Therefore, ITC proves to be a viable method for assessing the enzyme activity 

of the Ln-MDHs. This introduces a novel approach to investigate the enzyme activity of Ln-MDHs. These 
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experiments should be repeated with the inclusion of all other Ln-MDHs to gain a more comprehensive 

understanding of the enzyme activity. Furthermore, the metal content of the Ln-MDHs should be 

determined in advance as this what not the case for these set of experiments. This will lead to a more 

reliable and complete conclusion. 

 

4.4 Electrochemical Assay 

The electrochemical assay is another method to assess the enzyme activity of Ln-MDHs with its native 

cyt cGJ.[40] In 2019, Bernhardt and coworkers developed a workflow that enables the concurrent 

adsorption of Eu-MDH and cyt cGJ with the biopolymer chitosan on a mercaptoundecanol(MU)-

modified gold (Au) working electrode for a mediated electron transfer.[34] It is crucial to constrain the 

proteins beneath a semipermeable dialysis membrane close to the electrode surface. The Au 

electrode, substituting for the cyt c as the secondary electron acceptor, enables the assessment of the 

enzyme activity by measuring the current. The effect of various additives that are frequently required 

for the dye-coupled assay were investigated as well as a range of pH and temperature were screened 

to optimize the enzyme activity. Upon addition of MeOH as substrate, the quasi-reversible wave of cyt 

cGJ changes into a sigmoidal wave displaying both homogeneous (Eu-MDH to cyt cGJ) and 

heterogeneous (cyt cGJ to Au electrode) electron transfer processes. Experiments focusing on the effect 

of increasing substrate concentration showed that the Michaelis constant KM obtained from the 

electrochemical assay is an order of magnitude higher than the value obtained from solution assays, 

indicating that the mass transport of the substrate across the membrane is a limiting factor in this 

assay. During the research stay at the lab of Prof. Paul Bernhardt, the electrode preparation was 

revised to overcome the limitation of mass transport as well as assessing and comparing the enzyme 

activity of seven Ln-MDHs (Ln = La, Ce, Pr, Nd, Sm, Eu and Gd) electrochemically.  

Initially, the 2019 method for electrode preparation was employed but with a significant modification: 

a rotating disk electrode (RDE) replaced the stationary one. The RDE is a hydrodynamic method that 

has several benefits: i) the rotation of the electrode induces a centripetal force towards the center of 

the electrode which increases the diffusion of the substrate across the membrane, overcoming the 

previously encountered mass transport limitations of the substrate, leading to the acquisition of more 

reliable kinetic parameters; ii) a steady state is achieved faster and iii) more precise and reproducible 

measurements are possible due to less sensitivity of the RDE to external vibrations and precise control 

of the rotation speed, respectively.[86] The RDE was prepared exactly as the stationary Au electrode 

and consists of a chitosan and MU-modified Au electrode with Ln-MDH and cyt cGJ adsorbed on the 

electrode surface and constraint with a membrane. After the preparation of the RDE, the rotation was 

turned on and the blank sample with no addition of the substrate was measured until the cyt cGJ wave 
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was stable (Figure III-16A). Without a membrane to constrain the proteins near the electrode surface, 

the proteins will gradually diffuse into the buffer solution with start of the rotation, resulting in a 

reduction of the observed signal as shown by continuous cyclic voltammetry (CV) measurements 

(Figure III-16B) 

 

Figure III-16 A) Cyclic voltammogram (CV) obtained with membrane and B) continuous CV obtained without membrane for 
Au/MU/chitosan-cyt cGJ electrode in 20 mM PIPES buffer (pH 7.2) at a scan rate of 20 mV s-1. The data was kindly provided by 
Dr. Palraj Kalimuthu. 

Once stabilized, an increasing amount of MeOH was added until saturation was reached. Figure III-17A 

exemplarily shows the results of the RDE voltammograms (RDEVs) with La-MDH and its respective 

electrochemical Michaelis-Menten plot. RDEVs and Michaelis-Menten plots of the other Ln-MDHs are 

shown in Chapter V.1.6.  

 

Figure III-17 A) Rotating disk electrode voltammograms (2000 RPM) obtained for Au/MU/chitosan-cyt cGJ/La-MDH electrode 
for increasing concentration of methanol (a) 0, (b) 5, (c) 10, (d) 20, (e) 40, (f) 80, (g) 160, (h) 240, (i) 320 and (j) 400 µM in 20 
mM PIPES buffer (pH 7.2) at a scan rate of 5 mV s-1. B) Electrochemical Michaelis-Menten plot for the limiting currents at 
400 mV as a function of methanol concentration. The data was kindly provided by Dr. Palraj Kalimuthu. 
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Initial experiments with Ln-MDHs containing the early Lns were promising but moving to the Ln-MDHs 

containing late Lns, increasing enzyme activity was observed for the blank sample after rotation of the 

RDE started. Without addition of any substrate, the signal of Gd-MDH measured after 8 min of rotation 

showed a very similar signal compared to the measurement when a saturating amount of substrate 

was added (Figure III-18), suggesting that nearly all of the measured signal of Gd-MDH originates from 

the cyt cGJ signal. 

 

Figure III-18 Rotating disk electrode voltammograms (2000 RPM) obtained for Au/MU/chitosan-cyt cGJ/Gd-MDH electrode 
recorded at every 1 min interval in 20 mM PIPES buffer (pH 7.2) at a scan rate of 5 mV s-1. Once saturation was reached, 400 
µM MeOH was added. The data was kindly provided by Dr. Palraj Kalimuthu. 

After further investigation, the previously observed results obtained from RDE with Ln-MDHs 

containing early Lns consists of the Ln-MDH activity, but also include the activity from cyt cGJ. Once the 

rotation started, an increasing amount of cyt cGJ got pulled towards the surface of the electrode 

increasing the observed signal for cyt cGJ. The relative contribution of cyt cGJ signal to the total observed 

signal is relatively minor for Ln-MDHs containing early Lns, which explains why this was not identified 

initially. On the other hand, for Ln-MDHs containing late Lns, the relative contribution of cyt cGJ signal 

is substantially higher, which lead to an increased signal in the blank sample when the RDE is in motion. 

Thus, the measured enzyme activity of Ln-MDHs containing late Lns mainly reflect the signal from cyt 

cGJ. Therefore, the calculated KM values should be considered very carefully. All calculated KM values of 

the Ln-MDHs are in the same range of the previously reported value of 50(±8) µM.  

To summarize, the procedure to prepare electrodes for the electrochemical assessment of the enzyme 

activity of Ln-MDHs was revised and rotating disk electrodes were selected instead of the previously 

used stationary electrodes. A semipermeable membrane is necessary to constrain the Ln-MDH and cyt 

cGJ near the electrode surface, but leads to mass transport limitation. The rotation of the electrode 

generates a centripetal force towards the center of the electrode surface, mitigating the mass 
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transport limitation. Unfortunately, the rotation of the electrode also leads to an increased cyt cGJ 

signal which contributes to the total observed signal. The relative contribution of the cyt cGJ signal to 

the total observed signal increases across the Ln series and nearly all of the measured signal from 

Gd-MDH is created by the cyt cGJ signal. Consequently, calculated KM values from these experiments 

are not reliable and further studies are required to obtain conclusive results about the electrochemical 

assessment of the Ln-MDH enzyme activity. The challenge to overcome the mass transport limitation 

is still ongoing. Experiments reverting back to the stationary electrodes but using a shorter linker to 

anchor the proteins to the electrode surface like 5-(pyridine-4-yl)-1,3,4-oxadiazole-2-thiol instead of 

mercaptoundecanol are investigated. The shorter linkage leads to a more rigid structure of the biofilm 

and positions the proteins in closer proximity to the electrode surface, enhancing the efficiency of 

electron transfer from Ln-MDH to cyt cGJ to electrode. A more rigid structure also provides better 

control over the orientation and positioning of Ln-MDH and cyt cGJ ensuring that they are optimally 

aligned for interaction and electron transfer.[87] If promising results are obtained with the shorter 

linker, the method can be applied for the rotating disk electrode. The shorter linker length will help to 

minimize the contribution of the cyt cGJ signal when rotation starts and the rotation of the electrode 

will decrease the mass transport limitation. 

 

5. Kinetic Isotope Effect Studies of Lanthanide-Dependent Methanol Dehydrogenase 

There are two rate-limiting steps in Ln-MDH enzyme activity: i) Substrate oxidation/turnover and ii) 

PQQ re-oxidation.[41a] The following experiments focused on i) substrate oxidation/turnover to 

understand the impact of this aspect on the overall enzyme activity. Kinetic isotope effect (KIE) 

experiments are a fundamental method in enzymology to elucidate the rate of substrate turnover and 

to get insights into the reaction mechanism. The replacement of atoms in the substrate molecules for 

their heavier isotopes, i.e. deuterium (D) for protium (H), allow to investigate the same reactions but 

will yield different reaction rates if the respective C-D bond is involved in the reaction mechanism. This 

effect occurs because chemical bonds with heavier isotopes are stronger and have lower zero-point 

vibrational energies compared to bonds with lighter isotopes like C-H bonds.[88] Measuring the KIE is 

therefore critical to understand the overall kinetics of the enzyme. Colleagues have previously 

completed KIE experiments utilizing the dye-coupled activity assay.[89] The substrate isotope effect was 

determined using either protiated (MeOH) or deuterated substrate (methanol-d4, henceforth MeOD) 

and the solvent isotope effect was examined using PIPES dissolved in H2O or D2O. The results show 

that the enzyme activity decreases linearly with higher concentration of MeOD in the assay mixture, 

displaying a large substrate isotope effect of 36 (100% MeOH compared to 100% MeOD). Similarly, the 
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enzyme activity declines with increasing concentration of D2O-PIPES, revealing a solvent isotope effect 

too.  

Herein, the substrate and solvent isotope effect were examined using the protein-coupled assay. 

Again, cyt cGJ as the native electron acceptor and cyt c from equine heart as secondary cytochrome for 

the spectroscopic read-out were employed to investigate the KIE. The KIE was investigated across a 

range of pH, thus the multicomponent (MC) buffer containing equimolar amount of citric acid, Bis-Tris, 

Tris and CHES, that covers a wider pH range as each individual buffer, was used. The MC buffer was 

prepared in H2O or D2O and the pH/pD ranged from 6–8. MeOH and MeOD were used as substrates 

and added at saturating concentrations. For adjustment of pD values, the general formula pD = pH + 

0.4 was applied.[90] For the calculation and assessment of the enzyme activity of Ln-MDH, the extinction 

coefficient ε of cyt c from equine heart is required. The extinction coefficient ε depends on parameters 

like buffer, buffer concentration and pH. Previous studies have determined the extinction coefficient 

in 10 mM PIPES buffer at pH 7.2 (19.5 mM-1 cm-1) and 120 mM MOPS buffer at pH 7.0 

(19.0 mM-1 cm-1).[32, 39] Given that the extinction coefficients ε of cyt c in MC buffer were not known, 

determining these values was necessary. Considering the six different MC buffer conditions, spanning 

the pH and pD scale from 6 to 8, a total of six different ε values were determined. A serial dilution of 

cyt c with the respective MC buffer conditions were prepared and the absorption was measured by 

UV/Vis spectroscopy. Subsequently, the ε values were obtained through linear fitting and application 

of the Beer-Lambert law. An exemplary result of the serial dilution measurement is shown in Figure 

III-19 with the derived ε values are presented in Table III-3. 

 

Figure III-19 Exemplary results from a dilution series of cyt c from equine heart in its oxidized and reduced state for the 
determination of the extinction coefficient ε. 



 
Assessing Ln-Dependent Methanol Dehydrogenase Activity 

 

92 
 

Table III-3 Extinction coefficient ε of cyt c from equine heart in 10 mM H2O- and D2O-MC buffer (pH/pD 6–8), n = 2. 

 pH 6 pH 7 pH 8 pD 6 pD 7 pD8 

ε [mM-1 cm-1] 18.4 18.6 16.4 17.8 18.2 17.0 

 

With these values in hand, KIE studies using Pr-MDH and cyt cGJ were conducted. The assay 

components consist of Pr-MDH, the secondary cyt c from equine heart, the substrate (MeOH or MeOD) 

and was initiated by the addition of cyt cGJ. Enzyme activity was assessed using H2O- and D2O-MC 

buffer. The enzyme enzyme activities are shown in Figure III-20. The substrate isotope effect is shown 

in Table III-4 and the solvent isotope effect values are shown Table III-5. 

 

Figure III-20 Results of the kinetic isotope effect (KIE) experiments. The normalized specific activity for each condition is 
shown with the KIE regarding substrate (MeOH vs. MeOD) and buffer solvent (H2O vs. D2O). The assay mixture contains 
100 nM Pr-MDH, 50 µM cyt c from equine heart, 20 mM MeOH or MeOD and 5 µM cyt cGJ, n = 3. 

Table III-4 Calculated substrate isotope effect of the KIE experiments.  

 pH 6 pD 6 pH 7 pD 7 pH 8 pD 8 

KIE 
(kMeOH/kMeOD) 

1.09 1.53 1.10 1.52 1.03 1.38 

 

Table III-5 Calculated solvent isotope effect of the KIE experiments. 

 pH/pD 6 pH/pD 7 pH/pD 8 

 MeOH MeOD MeOH MeOD MeOH MeOD 

KIE  
(kH2O/kD2O) 

2.54 1.81 2.96 2.15 3.94 2.95 
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The results show that the pH optimum for Pr-MDH is in the range of pH/pD 6–7 and declines towards 

pH/pD 8 which is in accordance with several reported studies.[12b, 20b, 32] Furthermore, the enzyme 

activity is higher when using MeOH instead of MeOD (substrate isotope effect > 1) in both H2O- and 

D2O-MC buffer across all three pH conditions. This demonstrates the importance of proton abstraction 

from the substrate for its turnover and its impact on total enzyme activity. This also reinforces previous 

experimental observation with the dye-coupled assay that the rate of bond breaking (specifically, 

breaking of a C-H is faster than breaking of a C-D bond) is the rate-limiting step, as reflected by a lower 

enzyme activity with deuterated MeOD as the substrate.[89] Unexpectedly, the enzyme activity in 

D2O-MC buffer is more than two-fold higher (solvent isotope effect > 2) than their respective 

counterpart in H2O across all three pH conditions. This contradicts the results obtained by the 

dye-coupled assay which showed a lower enzyme activity with higher D2O concentration. The highest 

enzyme activity was obtained in D2O-MC buffer at pD 6 and 7 with MeOH as the substrate.  

Intrigued by the surprisingly substantial positive effect of D2O on the enzyme activity, the effect was 

further investigated. H2O-MC buffer (pH 7) with increasing amount of D2O (0, 25, 50, 75 and 100% D2O) 

were prepared to repeat the protein-coupled assays. The specific buffer was prepared by combining 

the respective amount of H2O-MC buffer (pH 7) and D2O-MC buffer (pD 7), e.g. 25% D2O buffer 

contained 75% v/v H2O-MC buffer and 25% v/v D2O-MC buffer. Figure III-21 presents data that indicate 

a linear correlation between enzyme activity and D2O concentration in the solution. The enzyme 

activity increases linearly with the D2O-MC buffer concentration.  

 

Figure III-21 Effect of D2O content in buffer on specific activity of Pr-MDH. 100 nM Pr-MDH, 50 µM cyt c, 20 mM MeOH, 1 µM 
cyt cGJ in 10 mM MC buffer (pH 7.0), n = 2. 
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Consistent with previous experiments, the enzyme activity in D2O-MC buffer exceeds that of H2O-MC 

by over two times (solvent isotope effect = 2.29). These results indicate that there is indeed a positive 

effect of D2O on the total enzyme activity and shows the importance of hydrogen bonds in this system.  

Cioni and Strambini investigated the effect of heavy water on protein integrity and reported that D2O 

substantially enhances the rigidity of the native protein structure.[88] They argue that the deuterium 

bonds being marginally stronger than hydrogen bonds (by roughly 0.1 to 0.2 kcal mol-1) thus leading to 

stronger intrapeptide deuterium bonds and increased protein stability. It could be argued that the 

increased protein stability of Ln-MDH and/or cyt cGJ benefits the electron transfer by minimizing 

structural fluctuations und reducing protein dynamics.[88] Mie et al. reported that the electron transfer 

rate from myoglobin to an electrode was a magnitude higher in D2O buffer compared to an H2O buffer. 

Myoglobin is an O2 storage hemoprotein that undergoes autooxidation. The conversion of reduced 

Fe2+-containing myoglobin with O2 to oxidized Fe3+-containing myoglobin is a slow process, impeded 

by the slow dissociation and re-association of bound H2O and high reorganization energy. They propose 

that the reorganization of the iron-water-His moiety, crucial for the electron transfer, is facilitated in 

D2O. However, the exact underlying mechanism remains unknown.[91] Oubrie et al., through crystal 

structures of a comparable alcohol dehydrogenase from Comamonas testosteroni containing Ca2+ and 

PQQ in its active site, along with its cytochrome, have demonstrated that a network of amino acid 

residues and water molecules are involved in transferring electrons from the enzyme’s redox center 

to its cytochrome.[92] These findings are supported by molecular modelling for the Ca-MDH and its 

cytochrome from Paracoccus denitrificans. The huge distance, 17 Å edge-to-edge between PQQ and 

the haem moiety, also involves an intraprotein space jump from PQQ to the disulphide bridge above 

PQQ, passage through a series of 13 covalent bonds of amino acid residues and an interprotein space 

jump from Ca-MDH to the haem edge of the cytochrome.[93] A similar electron transfer pathway would 

be plausible for Ln-MDH and its cytochrome. The stronger intrapeptide bonds caused by D2O and the 

involvement of D2O molecule in the electron transfer pathway could enhance the re-oxidation process 

of PQQ and thus enhancing the total enzyme activity.[21d] These finding might suggest that in addition 

to substrate oxidation and PQQ re-oxidation, the electron transfer from Ln-MDH to its physiological 

cyt cGJ contributes significantly to the total enzyme activity.  

Investigation of the kinetic isotope effect (KIE) of enzymes can give valuable information about the 

reaction mechanism. Besides cofactor regeneration, substrate turnover is a key aspect influencing the 

total enzyme activity of Ln-MDH. The substrate and solvent isotope effect for Pr-MDH was examined 

through the protein-coupled assay and compared to previously conducted KIE experiments that 

employed the dye-coupled assay.[89] The trend for the substrate isotope effect was similar for both, 

showing that the enzyme activity declines when deuterated MeOD is used as a substrate instead of 

the protiated MeOH, underscoring the importance of proton abstraction of the substrate for its 
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turnover. Surprisingly, the outcome of the solvent isotope effect experiments showed contradictory 

results. KIE experiments with the dye-coupled assay indicate a decrease in enzyme activity with 

increasing amount of D2O concentration. In contrast, the experiments with the protein-coupled assay 

showed that the enzyme activity is enhanced with increasing concentration of D2O in solution. The 

electron transfer from Ln-MDH to cyt cGJ requires association and dissociation of two proteins as well 

as interaction with solvent molecules (H2O/D2O). The replacement of H2O by D2O in the electron 

transfer pathway from the active site of Ln-MDH to cyt cGJ could enhance the enzyme activity. 

Additionally, D2O can impact the intramolecular peptide bonds which can result in higher stability and 

rigidity of proteins. The results suggest that the interactions between Ln-MDH and cyt cGJ are facilitated 

and/or the electron transfer process from the active site to the cytochrome is enhanced in D2O. Circular 

dichroism (CD) is a spectroscopic method that is used to study proteins, nucleic acids and other 

biomolecules, providing information about their secondary and tertiary structures and reveals changes 

in conformation, folding and interaction with other biomolecules. Employing CD to compare the 

protein structure of Ln-MDH and cyt cGJ in H2O and D2O buffer will help to understand if D2O induces 

significant structural changes that enhance the enzyme activity. Furthermore, performing 

temperature-dependent protein-coupled assays and generating the corresponding Arrhenius plot will 

reveal whether thermodynamic effects are involved in the increased enzyme activity. If the electron 

transfer process is positively impacted by D2O, electrochemical experiments of Ln-MDH and cyt cGJ in 

both H2O and D2O should be considered. The enzyme activity should be assessed in H2O as previously 

shown and then repeated using the buffer prepared with D2O. By comparing the electrochemical 

behavior in H2O and D2O, it would be possible to discern any alterations in reaction kinetic or electron 

transfer process that D2O might induce and help to understand how D2O impacts enzyme functionality. 

The combined results of all these experiments will provide a more thorough comprehension of how 

D2O affects the total enzyme activity and helps identifying the specific mechanisms through which D2O 

interacts with and influences enzymatic processes. 

 

6. Purification of Methanol Dehydrogenase from Methylorubrum Extorquens AM1  

Featherston et al. conducted kinetic assays with Ln-MDH from M. extorquens AM1 and its native 

cytochrome XoxG.[23] They showed that vmax is similar among three different Ln-MDH (Ln = La, Ce and 

Nd) but the Michaelis constant KM for XoxG increased threefold from La to Nd. These values differ from 

their results obtained by dye-coupled assay which they argue is due to difference of mechanisms 

assessed by protein-coupled and dye-coupled assays. Furthermore, they postulate that “the increasing 

KM values for XoxG reflect elevated reduction potentials of the LnIII-PQQ cofactor, as Lewis acidity of 

the lanthanide ion increases from LaIII to NdIII”.[23] They determined the rather low reduction potential 
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of XoxG as 172 mV. In combination with the results of the kinetic assays, they theorized that bacteria 

that can tolerate heavier lanthanides require cytochromes with higher reduction potentials.[23] Indeed, 

Versantvoort et al. showed  for SolV that the native cyt cGJ of Ln-MDH (tolerates Lns up to Tb3+) has a 

reduction potential of 240 mV.[12b, 32] In short, Ln-MDH that prefer lighter lanthanides have 

cytochromes with lower reduction potential and Ln-MDH that can utilize heavier lanthanides could 

require cytochromes with higher reduction potential.  

Studies have shown the isolation of La- and Ca-MDH from AM1 and assessed their activity with the 

dye-coupled assay.[20a, 23, 39, 43, 94] To the best of our knowledge, a systematic comparison of the enzyme 

activity of Ln- and Ca-MDH from AM1 across different pH, temperature and additives is yet to be 

conducted. The objective is to isolate and assess Ca-MDH and Ln-MDHs from AM1 and compare their 

enzyme activity across different conditions using the dye-coupled assay. Initially, AM1 was cultivated 

both with and without the addition of Lns. The addition of Ln will trigger the lanthanide switch and the 

expression of Ln-MDH is favored over the expression of Ca-MDH. Without the addition of any Ln, 

Ca-MDH will be expressed by AM1. Preliminary experiments with AM1 cells grown without Lns and 

cells grown with Nd3+ were harvested for the successive isolation of Ca- and Nd-MDH, respectively. 

After chemical lysis and enzymatic digestion by lysozyme and DNase, cell debris and small particles 

were removed by centrifugation and the cell-free extract was applied on a ÄKTA Go FPLC system. The 

purification procedure developed by Anthony and coworkers consists of four major steps: 1) 

purification with anion exchange column (DEAE FF Sepharose), 2) purification with hydroxyapatite 

column, 3) desalting by gel filtration and 4) purification with cation exchange column (SP FF 

Sepharose). A hydroxyapatite column was not available, therefore the protocol was adopted for the 

isolation of Ca- and Nd-MDH (Table III-6).[39] Again, addition of MeOH to the buffer is imperative to 

keep enzyme activity high.  

Table III-6 Protocol for the purification of MDH from M. extorquens AM1.[39]  

Column Buffer Method 

DEAE 

Sepharose 

A: 20 mM TRIS, 25 mM MeOH, pH 8.0 

B: 20 mM TRIS, 25 mM MeOH,        

1 M NaCl, pH 8.0 

Gradient: 0% over 3.5 CVs, then 0 to 100% 

over 1.5 CVs 

Sample collection: 8.33 to 16.33 min 

Desalting  25 mM MES, 25 mM MeOH, pH 5.5 
Equilibrate 3 CVs, load up to 500 µL 

sample, elute with 1 mL buffer 

SP 

Sepharose 

A: 25 mM MES, 25 mM MeOH, pH 5.5 

B: 25 mM MES, 25 mM MeOH,     

0.25 M NaCl, pH 5.5 

Gradient: 0 to 60% over 5 CVs 

Sample collection: 15.33 to 17.33 min, 

elution starts at 32% B* 

*not reproducible 
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First, samples containing Ca-MDH were purified. Due to the high isoelectronic point of Ca-MDH, it will 

not bind to the anion exchange column and elutes immediately.[39] After the first purification step, 

three major peaks were observed (Figure III-22A). The first peak showed a red coloration, indicative of 

another protein. Thus, the second major peak was collected and buffer exchange was conducted from 

TRIS to MES by a desalting column. Subsequently, purification by cation exchange chromatography 

(Figure III-22B) was performed, resulting in Ca-MDH eluting as the sole peak at 32% B.  

 

Figure III-22 A) Chromatogram of DEAE FF column. Buffer A: 20 mM TRIS with 25 mM MeOH (pH 8.0), buffer B: 20 mM TRIS 
with 25 mM MeOH and 1 M NaCl (pH 8.0), gradient: 0% B over 3.5 CVs, 0 to 100% B over 1.5 CVs, flow: 5 mL/min. B) 
Chromatogram of SP FF column. Buffer A: 25 mM MES with 25 mM MeOH (pH 5.5), buffer B: 25 mM MES with 25 mM MeOH 
and 0.25 M NaCl (pH 5.5), gradient: 0 to 100% B over 5 CVs, flow: 5 mL/min. 

Given the high purity of Ca-MDH fractions from the first purification, only one purification step using 

the anion exchange column was used to isolate Nd-MDH. SDS-PAGE analysis of various samples taken 

along the purification process and of Ca- and Nd-MDH are shown in Figure III-23. A prominent band 

around the 63 kDa protein mark is observed, demonstrating the correct size of Ca- and Nd-MDH. 

Eu-MDH from SolV was used as a positive control and confirms that the size of the purified Ca- and 

Nd-MDH are correct.  

 

Figure III-23 SDS-PAGE analysis (12% w/v acrylamide) from the purification process of Ca- and Nd-MDH from AM1 (1: marker, 
2: crude, 3: flow-through, 4: peak 2 of anion exchange column, 5: peak 2 after buffer exchange, peak 6: peak 1 of cation 
exchange column, peak 7: peak 2 of cation exchange column, peak 8: Ca-MDH, peak 9: Nd-MDH, peak 10: Eu-MDH from SolV). 
BlueEye prestained protein ladder (Jena Bioscience) was used as the marker. 
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The dye-coupled assay was utilized to determine and compare the enzyme activity of Ca-MDH and 

Nd-MDH. The results show that the enzyme activity of Ca-MDH is one order of magnitude higher than 

Nd-MDH (Figure III-24) with an averaged specific activity of 0.073±0.001 and 

0.009±0.0005 µMol min-1 mg-1, respectively.  

 

Figure III-24 Dye-coupled activity assay of Ca- and Nd-MDH from AM1 with artificial electron acceptor. Conditions: 1 mM PES, 
100 µM DCPIP, 25 mM MeOH, 150 nM MDH in 25 mM MES buffer pH 5.5, n = 2. 

These are only preliminary results and warrant cautious interpretation. It should be mentioned, that 

this particular Nd-MDH sample was only purified once with the DEAE column and not further with the 

desalting and SP column. It is very likely, that other protein impurities are present and thus falsify the 

correct amount of Nd-MDH. Nevertheless, further investigations regarding assay conditions should be 

conducted including pH and temperature optimization as well the impact of addition of NH4Cl to 

properly assess if Ca-MDH has higher activity than Nd-MDH or if this is only the case under these 

certain conditions. More importantly, the purification is not reproducible. The purification of Ca- and 

Nd-MDH was only possible with one batch of cells. The growth of these cells was interrupted overnight. 

The incubator encountered a malfunction during operation, resulting in both shaking and temperature 

control being disabled for an unknown time. After restarting the incubator, the cells were treated as 

usual. The lack of aeration and loss of temperature probably induced stress in the cells, possibly 

triggering upregulation of critical metabolic functions including the expression of MDH. Subsequent 

attempts following this batch resulted in significantly lower MDH yield from the first column. Besides 

attempting to isolate MDH from freshly harvested cells, various lysozymes were tested including the 

increase of added lysozyme to enhance cell lysis, but no improvement in MDH yield was observed. 

To conclude, there is no approach published that systematically compares the activity of Ca- and 

Ln-MDH from M. extorquens AM1. A three-step protocol based on a method established by Anthony 

and coworkers was modified for this purpose.[39] Ca- and Nd-MDH could be successfully purified and 

dye-coupled assay at pH 5.5 showed that the enzyme activity of Ca-MDH is a an order of magnitude 
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higher. Nonetheless, more experiments with varying pH and temperature as well as additives like 

NH4Cl should be conducted. It should be noted that the metal content was not determined by ICP-MS 

and that Nd-MDH was used after one purification. Furthermore, the MDH yield is very low. Sufficient 

amount of MDH could be isolated only from one cell batch. While growing in the incubator, a 

malfunction caused the incubator to halt, stopping the shaking and temperature control for an 

unknown time. This probably induced stress to the cells, triggering the upregulation of MDH. This 

incident should be revisited before further attempts to purify Ca- and Ln-MDH from AM1 are 

considered. 

 

7. Conclusion and Outlook 

The strictly Ln-dependent Methylacidiphilum fumariolicum SolV is an extremophilic bacterium isolated 

from volcanic mudpot.[12b] SolV is able to thrive on different Lns and is able to incorporate various Lns 

in the active site of its Ln-MDH. Together with the second cofactor PQQ, Ln-MDH catalyzes the 

oxidation of methanol to formaldehyde which is crucial for its C1 metabolism and growth. 

Concurrently, PQQ is reduced to PQQH2 which is re-oxidized after a step-wise single electron transfer 

to two separate molecules of its native electron acceptor cytochrome cGJ (cyt cGJ). By using the artificial 

dye-coupled activity assay, previous studies have shown that the enzyme activity of Ln-MDH containing 

early Lns increase towards Nd3+ and declines afterwards. We were interested in elucidating the 

mechanism of substrate oxidation in Ln-MDH by using cyt cGJ. First, a custom-made 3.7 L bioreactor 

was built for the large-scale cultivation of SolV. Large-scale cultivation of SolV with nine different Lns 

(Lns = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb and Lu) were performed und eight different Ln-MDHs (Ln = La, Ce, 

Pr, Nd, Sm, Eu, Gd and Tb) were successfully isolated by fast protein liquid chromatography. Only Tb- 

and Lu-SolV did not show exponential growth and ICP-MS measurement revealed that Lu-MDH did not 

contain any Lu3+ in the active site. Pure cyt cGJ was obtained after size exclusion chromatography. A 

protein-coupled activity assay based on Anthony and coworkers was developed and optimized to 

assess the enzyme activity.[39] We discovered that spent cyt cGJ is very stable and remains relatively 

active after storage at 4 °C for over two years. Additionally, cyt cGJ can be recycled from protein-

coupled assay mixtures, which reduces the workload to obtain cyt cGJ in the long term. The enzyme 

activity of Ln-MDHs were assessed by the widely used dye-coupled and protein-coupled assay and the 

comparison of their results showed that the trend of enzyme activity across the Ln series differs. The 

trend using the dye-coupled assay is in accordance with literature (see above), but the results of the 

protein-coupled assay revealed that La-MDH has the highest enzyme activity, which decreases 

gradually across the Ln series. More steps are involved in transferring the electrons from Ln-MDH to 

the final electron acceptor, however La-, Ce- and Pr-MDH exhibit higher enzyme activity using the 
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protein-coupled assay. This suggests that the early Lns not only effect substrate oxidation, but also the 

electron transfer to cyt cGJ.  

Then, a new method was developed for isothermal titration calorimetry to assess the enzyme activity 

using cyt cGJ. Reproducible results were obtained when filling the syringe with Ln-MDH and the 

substrate added to the sample cell. The results of Pr- and Eu-MDH measurements mirror the results 

obtained by dye-coupled and protein-coupled assay. Pr-MDH is able to oxidize the substrate twice as 

fast as Eu-MDH. These are only proof-of-concept experiments, thus should be repeated with more 

Ln-MDHs to obtain conclusive results.  

Furthermore, the electrochemical assay published by Kalimuthu et al. was revisited to overcome 

previously encountered mass transport limitation of the substrate.[34] The stationary electrode was 

switched for a rotating disk electrode which induces a centripetal force towards the center of the 

electrode to increase the diffusion of the substrate through the membrane, reducing the mass 

transport limitation. The rotation of the electrode increased the cyt cGJ signal which also contributes 

to the total observed signal. Without the addition of any substrate, the total observed signal from a 

Gd-MDH electrode gradually increases with the length of rotation. Addition of saturating amount of 

substrate only marginally increased the signal, indicating that relative contribution of the cyt cGJ signal 

is really high. The relative contribution of cyt cGJ to the total observed signal declines towards the early 

Lns. The calculated KM values remain within the range observed in previous experiments, thus the mass 

transport limitation still persists. Replacing the long mercaptoundecanol linker with a shorter one will 

create a more rigid structure closer to the electrode surface, creating a more uniform biofilm and 

possibly reducing the observed effect. If proven correct, experiments using the rotating disk electrode 

can be picked up again to further overcome the mass transport limitation. 

The substrate oxidation mechanism was further investigated by looking at the kinetic isotope effect 

(KIE). Investigating the substrate (MeOH vs. MeOD) and solvent (buffer prepared in H2O vs. D2O) 

isotope effect will reveal rate-limiting steps. Previous KIE experiments employed the dye-coupled assay 

and results showed that oxidation of MeOH is faster, indicating that proton abstraction of the substrate 

is a rate-limiting step.  Likewise, the substrate oxidation decreases with increasing amount of D2O in 

solution. Following on these experiments, the substrate and solvent isotope effect were investigated 

using the protein-coupled assay. Analogous to results obtained with the dye-coupled assay, the 

substrate turnover was faster with MeOH compared to MeOD. The use of deuterated buffer increased 

the substrate oxidation more than two-fold, proving an enhancing effect of D2O on total enzyme 

activity, an effect undetected by the dye-coupled assay. Studies have reported that D2O increases the 

protein stability (due to the stronger intrapeptide deuterium bonds), facilitates the reorganization of 

water-containing catalytic sites and improves long-distance electron transfers.[88, 91-92] These findings 
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are intriguing but further investigation is required to elucidate if the increase in enzyme activity by D2O 

is a structural, thermodynamic or electrochemical phenomenon. The possibility that an interplay of 

several factors contributes to the increase enzyme activity in D2O cannot be ruled out.  

Lastly, Ca- and Nd-MDH from M. extorquens AM1 were purified and the enzyme activity assessed using 

the dye-coupled assay. At pH 5.5, Ca-MDH displayed an order of magnitude higher enzyme activity but 

was also purified to a higher degree. More experiments covering a wider pH range, different 

temperatures and addition of activators are crucial to obtain a better understanding. Further 

purifications were ineffective as only very low amount of MDH was detected. It should be noted that 

the cells that had high amount of MDH were interrupted during growth due to a malfunction of the 

incubator, possibly triggering a stress-induced upregulation of critical metabolic functions including 

the expression of MDH. This observation should be revisited.  

To conclude, our investigation on the interaction between Ln-MDH from SolV with its physiological cyt 

cG has revealed that factors influencing enzyme activity are far more complex and multifaceted than 

what a dye-coupled assay would reveal alone. Further studies are necessary to fully elucidate the 

mechanism and gain valuable insights for potential strategies in REE separation and bio-recovery of 

REE. The prevalence of Ln-utilizing biomolecules across a wide array of microorganisms and cellular 

processes firmly establishes the Lns as biological relevant. As research continues to uncover the 

biological role of Lns, it is increasingly evident that Lns are much more than substitutes for 

Ca-dependent enzymes. 
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IV. Experimental Section 

 

1. Chemical Experiments 

1.1 General Considerations 

If not stated otherwise, all reactions were performed using oven-dried glassware under an atmosphere 

of nitrogen. Volatiles were concentrated by rotary evaporation at 40 °C. Purification was performed 

via flash column chromatography with silica gel (ACROS Organics Si 60 Å, particle size 35-70 μm). All 

commercial reagents were used without further purification. Acetone, ethyl acetate methanol, 

dichloromethane, iso-hexane and diethyl ether were purchased from the LMU Munich chemical supply 

shop. Dichloromethane, iso-hexane and diethyl ether were distilled by rotary evaporation before use. 

TLC Silica gel (Merck, 0.25 mm, 60 Å pore size, 230–400 mesh) were used to track the progress of the 

reaction and visualized by UV absorption (254 nm). 

 

1.2 Analytical Methods 

NMR Spectroscopy 

1H NMR and 13C NMR spectra were recorded at 25 °C on Bruker Avance III (400 MHz) by Brigitte 

Breitenstein or Christine Neumann and Bruker Avance III HD (800 MHz) by Claudia Ober. All chemical 

shifts are reported in units of δ (ppm) relative to residual solvent peak (CDCl3: δH = 7.26, δC = 77.16; 

DMSO-d6: δH = 3.3, δC = 39.52; MeOD-d4: δH = 3.31, δC = 49.00 and D2O: δH = 4.79). Multiplicity were 

shown as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) and their combination. Coupling 

constants (J) are given in Hertz. MestreNova Version 14.1 was used for data processing. 

 

Mass Spectrometry 

Low resolution electrospray mass spectra were received from a liquid chromatograph system (Agilent 

1100 SL system, G1312A BinPump, G1313A ALS, G1316A COLCOM) coupled to HCTultra PTM Discovery 

system mass spectrometer (Bruker Daltonik) in alternate ESI mode. A 1:1 acetonitrile/water mixture 

was used as carrier solvent. 

High resolution ESI spectra of aerobactin complexes (Figure II-5) were received from LTQ FT Ultra 

Fourier Transform Ion Cyclotron Resonance mass spectrometer (Thermo Finnigan) by Dr. Werner Spahl 

with acetonitrile/water as carrier solvents. HPLC-ESI-HRMS measurements of rhodopetrobactin B 

(Figure II-16) were performed on an Agilent HPLC 1260 Infinity II system (G7115A 1260 DAD WR, 
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G7116A 1260 MCT, G7167A 1260 Multisampler, G7104C 1260 Flexible Pump) coupled to a 6530 C 

QTOF LC/MS system (G1958-65171). All measurements were performed at 30 °C on a C18 porous core 

column (Agilent Poroshell 120 EC-C18, 150 mm×3 mm, 2.7 μm) with a flow rate of 0.7 mL/min. As 

eluent system a mixture of water/acetonitrile with 0.1% formic was used. Samples were prepared in 

H2O (<10 μg/mL). HPLC-ESI-HRMS data was obtained in positive mode. Data was analyzed with 

MassHunter Qualitative Analysis10.0HPLC. 

 

High performance liquid chromatography (HPLC) 

HPLC was performed on an Agilent 1260 II system (G1364E 1260 FCPS, G7165A 1260 MWD, G7161A 

Prep Bin Pump). Crude samples were filter through a 0.45 µM syringe filter prior to injection. The 

detection wavelength was set to 210 nm. Aerobactin (Rt = 26 min) was purified by semipreparative 

HPLC using a reverse-phase C18 column with the following method: A: H2O + 0.1% TFA, B: MeCN + 

0.1% TFA, 0 to 25% in 40 min and flow rate: 5 mL/min. Rhodopetrobactin (Rt = 27.7 min) was purified 

by preparative HPLC using a reverse-phase C18-AQ column with the following method: A: H2O + 0.1% 

TFA, B: MeCN + 0.1% TFA, 5 to 32% in 45 min and flow rate: 20 mL/min.  

Samples that contain product were lyophilized on a 1-2 LDplus lyophilisator (Christ Alpha) attached to 

a VACUU PURE® 10 screw pump (vacuubrand). 

 

UV/Vis Spectroscopy 

UV/Vis spectra were either recorded with a Cary 60 UV/Vis spectrophotometer (Agilent) with Peltier 

element or Epoch2 plate reader (BioTek). If not otherwise stated, the spectra were recorded using the 

“Scan” program at room temperature, from 200–800 nm, the scanning speed set to fast or medium, 

and sample spectra were baseline corrected by subtracting the buffer spectrum. Data were analyzed 

with Gen5 and Origin 2017. 

 

Chrome Azurol S (CAS) Assay 

CAS assay were performed according to Zytnick et al.[73] All assay components including CAS 

(Sigma-Aldrich), hexadecyltrimethylammonium bromide (>99%, ACROS Organics), LaCl3 x 7 H2O 

(99.999%, Sigma-Aldrich), NdCl3 x 6 H2O (99.9%, abcr) and LuCl3 x 6 H2O (99.999%, Sigma-Aldrich) were 

commercially obtained and used without further purification. Before measurement, the plate was 

incubated for 5 min at room temperature (180 rpm, orbital shake). Measurements were performed by 
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the Epoch2 plate reader (BioTek) using transparent 96-well plates (Corning) without the lid. The UV/Vis 

spectra were recorded from 350–750 nm in 1 nm intervals with the highest scan rate per data point. 

The obtained data was corrected for pathlength and baseline. Data were analyzed with Gen5 and 

Origin 2017.  

 

1.3 Experimental Procedures 

1.3.1 Aerobactin 

 

2-hydroxy-4-methoxy-2-(2-methoxy-2-oxoethyl)-4-oxobutanoic acid (1) 
 

 

According to a modified literature procedure:[63] Citric acid (4.8 g, 25.0 mmol, 1.0 equiv.) and sodium 

iodide (1.1 g, 7.5 mmol, 0.3 equiv.) were dissolved in 75 mL MeOH. 10 g dried Dowex-H+ resin* was 

added and the reaction mixture was stirred for 28 h at room temperature. After completion, the resin 

was filtered off and the volatiles were removed under reduced pressure. The residue was dissolved in 

100 mL DCM and the reaction mixture was stirred overnight at room temperature. The product forms 

as a white precipitate that was collected by filtration. After addition of 100 mL DCM to the filtrate, the 

reaction mixture was stirred for 4 h at room temperature. The product was collected again and the 

process was repeated once more. Title compound was obtained as a yellowish solid (1.3 g, 6.0 mmol, 

24%). 

* 25 g of Dowex ion-exchange resin (50WX8, 16–40 mesh) was added to 50 mL 2 M HCl and stirred for 

60 min at room temperature. The resin was collected and washed with H2O until the filtrate reached a 

pH of 7. Then, the resin was dried in an oven for 16–24 h at 100 °C. 

1H NMR (400 MHz, MeOD-d4) δ [ppm] = 3.68 (s, 6H), 2.96–2.80 (m, 4H).  

13C NMR (101 MHz, MeOD-d4) δ [ppm] = 176.38, 171.85, 74.22, 52.17, 44.01. 

Analytical data were consistent with those reported in literature.[63] 
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2-(tert-butyl) 1,3-dimethyl 2-hydroxypropane-1,2,3-tricarboxylate (2) 
 

 

According to a modified literature procedure:[95] The reaction flask was charged with 10 mL tert-butyl 

acetate and 1 (1.1 g, 5.0 mmol, 1.0 equiv.). To the reaction mixture was added dropwise 200 µL 

perchloric acid. The reaction mixture was stirred for 3 days at room temperature. After completion, 

the reaction mixture was carefully poured into a saturated solution of 20 mL NaHCO3 and extracted 

three times with Et2O. Volatiles were removed under reduced pressure before 30 mL iso-hexane was 

added to the residue. The reaction mixture was stirred for 2 h and then stored at 4 °C overnight. The 

byproduct (white precipitate) was filtered off and the volatiles were removed under reduced pressure. 

Title compound was obtained as a colorless oil (0.55 g, 2.0 mmol, 40%). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 3.68 (s, 6H), 2.89–2.74 (m, 4H), 1.50 (s, 9H). 

Analytical data were consistent with those reported in literature.[95]  

 
3-(tert-butoxycarbonyl)-3-hydroxypentanedioic acid (3) 
 

 

According to a modified literature procedure:[95] 2 (0.49 g, 1.77 mmol, 1 equiv.) was dissolved in 2.5 mL 

MeOH. The reaction mixture was cooled down to 0 °C before 2.5 mL of cooled 2 M NaOH was added. 

The reaction mixture was stirred for 30 min at 0 °C. The cooling was removed and the reaction was 

stirred for 24 h at room temperature. After completion, the reaction mixture was acidified with 2 M 

HCl and extracted three times with EtOAc. The volatiles were removed under reduced pressure. Title 

compound was obtained as a white solid (0.42 g, 1.68 mmol, 95%).   

1H NMR (400 MHz, MeOD-d4) δ [ppm] = 2.89–2.70 (m, 4H), 1.48 (s, 9H). 

13C NMR (101 MHz, MeOD-d4) δ [ppm] = 173.84, 173.37, 83.49, 74.35, 44.13, 28.05. 

Analytical data were consistent with those reported in literature.[95]  
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Ethyl ((benzyloxy)carbonyl)-L-lysinate (6) 

 

According to a modified literature procedure:[62] The reaction flask was charged with 30 mL ethanol 

and cooled to 0 °C. After dropwise addition of 5 mL thionyl chloride to the solution, the reaction 

mixture was stirred at 0 °C for 30 min. Commercially available Cbz-Lys(Boc)-OH (2.24 g, 5.89 mmol, 1.0 

equiv.) was added to the solution and stirred at 0 °C for 2 h before the cooling was removed. After 

warming to room temperature, the reaction mixture was stirred for 20 h. After completion, volatiles 

were removed under reduced pressure and the crude 6 was used without further purification.  

 
 
Ethyl N6-(benzoyloxy)-N2-((benzyloxy)carbonyl)-L-lysinate 
 

 
 

According to a modified literature procedure:[62] The crude product 6 was dissolved in 100 mL DCM 

and cooled to 0 °C. Then, 100 mL of a cooled sodium bicarbonate buffer solution 

(0.75 M NaHCO3/NaOH, pH 10.5) was added. Dibenzoyl peroxide (2.85 g, 8.83 mmol, 1.5 equiv., 75 

wt%) was added and the biphasic reaction mixture was stirred at 0 °C for 8 h and then at room 

temperature for 12 h. After completion, the reaction mixture was extracted three times with DCM. 

The combined organic layers were washed with 10% v/v Na2SO3 solution, brine and dried over MgSO4. 

The volatiles were removed under reduced pressure and purified via flash column chromatography (0 

→ 5% EtOAc in DCM). Title compound was obtained as a colorless oil (1.47 g, 3.42 mmol, 58% after 

two steps). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.04–7.99 (m, 2H), 7.61–7.56 (m, 1H), 7.49–7.43 (m, 2H), 7.38–

7.28 (m, 6H), 5.34–5.27 (m, 1H), 5.11 (s, 2H), 4.38 (q, J = 7.1 Hz, 1H), 4.20 (q, J = 7.2 Hz, 2H), 3.12 (t, J = 

7.0 Hz, 2H), 1.94–1.83 (m, 1H), 1.76–1.58 (m, 3H), 1.55–1.41 (m, 2H), 1.27 (t, J = 7.0 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 172.48, 167.06, 156.01, 136.41, 133.51, 129.49, 128.69, 128.53, 

128.34, 128.26, 67.14, 61.65, 53.91, 52.37, 32.77, 27.04, 22.84, 14.32. 

TLC: Rf = 0.45 (DCM/EtOAc, 9:1). 

LR-MS (ESI+): m/z calc. for [C23H29N2O6]+ 429.2; found 429.3.  

Analytical data were consistent with those reported in literature.[62] 
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Ethyl N6-acetyl-N6-(benzoyloxy)-N2-((benzyloxy)carbonyl)-L-lysinate (7) 

 

According to a modified literature procedure:[62] 6 (0.370 g, 0.864 mmol, 1.0 equiv.) was dissolved in 

3 mL acetic anhydride followed by addition of 300 µL pyridine. The reaction mixture was stirred at 

50 °C for 4 h and then at room temperature for 18 h. The volatiles were removed under reduced 

pressure. The residue was diluted with DCM and the organic layer was washed with 1 M HCl, saturated 

NaHCO3 solution, brine and then dried over MgSO4. The volatiles were removed under reduced 

pressure and purified via flash column chromatography (0 → 20% EtOAc in DCM). Title compound was 

obtained as a colorless oil (0.387 g, 0.822 mmol, 95%) which crystallized after several hours. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.15–8.02 (m, 2H), 7.67 (t, J = 7.7 Hz, 1H), 7.52 (t, J = 7.8 Hz, 2H), 

7.37–7.28 (m, 5H), 5.34 (d, J = 8.2 Hz, 1H), 5.09 (s, 2H), 4.34 (q, J = 7.8 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 

3.87–3.74 (m, 2H), 2.04 (s, 3H), 1.92–1.81 (m, 1H), 1.70–1.61 (m, 3H), 1.50–1.35 (m, 2H), 1.26 (t, J = 7.1 

Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 173.82, 163.94, 156.04, 135.99, 134.67, 130.16, 129.09, 128.66, 

128.30, 128.22, 126.85, 77.36, 67.09, 61.63, 53.87, 32.36, 26.74, 22.40, 20.49, 14.29. 

TLC: Rf = 0.40 (DCM/EtOAc, 9:1). 

LR-MS (ESI+): m/z calc. for [C25H31N2O7]+ 471.2; found 471.3.  

Analytical data were consistent with those reported in literature.[62] 

 

NH2-Lys(Boc)(Ac)-OEt hydrobromide (8) 

 

According to a modified literature procedure:[62] 7 (193 mg, 0.41 mmol) was dissolved in 25 mL DCM 

followed by slow addition of 25 mL HBr (33 wt% in AcOH). The reaction mixture was stirred at room 

temperature for 2.5 h. After completion, the volatiles were removed under reduced pressure. Title 

compound has to be prepared right before use to avoid decomposition and was used without further 

purification. 
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12-(tert-butyl) 16,8-diethyl 3,21-diacetyl-12-hydroxy-1,10,14,23-tetraoxo-1,23-diphenyl-2,22-dioxa-

3,9,15,21-tetraazatricosane-8,12,16-tricarboxylate (9) 

 

According to a modified literature procedure:[62] 3 was synthesized according to protocols described 

previously.[95] 3 (50 mg, 0.20 mmol, 1.0 equiv.) and N-Hydroxysuccinimide (55 mg, 0.48 mmol, 

2.4 equiv.) were dissolved in 3 mL THF, followed by addition of N,N’-Dicyclohexylcarbodiimide 

(124 mg, 0.60 mmol, 3.0 equiv.). The formation of a white precipitate was observed after 2 min stirring. 

After 30 min of stirring at room temperature, 1.5 mL H2O was added to the reaction and the reaction 

mixture was stirred for 10 min at room temperature. Then, NaHCO3 (1.680 g, 20.0 mmol, 100.0 equiv.) 

was added to the reaction mixture followed by freshly prepared 8 (0.41 mmol, 2.1 equiv.) dissolved in 

9 mL THF. The reaction mixture was stirred at room temperature for 18 h. After completion, the solids 

were filtered off and the volatiles were removed under reduced pressure. The residue was diluted with 

EtOAc and the organic layer was washed with H2O, brine and then dried over MgSO4. The volatiles 

were removed under reduced pressure und purified via flash column chromatography (50 → 65% 

EtOAc in iso-hexane, then 5 → 10% MeOH in DCM). Title compound was obtained as a colorless oil 

(78 mg, 0.09 mmol. 44%). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.08 (dt, J = 7.1, 1.4 Hz, 4H), 7.71–7.64 (m, 2H), 7.56–7.49 (m, 4H), 

7.46–7.38 (m, 2H), 4.57–4.45 (m, 2H), 4.19–4.13 (m, 4H), 3.86–3.71 (m, 4H), 2.81 (d, J = 14.4 Hz, 1H), 

2.70 (d, J = 2.7 Hz, 2H), 2.59 (d, J = 14.4 Hz, 1H), 2.04 (s, 6H), 1.90–1.78 (m, 3H), 1.71–1.60 (m, 6H), 

1.49–1.43 (m, 12H), 1.27–1.23 (m, 6H). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 173.64, 173.27, 171.48, 171.42, 170.08, 169.62, 164.62, 134.72, 

130.15, 130.14, 129.68, 129.12, 129.10, 128.55, 128.52, 128.48, 128.46, 126.78, 82.68, 74.44, 61.93, 

61.83, 61.60, 52.41, 52.21, 52.13, 44.51, 41.95, 31.47, 31.29, 27.95, 26.66, 23.27, 22.87, 22.82, 22.2 8, 

20.50, 14.29, 14.24, 14.22. 

TLC: Rf = 0.50 (DCM/MeOH, 19:1). 

LR-MS (ESI+): m/z calc. for [C44H60N4O15+Na]+ 907.4; found 907.5.  

Analytical data were consistent with those reported in literature.[62] 
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Aerobactin 

 

According to a modified literature procedure:[62] 9 (78 mg, 0.088 mmol, 1.0 equiv.) was dissolved in 

15 mL DCM, followed by addition of 8 mL trifluoroacetic acid. The reaction mixture was stirred at room 

temperature for 3 h. Then, volatiles were removed under reduced pressure. The residue was diluted 

with 10 mL THF, 5 mL of 0.5 M NaOH was added and the reaction mixture was stirred at room 

temperature for 3.5 h. After completion, 10% HCl was added to bring the pH to 2. The volatiles were 

removed under reduced pressure und purified by semi-preparative HPLC (Dr. Maisch ReproSil-Pur 120 

reverse-phase C18-AQ column, A: H2O (0.1% TFA), B: MeCN (0.1% TFA), 0 → 25% in 40 min). Title 

compound was obtained as a white solid (24 mg, 0.043 mmol, 48%).  

HPLC: Rt = 26 min (H2O/MeCN with 0.1% TFA). 

1H NMR (400 MHz, D2O) δ [ppm] = 4.43–4.32 (m, 2H), 3.69–3.57 (m, 4H), 2.95 (dd, J = 14.9, 7.4 Hz, 2H), 

2.80 (dd, J = 14.9, 6.5 Hz, 2H), 2.15 (s, 6H), 1.98–1.85 (m, 2H), 1.84–1.60 (m, 6H), 1.49–1.34 (m, 4H). 

13C NMR (101 MHz, D2O) δ [ppm] = 176.42, 175.75, 173.69, 171.34, 171.27, 73.92, 52.64, 52.57, 51.27, 

47.45, 44.10, 30.01, 29.97, 25.17, 21.95, 19.24. 

HR-MS (ESI-): m/z calc. for [C22H35N4O13]- 563.2206; found 563.2202. 

HR-MS (ESI-): m/z calc. for [C22H32N4O13Fe]- 616.1321; found 616.1318. 

HR-MS (ESI-): m/z calc. for [C22H32N4O13Lu]- 735.1379; found 735.1379.  

Analytical data were consistent with those reported in literature.[62] 
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1.3.2 Deoxyschizokinen 

tert-butyl (3-aminopropyl)carbamate (12) 

 

According to a modified literature procedure:[77] 1,3-Diaminopropane (3.6 g, 48.0 mmol, 3 equiv.) was 

dissolved in 100 mL MeOH, followed by the addition of 10 mL TEA. Di-tert-butyldicarbonate (3.5 g, 

16.0 mmol, 1 equiv.) was dissolved in 6 mL MeOH and added to the solution. The reaction mixture was 

stirred for 2.5 h at 80 °C. After completion, the volatiles were removed under reduced pressure. After 

the addition of 25 mL H2O, the insoluble di-Boc-amine precipitated and was filtered off. The filtrate 

was extracted three times with DCM and the combined organic layers were dried over Na2SO4. The 

volatiles were removed under reduced pressure and title compound was obtained as a colorless oil 

(2.4 g, 13.5 mmol, 84%). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 4.83 (s, 1H), 3.27 – 3.12 (m, 2H), 2.78 (t, J = 6.6 Hz, 2H), 1.66 – 1.57 

(m, 4H), 1.44 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 156.35, 39.80, 38.53, 33.42, 29.85, 28.57. 

LC-MS (ESI+): m/z calc. for [C8H19N2O2]+ 175.1441; found 175.1. 

Analytical data were consistent with those reported in literature.[77]  

 

tert-butyl (3-acetamidopropyl)carbamate (10) 

 

According to a modified literature procedure:[68] 12 (0.27 g, 1.6 mmol, 1.0 equiv.) was dissolved in 

20 mL DCM. Acetic anhydride (0.32 g, 3.2 mmol, 2.0 equiv.) was slowly added, followed by the addition 

of pyridine (0.25 g, 3.1 mmol, 2.0 equiv.). The reaction mixture was stirred for 16 h at room 

temperature. After completion, the volatiles were removed under reduced pressure. The residue was 

re-dissolved in 10 mL H2O, extracted three times with DCM and the combined organic layers were dried 

over Na2SO4. The volatiles were removed under reduced pressure and title compound was obtained 

as a yellow oil (0.34 g, 1.6 mmol, 100%).  

1H NMR (400 MHz, CDCl3) δ [ppm] = 6.24 (s, 1H), 4.88 (s, 1H), 3.28 (q, J = 6.3 Hz, 2H), 3.17 (q, J = 6.3 

Hz, 2H), 1.99 (s, 3H), 1.66–1.56 (m, 2H), 1.44 (s, 9H). 
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13C NMR (101 MHz, CDCl3) δ [ppm] = 170.66, 149.76, 123.95, 37.19, 36.09, 30.36, 28.53, 23.50. 

LC-MS (ESI+): m/z calc. for [C10H21N2O3]+ 217.1547; found 217.2. 

Analytical data were consistent with those reported in literature.[68] 

 

tert-butyl (3-((benzoyloxy)amino)propyl)carbamate 

  

According to a modified literature procedure:[68] After cooling 100 mL of an aqueous sodium 

bicarbonate buffer solution (NaHCO3/NaOH, pH 10.5) to 0 °C, 12 (1.74 g, 10.0 mmol, 1 equiv.) was 

added. Dibenzoyl peroxide (6.5 g, 20.0 mmol, 2.0 equiv., 75 wt%) was dissolved in 75 mL DCM and 

added portion wise to the biphasic solution. The cooling was removed and the reaction mixture was 

stirred for 4 h at room temperature. LC-MS measurement shows the N-oxidation product as the major 

product. Acetyl chloride (0.78 g, 10.0 mmol, 1 equiv.) was dissolved in 10 mL DCM and added dropwise 

to the solution. The reaction mixture was stirred for 18 h at room temperature. After completion, the 

reaction mixture was extracted three times with DCM. The combined organic layers were washed once 

with 10% Na2SO3 solution and dried over Na2SO4. The volatiles were removed under reduced pressure 

and purified with via flash column chromatography (DCM/EtOAC, 0 → 10%). Title compound was 

obtained as a colorless oil (2.01 g, 6.9 mmol, 69%) which crystalizes upon storage at 4 °C. 

TLC: Rf = 0.65 (DCM/EtOAc, 6:4). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.05–7.98 (m, 2H), 7.59 (m, 1H), 7.50–7.41 (m, 2H), 4.79 (s, 1H), 

3.29 (q, J = 6.5 Hz, 2H), 3.19 (t, J = 6.7 Hz, 2H), 1.83 (p, J = 6.7 Hz, 2H), 1.44 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 166.97, 156.21, 133.54, 129.50, 128.69, 128.49, 50.32, 38.61, 

28.54, 27.90. 

LC-MS (ESI+): m/z calc. for [C15H23N2O4]+ 295.1652; found 295.2. 

Analytical data were consistent with those reported in literature.[68] 
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tert-butyl (3-(N-(benzoyloxy)acetamido)propyl)carbamate (11) 

 

According to a modified literature procedure:[68] Precursor-6 (0.78 g, 2.66 mmol) was dissolved in 

10 mL acetic anhydride, followed by the addition of 1 mL dry pyridine. The reaction mixture was stirred 

at room temperature for 18 h. After completion, the reaction mixture was diluted with DCM and the 

organic layer was washed once with 2 M HCl, saturated NaHCO3, brine and then dried over Na2SO4. 

The volatiles were removed under reduced pressure and purified via flash column chromatography 

(DCM/EtOAc, 0 → 5%). Title compound was obtained as a colorless oil (0.86 g, 2.57 mmol, 97%). 

TLC: Rf = 0.60 (DCM/EtOAc, 4:1). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.13–8.05 (m, 2H), 7.73–7.64 (m, 1H), 7.57–7.48 (m, 2H), 5.08 (s, 

1H), 3.88 (t, J = 6.5 Hz, 2H), 3.22 (t, J = 6.4 Hz, 2H), 2.07 (s, 3H), 1.79 (p, J = 6.5 Hz, 2H), 1.43 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 174.13, 164.68, 156.21, 134.77, 130.18, 129.11, 126.68, 37.47, 

28.55, 27.51, 26.76, 20.39. 

LC-MS (ESI+): m/z calc. for [C17H24N2O5+Na]+ 359.1577; found 359.1. 

Analytical data were consistent with those reported in literature.[68] 

 

N-(3-aminopropyl)acetamide (13)  

 

According to a modified literature procedure:[68] For the Boc deprotection the setup depicted in Figure 

II-3 was prepared. 5 (0.19 g, 0.87 mmol, 1 equiv.) was dissolved in 25 mL dry Et2O and dry HCl was 

generated by the slow addition of 20 mL concentrated H2SO4 into 30 g NaCl. After 2 h, the volatiles 

were removed under reduced pressure. Title compound was obtained as an off-white solid (0.13 g, 

0.87 mmol, quant. yield).  

1H NMR (400 MHz, CDCl3) δ [ppm] = 3.30–3.25 (m, 2H), 2.94 (t, J = 7.4 Hz, 2H), 1.98 (s, 3H), 1.90–1.78 

(m, 2H). 

LC-MS (ESI+): m/z calc. for [C5H13N2O]+ 117.1022; found 117.2  

Analytical data were consistent with those reported in literature.[68] 



 
Experimental Section 

 

113 
 

N-(3-aminopropyl)-N-(benzoyloxy)acetamide (14) 

 

According to a modified literature procedure: [68] For the Boc deprotection the setup depicted in Figure 

II-3 was prepared. 6 (0.30 g, 0.89 mmol, 1 equiv.) were dissolved in 25 mL dry Et2O and dry HCl was 

generated by the slow addition of 20 mL concentrated H2SO4 into 40 g NaCl. After 2 h, the volatiles 

were removed under reduced pressure. Title compound was obtained as a white solid (0.20 g, 

0.73 mmol, 82%). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.19–8.11 (m, 2H), 7.83–7.74 (m, 1H), 7.72–7.45 (m, 2H), 3.98 (t, 

J = 6.6 Hz, 2H), 3.10 (t, J = 7.5 Hz, 2H), 2.11 (s, 3H), 2.08–2.00 (m, 2H). 

LC-MS (ESI+): m/z calc. for [C12H18N2O3]+ 237.1234; found 237.3 

Analytical data were consistent with those reported in literature.[68] 

 

tert-butyl 4-hydroxy-2,6-dioxotetrahydro-2H-pyran-4-carboxylate (16) 

 

According to a modified literature procedure:[68] DCC (185 mg, 0.9 mmol, 1 equiv.) was dissolved in 

16 mL of EtOAC/DCM (1:3). 3 (223 mg, 0.9 mmol, 1 equiv.) was dissolved in 20 mL DCM and slowly 

added to the solution with DCC. The formation of white precipitate was observed after a few minutes. 

The reaction mixture was stirred for 30 min at room temperature. After completion, the precipitate 

was filtered off and volatiles were removed under reduced pressure. The residue was recrystallized 

with 20 mL of EtOAC/iso-hexane (1:4) and title compound was obtained as a pinkish solid (114 mg, 

0.5 mmol, 55%). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 3.65 (s, 1H), 3.07–2.91 (q, 4H), 1.51 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 171.05, 163.74, 86.71, 69.83, 40.60, 27.87. 

Analytical data were consistent with those reported in literature.[68] 
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tert-butyl 4-((3-acetamidopropyl)amino)-2-(2-((3-(N-(benzoyloxy)acetamido)propyl)amino)-2-

oxoethyl)-2-hydroxy-4-oxobutanoate (15) 

 

According to a modified literature procedure:[68] 16 (92 mg, 0.34 mmol, 1.3 equiv.) was dissolved in 

5 mL DCM and slowly added to a solution of 14 (60 mg, 0.26 mmol, 1.0 equiv.) dissolved in 5 mL 

DCM and stirred for 10 min at room temperature. After completion, the reaction mixture was 

repeatedly washed with an aqueous HCl solution (pH 2) and the organic phase was dried over 

Na2SO4. The volatiles were removed under reduced pressure. The crude product (86 mg, 

0.18 mmol, 1 equiv.) was re-dissolved in 5 mL DCM, followed by the addition of NHS (21 mg, 

0.18 mmol, 1 equiv.) and DCC (38 mg, 0.18 mmol, 1 equiv.). The reaction mixture was stirred 

for 15 min at room temperature. After completion, 13 (28 mg, 0.18 mmol, 1 equiv.) was added 

followed by 60 µL triethylamine. The reaction mixture was stirred for 15 min at room 

temperature. Then, solids were filtered off, volatiles were removed under reduced pressure 

und purified via flash column chromatography (DCM/MeOH, 0 → 5%). Title compound was 

obtained as a yellow solid (25 mg, 0.04 mmol, 6%). 

LC-MS (ESI+): m/z calc. for [C27H41N4O9]+ 565.2868; found 565.3. 

 

1.3.3 Rhodopetrobactin B 

tert-butyl (4-aminobutyl)carbamate (22) 

 

According to a modified literature procedure:[77] 1,4-Diaminobutane (6.1 g, 70.0 mmol, 3 equiv.) was 

dissolved in a solution of 135 mL MeOH and 15 mL TEA. Di-tert-butyldicarbonate (5.1 g, 23.2 mmol, 1 

equiv.) was dissolved in 15 mL MeOH and added portionwise to the solution. The reaction mixture was 

stirred for 18 h at room temperature. After completion, the volatiles were removed under reduced 

pressure. The residue was dissolved in 150 mL DCM and washed four times with 150 mL saturated 

Na2CO3 solution and the combined organic layers were dried over Na2SO4. The volatiles were removed 
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under reduced pressure and purified with via flash column chromatography (DCM/MeOH, 0 → 10% + 

1% TEA). Title compound was obtained as a colorless oil (3.1 g, 16.6 mmol, 72%). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 4.71 (s, 1H), 3.10 (q, J = 6.5 Hz, 2H), 2.68 (t, J = 6.6 Hz, 2H), 1.56 – 

1.42 (m, 4H), 1.41 (s, 9H), 1.22 (s, 2H). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 156.12, 79.12, 41.94, 40.55, 31.02, 28.53, 27.61. 

LC-MS (ESI+): m/z calc. for [C9H21N2O2]+ 189.1598; found 189.2. 

Analytical data were consistent with those reported in literature.[77] 

 

tert-butyl (3-((2-cyanoethyl)amino)propyl)carbamate (23) 

 

According to a modified literature procedure:[77] 22 (1.33 g, 7.1 mmol, 1.0 equiv.) was dissolved in 

25 mL MeCN and 2.5 g K2CO3 was added to the solution. The reaction mixture was stirred for 10 min 

at room temperature. 4-Bromobutyronitrile (1.15 g, 7.8 mmol, 1.1 equiv.) was dissolved in 10 mL 

MeCN and the solution was slowly added to 22. The reaction mixture was stirred for 16 h at room 

temperature. After completion, solids were removed by filtration. The volatiles were removed under 

reduced pressure and purified with via flash column chromatography (DCM/MeOH, 5% + 1% TEA). Title 

compound was obtained as a yellow oil (1.25 g, 4.9 mmol, 70%).  

TLC: Rf = 0.25 (DCM/MeOH/TEA 94:5:1, p-Anisaldehyde). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 4.76 (s, 1H), 3.15 (dd, J = 20.8, 6.8 Hz, 2H), 2.74 (t, J = 6.7 Hz, 2H), 

2.66 – 2.58 (m, 2H), 2.45 (t, J = 7.1 Hz, 2H), 1.82 (p, J = 7.0 Hz, 2H), 1.56 – 1.47 (m, 4H), 1.44 (s, 9H). 

LC-MS (ESI+): m/z calc. for [C13H26N3O2]+ 256.2020; found 256.2. 

Analytical data were consistent with those reported in literature.[77] 
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tert-butyl (4-(N-(3-cyanopropyl)acetamido)butyl)carbamate (24)  

 

According to a modified literature procedure:[77] 23 (1.00 g, 3.9 mmol, 1 equiv.) was dissolved in 20 mL 

acetic anhydride and 1.5 mL pyridine was added. The reaction mixture was stirred for 4.5 h at room 

temperature. After completion, the reaction mixture was diluted with 50 mL DCM. The organic layer 

was washed once with saturated NaHCO3 solution, once with brine and dried over Na2SO4. The volatiles 

were removed under reduced pressure and purified with via flash column chromatography 

(DCM/MeOH, 0 → 5%). Title compound was obtained as a colorless oil (0.86 g, 2.9 mmol, 73%). 

TLC: Rf = 0.25 (DCM/MeOH 98:2, p-Anisaldehyde). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 4.64 (s, 1H), 3.39 (q, J = 8.0, 7.5 Hz, 2H), 3.34 – 3.20 (m, 2H), 3.18 

– 3.06 (m, 2H), 2.37 (dt, J = 14.2, 7.0 Hz, 2H), 2.07 (s, 3H), 1.96 – 1.83 (m, 2H), 1.62 – 1.43 (m, 4H), 1.41 

(d, J = 2.3 Hz, 9H). 

LC-MS (ESI+): m/z calc. for [C15H27N3O3Na]+ 320.1945; found 320.2. 

Analytical data were consistent with those reported in literature.[77] 

 

tert-butyl (4-(N-(4-aminobutyl)acetamido)butyl)carbamate (19) 

 

According to a modified literature procedure:[78]
[77] 24 (0.86 g, 2.9 mmol, 1 equiv.) was dissolved in 30 mL 

EtOH and CoCl2∙6 H2O (1.37 g, 5.8 mmol, 2 equiv.) was added. The blue reaction mixture was stirred 

for 5 min at room temperature. Then, NaBH4 (1.09 g, 28.8 mmol, 10 equiv.) was added and the 

reaction mixture was stirred for 6 h at room temperature. The volatiles were removed under reduced 

pressure and the residues was re-dissolved in 50 mL DCM and 25 mL 0.1 M NH4OH. The reaction 

mixture was stirred for 1 h at room temperature. After completion, the solids were filtered off with 

Celite and washed with DCM. The organic layer was washed three times with saturated NaHCO3 

solution and dried over Na2SO4. The volatiles were removed under reduced pressure and title 

compound was obtained as a colorless oil (0.52 g, 1.7 mmol, 60%). 
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1H NMR (400 MHz, CDCl3) δ [ppm] = 3.34 – 3.28 (m, 2H), 3.27 – 3.20 (m, 2H), 3.18 – 3.10 (m, 2H), 2.07 

(t, J = 2.1 Hz, 3H), 1.71 – 1.52 (m, 8H), 1.51 – 1.41 (m, 11H), 1.29 – 1.23 (m, 2H). 

LC-MS (ESI+): m/z calc. for [C15H32N3O3]+ 302.2438; found 302.2. 

Analytical data were consistent with those reported in literature.[77] 

 

3,4-bis(benzyloxy)benzoic acid (21) 

 

According to a modified literature procedure:[77] 3,4-Dihydroxybenzoic acid (2.0 g, 13.0 mmol, 1 equiv.) 

was dissolved in 50 mL acetone and 5 g K2CO3 was added. Then, benzyl chloride (9.9 g, 78.2 mmol, 

6 equiv.) was added and the reaction was stirred for 1 d at 70 °C. After completion, solids were filtered 

off and volatiles were removed under reduced pressure. The residue was re-dissolved in a solution of 

50 mL MeOH and 25 mL 6 M NaOH. The reaction mixture was stirred for 2 h at 80 °C., then for 16 h at 

room temperature. After completion, the volatiles were removed under reduced pressure and 150 mL 

H2O was added to the residues. The emulsion was washed three times with 100 mL iso-hexane. After 

acidification of the aqueous layer with 2 M HCl, title compound precipitated as a white solid (2.3 g, 

6.9 mmol, 53%). 

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 12.67 (s, 1H), 7.59–7.51 (m, 2H), 7.50–7.44 (m, 4H), 7.43–7.31 

(m, 6H), 7.20–7.15 (m, 1H), 5.21 (d, J = 18.2 Hz, 4H). 

13C NMR (101 MHz, DMSO-d6) δ [ppm] = 166.92, 152.08, 147.62, 137.02, 136.72, 128.44, 128.39, 

127.90, 127.79, 127.53, 127.42, 123.46, 123.27, 114.60, 113.13, 70.00, 69.86, 25.48.  

LC-MS (ESI+): m/z calc. for [C21H18O4Na]+ 357.1097; found 357.1. 

Analytical data were consistent with those reported in literature.[77]  

 

 

 

 

 



 
Experimental Section 

 

118 
 

3,4-bis(benzyloxy)benzoyl chloride (18) 

 

According to a modified literature procedure:[77] 21 (260 mg, 0.78 mmol, 1 equiv.) was dissolved in 

solution of 6 mL DCM and 3 mL benzene and the reaction mixture was stirred for 15 min at 0 °C. Then, 

three drops of DMF and oxalyl chloride (740 mg, 5.83 mmol, 7.5 equiv.) were added to the solution. 

The reaction mixture was stirred for 30 min at 0 °C. After completion, the volatiles were removed 

under reduced pressure and the crude was used without further purification.  

 

tert-butyl (4-(N-(4-(3,4-bis(benzyloxy)benzamido)butyl)acetamido)butyl)carbamate (25) 

 

According to a modified literature procedure:[77] 19 (281 mg, 0.93 mmol, 1.2 equiv.) was dissolved in a 

solution of 6 mL DCM and 2 mL TEA. The reaction mixture was stirred at 0 °C for 20 min. The crude of 

18 was dissolved in 5 mL DCM and was added dropwise to the solution of 19. The reaction mixture was 

stirred for 24 h at room temperature. After completion, the reaction was extracted three times with 

DCM and dried over Na2SO4. The volatiles were removed under reduced pressure and purified with via 

flash column chromatography (DCM/MeOH, 0 → 5%). Title compound was obtained as a colorless oil 

(240 mg, 0.39 mmol, 50%). 

TLC: Rf = 0.45 (DCM/MeOH 95:5, UV/Vis) 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.59 (d, J = 2.1 Hz, 1H), 7.50–7.41 (m, 4H), 7.40–7.29 (m, 7H), 6.92 

(dd, J = 8.4, 1.8 Hz, 1H), 5.24–5.16 (m, 4H), 3.52 – 3.43 (m, 2H), 3.38–3.21 (m, 4H), 3.17–3.08 (m, 2H), 

2.07 (d, J = 5.6 Hz, 3H), 1.67–1.46 (m, 13H), 1.44 (s, 9H). 

LC-MS (ESI+): m/z calc. for [C36H48N3O6]+ 618.3538; found 618.3. 

Analytical data were consistent with those reported in literature.[77] 
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3,4-Rhodopetrobactin tert-Butyl Ester (26)  

 

According to a modified literature procedure:[77] For Boc deprotection, 25 (210 mg, 0.34 mmol, 2.2 

equiv.) was dissolved in 5 mL DCM and stirred for 15 min at 0 °C. Then, 1 mL TFA was dissolved in 5 mL 

DCM and added dropwise to 25. The cooling was removed and the reaction mixture was stirred for 2 h 

at room temperature. After completion, the volatiles were removed under reduced pressure and the 

crude was used without further purification. 

Tert-butyl citrate 3 (39 mg, 0.16 mmol, 1.0 equiv.) was dissolved in 5 mL THF, followed by the addition 

of N-Hydroxysuccinimide (50 mg, 0.43 mmol, 2.8 equiv.) and N,N′-Dicyclohexylcarbodiimide (96 mg, 

0.47 mmol, 3.0 equiv.). The reaction mixture was stirred for 3 h at room temperature. After 

completion, the volatiles were removed under reduced pressure. Then, 5 mL dioxane was added to 

the residue and the reaction mixture was stirred for 15 min at 10 °C. Crude 25 was dissolved in 5 mL 

DCM and 1 mL TEA and the reaction mixture was stirred for 30 min at 0 °C. Then, the reaction mixture 

with 25 was added dropwise to 3. The cooling was removed and the reaction mixture was stirred for 

16 h at room temperature. After completion, the solids were filtered off and the volatiles were 

removed under reduced pressure. The residue was re-dissolved in 20 mL DCM and the organic layer 

was washed three times with saturated Na2CO3 solution and dried over Na2SO4. The volatiles were 

removed under reduced pressure and purified with via flash column chromatography (DCM/MeOH, 

0 → 5% + 1% TEA). Title compound was obtained as a colorless oil (90 mg, 0.07 mmol, 47%). 

TLC: Rf = 0.45 (DCM/MeOH 95:5, UV/Vis) 

LC-MS (ESI+): m/z calc. for [C72H91N6O13]+ 1247.6639; found 1247.3. 
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3,4-Rhodopetrobactin B 

 

According to a modified literature procedure:[77] 26 (45 mg, 36 µmol) was dissolved in 2 mL glacial 

acetic acid. Then, 2 mL concentrated HCl was dissolved in 3 mL glacial acetic acid and added dropwise 

to 26. The reaction mixture was stirred for 2 h at room temperature. After completion, the volatiles 

were removed under reduced pressure and residual acid was removed by co-evaporation with DCM. 

The residue was re-dissolved in 5 mL EtOH and 10 mg Pd/C was added. The reaction mixture was 

saturated with H2 for 15 min and stirred for 2 h at room temperature. After completion, the solids were 

filtered off with Celite and washed with EtOH. The volatiles were removed under reduced pressure. 

The residue was re-dissolved in 5% MeCN in H2O and purified by preparative HPLC (reverse-phase 

C18-AQ column, A: H2O + 0.1% TFA, B: MeCN + 0.1% TFA, 5 → 32% in 45 min). Title compound was 

obtained as a white solid (3 mg, 4 µmol, 11%). 

HPLC: Rt = 27.7 min 

1H (800 MHz) and 13C NMR (201 MHz):  

Group C/H δH 
Multiplicity  

J (Hz) 
δC HMBC 

DHBA* 

1, 1'   125.95  

2, 2' 7.26 d (2.2) 115.06 C1, C3, C4, C6, C7 

3, 3'   144.77  

4, 4'   148.15  

5, 5' 6.74 ddd (8.2, 4.3, 1.3) 114.78 C1, C2, C3, C4, C6, C7 

6, 6' 7.16 dd (8.2, 2.1) 118.83 C2, C3, C4, C7 

7, 7'   166.10  

 8, 8‘ 8.13 m  C7 

Putrescine 

9, 9' 3.19, 3.22 m 38.59, 38.64 C7, C9, C10, C11 

10, 10' 1.35/1.47 m 25.43/25.99 C8, C10, C11 

11, 11' 1.35/1.47 m 25.43/25.99 C8, C9, C11 

12, 12' 3.19, 3.22 m 44.25, 47.31 C9, C10, C12, C16 

Acetyl 
17, 17'   169.10  

18, 18' 1.96 m 21.32 C11, C12, C16 

Putrescine 

13, 13' 3.19, 3.22 m 44.25, 47.31 C11, C13, C14, C16 

14, 14' 1.30/1.41/1.47 m 24.70/26.17/26.36/26.54 C12, C14, C15 

15, 15' 1.30/1.41/1.47 m 24.70/26.17/26.36/26.54 C12, C13, C15 

16, 16' 3.00, 3.04 m 37.85 C13, C14 

Citrate 

19, 19'   169.54  

20, 20' 2.48, 2.57 m 43.13 C18, C19, C20 

21   73.52  

22   174.98  

* 3,4-dihydroxybenzoic acid 
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HR-MS (ESI+): m/z calc. for [C40H59N6O13]+ 831.4135; found 831.4142. 

Analytical data were consistent with those reported in literature.[80] 

 

1.3.4 Petrobactin 

tert-butyl (4-((2-cyanoethyl)amino)butyl)carbamate (28)  

 

According to a modified literature procedure:[77] 22 (585 mg, 3.11 mmol, 1.0 equiv.) was dissolved in 

40 mL dry acetonitrile and 2.5 mL dry triethylamine were added. Afterwards 3-bromopropanenitrile 

(1.03 mL, 12.4 mmol, 4.0 equiv.) was added slowly to the solution and heated for 18 h at 60°C. The 

initially clear solution turned orange/brownish overnight and after cooling to room temperature, 

precipitation of a white solid was observed. The precipitate was separated by filtration and the solvent 

was removed under reduced pressure. The crude product was purified via flash column 

chromatography (DCM/MeOH, 2% + 1% TEA). Title compound was obtained as an orange oil (558 mg, 

2.312 mmol, 74%). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 4.80 (s, 1H), 3.08 (q, J = 6.3 Hz, 2H), 2.87 (t, J = 6.6 Hz, 2H), 2.62 

(d, J = 6.7 Hz, 2H), 2.48 (t, J = 6.6 Hz, 2H), 1.48 (m, 4H), 1.39 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 156.06, 118.77, 79.04, 48.74, 45.03, 40.36, 28.46, 27.78, 27.26, 

18.72. 

LC-MS (ESI+): m/z calc. for [C12H24N3O2]+ 242.1863; found 242.2. 

Analytical data were consistent with those reported in literature.[77] 

 

tert-butyl (4-((3-aminopropyl)amino)butyl)carbamate (27)  

 

According to a modified literature procedure:[77] 28 (558 mg, 2.31 mmol, 1.0 equiv.) was dissolved in 

50 mL dry Et2O. Afterwards 3 mL of LiAlH4 (1.0 M in THF) was added dropwise to the solution with 

strong gas development. The reaction mixture was stirred for 18 h at room temperature. After 

completion, 50 mL of 6 M NaOH was added. The organic phase was removed and the aqueous phase 
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was extracted three times with DCM. The combined organic phases were dried over Na2SO4 and the 

volatiles were removed under reduced pressure. The crude compound was obtained as a colorless oil 

(489 mg, 1.99 mmol, 86%) and was used without further purification. 

LC-MS (ESI+): m/z calc. for [C12H28N3O2]+ 246.2176; found 246.2. 

 

tert-butyl (4-((3-(3,4-bis(benzyloxy)benzamido)propyl)amino)butyl)carbamate (29)  

 

According to a modified literature procedure:[77] 27 (350 mg, 1.43 mmol, 1.0 equiv.) was dissolved in a 

solution of 10 mL DCM and 10 mL 10% NaOH. The reaction mixture was stirred for 1 h at 0 °C. The 

crude of 18 was dissolved in 20 mL DCM and was added dropwise to the solution of 27. The reaction 

mixture was stirred for 16 h at room temperature. After completion, the reaction mixture was 

extracted three times with DCM and dried over Na2SO4. The volatiles were removed under reduced 

pressure and purified with via flash column chromatography (DCM/MeOH, 0 → 5%). Title compound 

was obtained as a colorless oil (340 mg, 0.61 mmol, 42%). 

LC-MS (ESI+): m/z calc. for [C33H44N3O5]+ 562.3275; found 562.2. 

 

N-(3-((4-aminobutyl)amino)propyl)-3,4-bis(benzyloxy)benzamide 

 

According to a modified literature procedure:[77] For Boc deprotection, 29 (300 mg, 0.53 mmol, 2.2 

equiv.) was dissolved in 8 mL DCM and stirred for 15 min at 0 °C. Then, 2 mL TFA was dissolved in 10 mL 

DCM and added dropwise to 29. The cooling was removed and the reaction mixture was stirred for 3 h 

at room temperature. After completion, the volatiles were removed under reduced pressure and the 

crude was used without further purification. 
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N-(3-((4-aminobutyl)amino)propyl)-3,4-bis(benzyloxy)benzamide (30) 

 

According to a modified literature procedure:[77] 3 (60 mg, 0.24 mmol, 1.0 equiv.) was dissolved in 

20 mL THF, followed by the addition of N-hydroxysuccinimide (78 mg, 0.68 mmol, 2.8 equiv.) and N,N′-

dicyclohexylcarbodiimide (150 mg, 0.73 mmol, 3.0 equiv.). The reaction mixture was stirred for 2 h at 

room temperature. After completion, the volatiles were removed under reduced pressure. Then, 

20 mL dioxane was added to the residue and the reaction mixture was stirred for 15 min at 10 °C. Crude 

29 was dissolved in 20 mL DCM and 3 mL TEA and the reaction mixture was stirred for 30 min at 0 °C. 

Then, the reaction mixture with 29 was added dropwise to 3. The cooling was removed and the 

reaction mixture was stirred for 16 h at room temperature. After completion, the solids were filtered 

off and the volatiles were removed under reduced pressure. The residue was re-dissolved in 20 mL 

DCM and the organic layer was washed three times with saturated Na2CO3 solution and dried over 

Na2SO4. The volatiles were removed under reduced pressure and purified with via flash column 

chromatography (DCM/MeOH, 0 → 5% + 1% TEA). Title compound was obtained as a colorless oil 

(42 mg, 0.04 mmol, 15%). 

LC-MS (ESI+): m/z calc. for [C72H91N6O13]+ 1247.6639; found 1247.3. 

 

2. Biochemical Experiments 

Methylacidiphilum fumariolicum SolV Cultivation 

The cultivation of M. fumariolicum SolV (La–Eu) was performed by using a modified protocol as 

previously reported.[12b, 24, 96] For the composition of the growth medium see Table IV-1. SolV was 

grown with the desired lanthanide (La–Eu) in single-use polypropylene plastic cultivation flasks to an 

optical density at 600 nm (OD600) of 0.5. A gas atmosphere of 85% air, 10% CH4 and 5% CO2 was 

provided. The flask was incubated in an incubator at 55 °C and 250 rpm. Around 100–200 mL of SolV 

culture was used to inoculate the large-scale (3.7 L) bioreactor (non-commercial, custom-made) to 

obtain a starting OD600 of 0.05.[96] Throughout the cultivation, CO2 (600 mL/min), CH4 (750 mL/min) and 

air (1000 mL/min) was sparged through the medium. The temperature was kept at 55 °C and a stirring 

bar was used to ensure homogeneity and even distribution of gases.   

The inoculants for Gd- and Tb-SolV were obtained by starvation of La-SolV through two cycles:  
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To a 1 L cultivation flask 100 mL minimal medium was added and La-SolV to a starting OD600 of 0.05. 

For incubation, a gas atmosphere of 85% air, 10% CH4 and 5% CO2 was provided. The flask was 

incubated in a shaker at 55 °C and 250 rpm for 4 days until an OD600 of around 0.25 was reached (cycle 

1). 100 mL of this starved La-SolV was used to repeat the same procedure once more until an OD600 of 

0.125 was reached (cycle 2). In the third round, 100 nM GdCl3 or TbCl3 was added to the starved SolV 

culture and further incubated until the desired OD600 was reached and then used as inoculant for the 

bioreactor. 

Table IV-1 Composition of SolV growth medium.[19] 

Solution Composition 

Minimal medium 

solution (10x) 

2 mM MgCl2 ∙ 6 H2O, 10 mM Na2SO4, 20 mM K2SO4, 10 mM NaH2PO4, 2 mM CaCl2 

Note: All components except CaCl2 were mixed and adjusted to pH 2.7 with 1 M H2SO4. CaCl2 was 

autoclaved separately and added afterwards to prevent the precipitation of calcium phosphates. 

 

Trace element (TE) 

solution 

200 mM FeSO4 ∙ 7 H2O, 200 mM MnCl2 ∙ 4 H2O, 300 mM CuSO4 ∙ 5 H2O, 10 mM NiCl2 ∙ 6 H2O, 

10 mM ZnSO4 ∙ 7 H2O, 10 mM CoCl2 ∙ 6 H2O, 10 mM Na2MoO4 ∙ 2 H2O 

Note: All components were dissolved one after the other in 1.5 % v/v H2SO4. Solution will occur 

blue immediately after preparation but turns green after a few days. 

 

Growth medium for 

M. fumariolicum SolV 

Prepared according to Pol et al.[12b]  

1x Minimal medium, 20 µL/L TE, 8 mM NH4
+ for cultivation in bottles, for the bioreactor 

experiments the TE concentration was increased to 80 µL/L and 30 mM NH4
+. All stock solutions 

were mixed and autoclaved. 

Note: NH4
+ available from a 2 M (NH4)2SO4 solution in MilliQ water.  

 

Cell Lysis of SolV 

SolV cells were harvested by centrifugation at 8000 rpm for 10 min (Avanti JXN-26, Beckman Coulter). 

The cells were resuspended in 10 mM PIPES supplemented with 1 mM MeOH (pH 7.2) and chemically 

lysed by commercially available BugBuster Protein Extraction Reagent (Merck, product code 70921). 

10XBugBuster Protein Extraction Reagent was diluted to 1X with 10 mM PIPES and 1 mM MeOH (pH 

7.2). The reagent was added to frozen or thawed cell pellet (2 mL 1X BugBuster per 1 g resuspended 

cells), followed by the addition of 0.5–1.0 mg/mL lysozyme from chicken egg white (Sigma-Aldrich, CAS 

12650-88-3), 0.2-0.5 mg/mL DNase I (PanReac AppliChem, product code A3778,0100) and incubated 

on a shaking platform for 30–45 min at room temperature. Afterwards, insoluble cell debris were 

removed by centrifugation (17 000 rpm, 20 min, 4 °C) and the supernatant was filtered through a filter 

paper (VWR, 5–13 µm particle retention).  
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Purification of Ln-MDH and cyt cGJ from SolV 

The sample was applied on a HiPrepTM SP Sepharose FF 16/10 cation exchange column (Cytiva, product 

code 28936544). The column was equilibrated with 10 mM PIPES, 1 mM MeOH (pH 7.2) and bound 

proteins were eluted using 10 mM PIPES, 1 M NaCl, 1 mM MeOH (pH 7.2). Cyt cGJ eluted at 2% (20 mM 

NaCl) and Ln-MDH at 25% (250 mM NaCl). Cyt cGJ was further concentrated using an Amicon® Ultra 

Centrifugal Unit (Merck, product code UFC901024) with a molecular weight cut-off of 10 kDa and 

applied on a HiLoadTM 16/600 SuperdexTM 75 pg size exclusion column (Cytiva, product code 

28989333). The column was equilibrated with 10 mM PIPES, 0.2 M NaCl (pH 7.2) and cyt cGJ started to 

elute after 65 mL at a flowrate of 0.3 mL/min. The NaCl concentration was reduced to less than 1 mM 

with an Amicon® Ultra Centrifugal Unit (Merck, UFC201024) with a molecular weight cut-off of 10 kDa 

and 10 mM PIPES (pH 7.2).  

. 

Methylorubrum extorquens AM1 Cultivation 

Cultivations of M. extorquens AM1 were started from a frozen stock which was streaked out on MP+S 

(Table IV-2) agar plates and incubated for seven days. Overnight cultures (3 mL) were grown in MP 

medium supplemented with 15 mM succinate. For the inoculation 7–10 single colonies were used 

(12 h, 29 °C, 250 rpm). Ten overnight cultures were combined to inoculate a seed culture with a starting 

OD600 of 0.08 (250 mL, MP+S medium, 29 °C, 250 rpm, 20 h). The cells were separated by centrifugation 

at an OD600 of 2.0 (7 min, 4000 rpm, room temperature) and washed three times with MP+M medium 

supplemented with 125 mM MeOH. Then, the cells were resuspended in 5 mL of the same medium, 

the OD600 determined and 250 mL cultures (MP+M, 125 mM MeOH, triplicates of 2 µM NdCl3, no Ln, 

29°C, 200 rpm, 44 h) were inoculated with a starting OD600 of 0.1.  

Table IV-2 Composition of AM1 growth medium.[97] 

Solution Composition 

Phosphate (P) 
solution (100x) 

145 mM KH2PO4 ∙ 3 H2O and 188 mM NaH2PO4, adjusted to pH 6.75 with KOH 

C7 metal solution 
(1000x) 

45.5 mM sodium citrate ∙ 2 H2O, 1.2 mM ZnSO4 ∙ 7 H2O, 1.0 mM MnCl2 ∙ 4 H2O, 18 mM FeSO4 ∙ 
7 H2O, 2 mM (NH4)6Mo7O24 ∙ 4 H2O, 1.0 mM CuSO4 ∙ 5 H2O, 2 mM CoCl2 ∙ 6 H2O and 0.33 mM 
Na2WO4 ∙ 2 H2O. 
Note: All salts need to be dissolved in this exact order. 
 

PIPES solution (10x) 300 mM PIPES, adjusted to pH 6.75 with KOH 

Growth medium for 
M. extorquens AM1 

Prepared according to Delaney et al.[97] Final concentration in 1 L: 
1x PIPES solution, 1x P solution, 500 µM MgCl2, 8 mM (NH4)2SO4, 20 µM CaCl2 and 1X C7 
Note: All stock solutions were mixed and autoclaved separately. Mix all components for growth 
medium except CaCl2, autoclave and then add CaCl2 afterwards to avoid precipitation of calcium 
phosphates. 
For MP + S medium, add 15 mM sodium succinate ∙ 6 H2O 
For MP + M medium, add 50 mM MeOH 
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Cell Lysis of AM1 

AM1 cells were harvested by centrifugation (7 min, 8000 rpm, room temperature) and resuspended in 

20 mM TRIS supplemented with 25 mM MeOH (pH 8.0). Cell lysis of AM1 was performed as mentioned 

above for SolV but instead of 10 mM PIPES and 1 mM MeOH (pH 7.2), 20 mM TRIS and 25 mM MeOH 

(pH 8.0) was used for the preparation of 1X BugBuster reagent.  

 

Purification of Ca- and Nd-MDH from AM1 

The sample was applied on a HiPrepTM DEAE FF Sepharose 16/10 anion exchange column (Cytiva, 

product code 28936541). The column was equilibrated with 20 mM TRIS and 25 mM MeOH (pH 8.0). 

MDH did not bind to the column and elutes immediately at 0 %. Fractions containing MDH were 

concentrated to 500 µL sample volume using Amicon® Ultra Centrifugal Unit (Merck, product code 

UFC903024) with a molecular weight cut-off of 30 kDa. Secondly, buffer exchange was performed 

using a PD MiniTrapTM G-25 (Cytiva, product code 28918007) which was equilibrated with 3 CVs of 

25 mM MES buffer containing 25 mM MeOH (pH 5.5). The sample was applied and eluted with 1 mL 

of 25 mM MES buffer containing 25 mM MeOH (pH 5.5). Then, the sample was purified with a HiPrepTM 

SP Sepharose FF 16/10 cation exchange column (Cytiva, product code 28936544) using 25 mM MES 

and 25 mM MeOH (pH 5.5) as buffer A and 25 mM MES and 25 mM MeOH with 0.25 M NaCl (pH 5.5) 

as buffer B. MDH fractions start eluting around 32% buffer B. MDH fractions were pooled and 

concentrated using Amicon® Ultra Centrifugal Unit Merck, product code UFC903024) with a molecular 

weight cut-off of 30 kDa.  

 

Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Proteins were separated by molecular weight using electrophoresis.[98] Gels were casted using 

commercially available casting chambers. The resolving and stacking gel were prepared according to 

Table IV-3. For sample preparation, mPAGE® 4X LDS sample buffer (Merck, product code MPSB-10ML) 

containing 2% β-mercaptoethanol was added to samples and then heated at 70 °C for 5–7 min. The 

samples were loaded on a 12% SDS-PAGE gel. The gel was then stained with Coomassie Blue Stain for 

1 h and subsequently treated with a destaining solution (10% v/v acetic acid and 20% v/v EtOH in MilliQ 

water). 
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Table IV-3 Composition of resolving and stacking gel for SDS-PAGE. APS, ammonium persulfate. TEMED, 
tetramethylethylendiamine. 

 MilliQ H2O Rotiphorese (37.5:1) 
1.5 M Tris  

(pH 8.8) 

0.5 M Tris  

(pH 6.8) 
10% SDS 10% APS TEMED 

12% v/v resolving gel 4.4 mL 3 mL 2.5 mL - 100 µL 50 µL 10 µL 

4% v/v stacking gel 3.2 mL 0.5 mL - 1.25 mL 50 µL 25 µL 7.5 µL 

 

Protein Concentration Determination 

UV/Vis Traycell (Hellma) 

The protein concentration was calculated with the following equation:  

Concentration (mg mL)⁄ =
1

sample specific factor
× absorbance × dilution factor 

The absorbance at 280 nm was measured with a Cary60 spectrophotometer (Agilent) and a TrayCell 

(Hellma) with a dilution factor of 10. The specific factor was determined for each Ln-MDH and cyt cGJ 

batch. 

 

UV/Vis cuvette 

The protein concentration was calculated using the Beer-Lambert law: 

𝐴280 = 𝑐 ×  𝜀 × 𝑑 

The absorbance A280 was either recorded with a Cary60 spectrophotometer (Agilent) and a 10 mm 

pathlength Quartz suprasil cuvette (Hellma) or a 10 mm pathlength disposable cuvette micro (Brand). 

The molar extinction coefficient of MDH was previously determined at 158 mM-1 cm-1.[12b] If not stated 

otherwise, measurements with a Cary 60 UV/Vis spectrophotometer (Agilent) were recorded from 

200–800 nm, the scanning speed was set to fast and sample spectra were baseline corrected by 

subtracting the buffer spectrum. Data were analyzed with Gen5 and Origin 2023. 

 

Metal Analysis by ICP-MS 

The Ln-content of each Ln-MDH was determined by addition of the samples to 3% nitric acid 

(Suprapur®, Supelco) and heating for 1 h at 90 °C. The samples were submitted to Christine Benning 

(Haisch Lab, TUM) for measurement using an Inductively Coupled Plasma Mass Spectrometer (NexION 

350D, Perkin Elmer) and the Aristar® ICP-MS Calibration Standard 10 µg/mL (VWR). Protein 
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concentration were determined spectrophotometrically at 280 nm using an extinction coefficient of 

158 cm-1 mM-1.[12b]  

 

Protein-Coupled Activity Assay 

The protein-coupled activity assays with cyt cGJ are based on the protocols reported by Gutenthaler et 

al. and Phi et al.[19, 40] The enzymatic activity of Ln-MDH was assessed through the reduction of 

secondary cyt c from equine heart cytochrome c (Sigma, CAS 9007-43-6). The reaction was monitored 

with an Epoch2 plate reader (BioTek) at 45 °C through the increase of A550. All experiments were 

conducted in 96-well plates without the lid and each assay mixture usually contains a total volume of 

100 µL with 50 µM equine heart cyt C, 0–10 µM cyt cGJ, 0–200 nM Ln-MDH and 0–50 mM MeOH in a 

buffer solution. Experimental details are found in the description of each figure. Everything but 

Ln-MDH were mixed and incubated for 2 min at 45 °C before the reaction was initiated with addition 

of Ln-MDH which was also incubated for 2 min at 45 °C. The extinction coefficient of cyt c from equine 

heart was previously determined at 19.5 mM-1 cm-1 for 10 mM PIPES pH 7.2 and in MC buffer as shown 

in Table III-3.[32] The specific activity was calculated using the initial slope (usually 30–120 s) after 

Ln-MDH addition. If specified, the specific activity of each experiment was adjusted according to the 

metal content of the Ln-MDH. 

𝑒𝑛𝑧𝑦𝑚𝑒 𝑢𝑛𝑖𝑡 𝑈 [µ𝑚𝑜𝑙 𝑚𝑖𝑛−1] =  
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

𝜀 [𝑐𝑚−1𝑀−1] ∙ 𝑝𝑎𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑒𝑙𝑙 [𝑐𝑚]
∙ 106 ∙ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑠𝑠𝑎𝑦 [𝐿] 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [µ𝑚𝑜𝑙 𝑚𝑖𝑛−1 𝑚𝑔−1] = 
𝑒𝑛𝑧𝑦𝑚𝑒 𝑢𝑛𝑖𝑡 𝑈 [µ𝑚𝑜𝑙 𝑚𝑖𝑛−1]

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑒 [𝑚𝑔]
 

 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑  [µ𝑚𝑜𝑙 𝑚𝑖𝑛−1 𝑚𝑔−1] = 
𝑒𝑛𝑧𝑦𝑚𝑒 𝑢𝑛𝑖𝑡 𝑈 [µ𝑚𝑜𝑙 𝑚𝑖𝑛−1]

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑒 [𝑚𝑔] ∙  
𝑚𝑒𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [%]

100

 

 

Dye-coupled Activity Assay 

The dye-coupled activity assays with PES and DCPIP are based on the protocols reported by 

Gutenthaler et al. and Phi et al.[19, 40] The activity assay with the artificial electron acceptor DCPIP 

(Honeywell, CAS: 1266615-56-8) and PES (Sigma-Aldrich, CAS 10510-77-7) was assessed through the 

reduction of DCPIP. The reaction was monitored with an Epoch2 plate reader (BioTek) through the 

decrease of A600. All experiments were conducted in 96-well plates without the lid and each assay 

mixture usually contains a total volume of 100 µL with 1 mM PES, 100 µM DCPIP, 100 nM Ln-MDH, 

50 mM MeOH in a buffer solution. Everything but Ln-MDH were mixed and incubated for 2 min at 45 °C 

in the dark before the reaction was initiated with addition of MDH which was also incubated for 2 min 

at 45 °C. The extinction coefficient of DCPIP was determined at 19.8 mM-1 cm-1 for 10 mM PIPES (pH 
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7.2). The specific activity was calculated using the initial slope (usually 30–120 s) after Ln-MDH 

addition. If specified, the specific activity of each experiment was adjusted according to the metal 

content of the Ln-MDH. 

𝑒𝑛𝑧𝑦𝑚𝑒 𝑢𝑛𝑖𝑡 𝑈 [µ𝑚𝑜𝑙 𝑚𝑖𝑛−1] =  
−1 ∙ 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

𝜀 [𝑐𝑚−1𝑀−1] ∙ 𝑝𝑎𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑒𝑙𝑙 [𝑐𝑚]
∙ 106 ∙ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑠𝑠𝑎𝑦 [𝐿] 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [µ𝑚𝑜𝑙 𝑚𝑖𝑛−1 𝑚𝑔−1]= 
𝑒𝑛𝑧𝑦𝑚𝑒 𝑢𝑛𝑖𝑡 𝑈 [µ𝑚𝑜𝑙 𝑚𝑖𝑛−1]

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑒 [𝑚𝑔]
 

 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑  [µ𝑚𝑜𝑙 𝑚𝑖𝑛−1 𝑚𝑔−1] = 
𝑒𝑛𝑧𝑦𝑚𝑒 𝑢𝑛𝑖𝑡 𝑈 [µ𝑚𝑜𝑙 𝑚𝑖𝑛−1]

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑒 [𝑚𝑔] ∙  
𝑚𝑒𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [%]
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Michael-Menten Kinetics 

The Michaelis-Menten constant KM and the maximum turnover speed νmax of the protein-coupled 

activity assay (0–30 µM) with 100 nM Nd-MDH were calculated with the Michaelis-Menten equation 

using the slope of the initial 2 min after initiation: 

𝜈0 =
𝜈𝑚𝑎𝑥[S]

𝐾M + [S]
 

With ν0 representing the initial velocity and [S] the substrate concentration. The specific activity of 

each experiment was adjusted according to the metal content of Nd-MDH (47.8%). 

 

Isothermal Titration Calorimetry 

ITC experiments were conducted using the MicroCal PEAQ-ITC (Malvern Panalytical). The reference 

cell was filled with H2O, the temperature set to 45 °C, the stirring speed set to 750 rpm, feedback set 

to high, the initial delay set to 60 s and the single injection mode was used. The cell contained 5 µM 

cyt cGJ, 50 µM cyt c from equine heart and 20 mM MeOH. The syringe was filled 10 µM Pr- or Eu-MDH 

and 5 µL was injected over 5 s into the cell. The raw data was processed with Origin 2023 and the area 

under the curve was calculated using its integration tool. 

 

Electrochemical Assay 

The electrochemical assessment of Ln-MDH is based on the protocol reported by Kalimuthu et al. with 

minor adjustments.[34] CV experiments were conducted with a BAS 100B/W electrochemical 

workstation at room temperature. The buffer was changed to 20 mM PIPES (pH 7.2), but the Au RDE 
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(3 mm diameter) was otherwise prepared identical to the stationary electrode: incubation of the 

electrode surface for 16 h in 10 mM mercaptoundecanol (dissolved in EtOH), addition of 2 µL cyt cGJ 

and 2 µL of 0.25% chitosan (dissolved in 1% acetic acid) mixture onto the electrode surface (drying for 

3 h at 4 °C) and finally addition of 3 µL of Ln-MDH (drying for 2 h at 4 °C). A dialysis membrane with a 

MWCO of 3.5 kDa (Serva, product code 44310.01) was used to constrain the proteins close to the 

electrode surface. The concentration of cyt cGJ was not determined and further experimental details 

are found in the description of each figure.  

 

Determination of Extinction Coefficient ε 

The extinction coefficients (Table III-3) were calculated by subtracting the absorbance of the oxidized 

cyt c equine heart from the absorbance of its fully reduced form. A dilution series of cyt c (0, 25, 50 

and 100 µM) for every condition was prepared (Figure V-33). The oxidized cyt c was purchased and 

used at is it, while the reduced cyt c was obtained by the addition of 100 equivalents of reductant 

Na2S2O4 to cyt c. The absorbance at 550 nm for every sample was measured with Cary 60 UV/Vis 

spectrophotometer (Agilent). The absorbance was plotted against the concentration of cyt c and linear 

regression was applied to obtain a slope. The slope was divided by the path length (d = 0.1 cm) to 

obtain the extinction coefficient value for cyt c in its oxidized and reduced form.  

 

Kinetic Isotope Effect Studies 

10 mM MC (2.5 mM of citric acid, Bis-Tris, Tris and CHES each) buffer was prepared in either H2O or 

D2O. The pH was adjusted with a pH-meter using HCl or NaOH. The pD was adjusted with the formula 

pD = pH + 0.4 and DCl or NaOD.[90] When H2O-MC buffer was used, all assay components were prepared 

in either H2O or H2O-MC. Proteins were washed in H2O-MC as well. Similarly, when D2O-MC was used 

as buffer, all assay components were prepared in either D2O or D2O-MC and washed in D2O-MC. 

H2O-MC buffer (pH 7) with increasing amount of D2O (0, 25, 50, 75 and 100% D2O) were prepared by 

combining the respective amount of H2O-MC buffer (pH 7) and D2O-MC buffer (pD 7), e.g. 25% D2O 

buffer contained 75% v/v H2O-MC buffer and 25% v/v D2O-MC buffer. The final assay mixture 

contained 100 nM Pr-MDH, 50 µM cyt c from equine heart, 20 µM MeOH/MeOD and 5 µM cyt cGJ. 

Samples were prepared in a micro-cuvette (Hellma, product code 104002B-10-40). Buffer and assay 

mixture (Pr-MDH, cyt c from equine heart and MeOH/MeOD) were mixed and incubated at 45 °C for 

1 min. If no background reaction was observed, the reaction was initiated with cyt cGJ. The initial slope 

(after addition of cyt cGJ) was measured to calculate the specific activity.  Spectra were recorded with 

Cary 60 UV/Vis spectrophotometer (Agilent) using the “Kinetics” program.  
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V. Appendix 

 

1. Supporting Information 

1.1 Supporting Information for Chapter II.2 

 

Figure V-1 1H and 13C NMR spectra of 1 in MeOD-d4. 
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Figure V-2 1H spectrum of 2 in CDCl3. 
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Figure V-3 1H and 13C NMR spectra of 3 in MeOD-d4. 
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Figure V-4 1H and 13C NMR spectra of intermediate towards 7 in CDCl3. 
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Figure V-5 1H and 13C NMR spectra of 7 in CDCl3. 
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Figure V-6 1H and 13C NMR spectra of 9 in CDCl3. 
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Figure V-7 1H and 13C NMR spectra of aerobactin in D2O. 

 

 



 
Appendix 

 

138 
 

1.2 Supporting Information for Chapter II.3 
 

 

Figure V-8 1H and 13C NMR spectra of 12 in CDCl3. 
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Figure V-9 1H and 13C NMR spectra of 10 in CDCl3. 
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Figure V-10 1H and 13C NMR spectra of intermediate towards 11 in CDCl3. 
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Figure V-11 1H and 13C NMR spectra of 11 in CDCl3. 
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Figure V-12 1H NMR spectrum of 13 in CDCl3. 

 

 

Figure V-13 1H NMR spectrum of 14 in CDCl3. 
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Figure V-14 1H and 13C NMR spectra of 16 in CDCl3. 
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1.3 Supporting Information for Chapter III.5 

 

Figure V-15 1H and 13C NMR spectra of 22 in CDCl3. 
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Figure V-16 1H NMR spectrum of 23 in CDCl3. 

 

 

Figure V-17 1H NMR spectrum of 24 in CDCl3. 



 
Appendix 

 

146 
 

 

Figure V-18 1H and 13C NMR spectra of 21 in DMSO-d6. 
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Figure V-19 1H NMR spectrum of 19 in CDCl3. 

 

Figure V-20 1H NMR spectrum of 25 in CDCl3. 
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Figure V-21 1H and 13C NMR spectra of rhodopetrobactin B in DMSO-d6. 
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Figure V-22 COSY and HSQC NMR spectra of rhodopetrobactin B in DMSO-d6. Correlations of -CH2- and -CH- are shown in 
blue and red, respectively. 
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Figure V-23 HMBC and NOESY NMR spectra of rhodopetrobactin B in DMSO-d6. 
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Figure V-24 1H and 13C NMR spectra of 28 in CDCl3. 
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1.4 Supporting Information for Chapter III.3.1 

 

Figure V-25 A) SDS-PAGE analysis (12% w/v acrylamide) of Sm-MDH purification. (1: marker, 2: crude, 3: flow-through, 4: 
column wash, 5: cyt cGJ, 6: hydroxylamine oxidoreductase, 7: Sm-MDH (fraction 101), 8: Sm-MDH (fraction 102), 9: Sm-MDH 
(fraction 103), 10: cyt cGJ from previous purification as positive control). BlueEye prestained protein ladder (Jena Bioscience) 
was used as the marker. B) UV/Vis spectrum of Sm-MDH fractions normalized to 1. 

 

 

Figure V-26 SDS-PAGE analysis (12% w/v acrylamide) of purified Ln-MDH (10 µg each) (1: marker, 2: La-MDH, 3: Ce-MDH, 4: 
Pr-MDH, 5: Nd-MDH, 6: Sm-MDH, 7: Eu-MDH, 8: Lu-MDH). BlueEye prestained protein ladder (Jena Bioscience) was used as 
the marker. 
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1.5 Supporting Information for Chapter III.3.2 

 

 

Figure V-27 Chromatogram of the purification of protein-coupled assay mixtures. Buffer A: 10 mM PIPES with 1 mM MeOH 
(pH 7); buffer B: 10 mM PIPES with 1 mM MeOH and 1 M NaCl (pH 7). Gradient: 0 to 5% B over 10 CV. Flow: 5 mL/min. 
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1.6 Supporting Information for Chapter III.4.2 
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1.7 Supporting Information for Chapter III.4.4 

 

Ce-MDH 

 

Figure V-28 A) RDEVs (2000 RPM) obtained for Au/MU/chitosan-cyt cGJ/Ce-MDH electrode for increasing concentration of 
methanol (a) 0, (b) 5, (c) 10, (d) 20, (e) 40, (f) 80, (g) 160, (h) 240, (i) 320, (j) 400, (k) 480, (l) 560 and (m) 640 µM in 20 mM PIPES 
buffer (pH 7.2) at a scan rate of 5 mV s-1. B) Electrochemical Michaelis-Menten plot for the limiting currents at 400 mV as a 
function of methanol concentration. The data was kindly provided by Dr. Palraj Kalimuthu. 

 

Pr-MDH 

 

Figure V-29 A) RDEVs (2000 RPM) obtained for Au/MU/chitosan-cyt cGJ/Pr-MDH electrode for increasing concentration of 
methanol (a) 0, (b) 5, (c) 10, (d) 20, (e) 40, (f) 80, (g) 160, (h) 240 and (i) 320 µM in 20 mM PIPES buffer (pH 7.2) at a scan rate 
of 5 mV s-1. B) Electrochemical Michaelis-Menten plot for the limiting currents at 400 mV as a function of methanol 
concentration. The data was kindly provided by Dr. Palraj Kalimuthu. 

 

Nd-MDH 
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Figure V-30 A) RDEVs (2000 RPM) obtained for Au/MU/chitosan-cyt cGJ/Nd-MDH electrode for increasing concentration of 
methanol (a) 0, (b) 5, (c) 10, (d) 20, (e) 40, (f) 80, (g) 160, (h) 240, (i) 320 and (j) 400 µM in 20 mM PIPES buffer (pH 7.2) at a 
scan rate of 5 mV s-1. B) Electrochemical Michaelis-Menten plot for the limiting currents at 400 mV as a function of methanol 
concentration. The data was kindly provided by Dr. Palraj Kalimuthu. 

 

Sm-MDH 

 

Figure V-31 A) RDEVs (2000 RPM) obtained for Au/MU/chitosan-cyt cGJ/Sm-MDH electrode for increasing concentration of 
methanol (a) 0, (b) 5, (c) 10, (d) 20, (e) 40, (f) 80, (g) 160, (h) 240, (i) 320, (j) 400, (k) 480, (l) 560 and (m) 640 µM in 20 mM PIPES 
buffer (pH 7.2) at a scan rate of 5 mV s-1. B) Electrochemical Michaelis-Menten plot for the limiting currents at 400 mV as a 
function of methanol concentration. The data was kindly provided by Dr. Palraj Kalimuthu. 
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Eu-MDH 

 

Figure V-32 A) RDEVs (2000 RPM) obtained for Au/MU/chitosan-cyt cGJ/Eu-MDH electrode for increasing concentration of 
methanol (a) 0, (b) 5, (c) 10, (d) 20, (e) 40, (f) 80, (g) 160, (h) 240 and (i) 320 µM in 20 mM PIPES buffer (pH 7.2) at a scan rate 
of 5 mV s-1. B) Electrochemical Michaelis-Menten plot for the limiting currents at 400 mV as a function of methanol 
concentration. The data was kindly provided by Dr. Palraj Kalimuthu. 

 

1.8 Supporting Information for Chapter III.5 
 

 

Figure V-33 Results of the dilution series of cyt c from equine heart in its oxidized and reduced state for the determination 
of the extinction coefficient ε. 
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2. List of Abbreviations 

Å    Ångstrom  

A280    Absorbance at 280 nm 

AB    Aerobactin 

AM1    Methylorubrum extorquens AM1 

Ce-MDH   Cerium-containing methanol dehydrogenase 

CHES    N-cyclohexyl-2-aminoethanesulfonic acid 

cm    Centimeter 

CN    Coordination number 

COSY    Correlation spectroscopy 

CV    Cyclic voltammetry/voltammogram 

cyt    Cytochrome  

d    Pathlength of cell or cuvette 

DCC    N,N’-dicyclohexylcarbodiimide  

DCM    Dichloromethane 

DCPIP    2,6-Dichlorophenolindophenol 

DS    Deoxyschizokinen 

DFO    Desferrioxamine 

EDC    1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

ESI    Electrospray ionization 

equiv.    Equivalent(s) 

Eu-MDH   Europium-containing methanol dehydrogenase 

FPLC    Fast protein liquid chromatography 

Gd-MDH   Gadolinium-containing methanol dehydrogenase 

h    hour 

HEPES    4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
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HMBC    Heteronuclear multiple bond correlation 

HOBT    1-hydroxybenzotriazol 

HPLC    High-performance liquid chromatography  

HREE     Heavy rare earth elements (Gd–Lu) 

HR-MS    High resolution mass spectrometry 

HSQC    Heteronuclear single quantum correlation 

ICP-MS    Inductively coupled plasma mass spectrometry 

ITC    Isothermal titration calorimetry 

Kd    Metal binding constant 

KD    Reaction rate constant wit with heavy isotope 

KH    Reaction rate constant wit with light isotope 

KM    Michaelis constant 

kDa    Kilodalton 

KIE    Kinetic isotope effect 

La-MDH   Lanthanum-containing methanol dehydrogenase 

LanM    Lanmodulin 

LC-MS    Liquid chromatography mass spectrometry 

Ln-MDH   Lanthanide-containing methanol dehydrogenase 

LREE    Light rare earth elements (La–Eu) 

Lu-MDH   Lutetium-containing methanol dehydrogenase 

M    Molar 

mAU    Milli absorbance unit 

MC    Multicomponent buffer 

MDH    Methanol dehydrogenase 

MeOD    Deuterated methanol-d4 
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MeOH    Methanol 

MES    2-(N-morpholino)ethanesulfonic acid  

min    Minute 

mg    Milligram 

mL    Milliliter 

mm    Millimeter 

mM    Millimolar 

MOPSO    2-Hydroxy-3-morpholinopropanesulfonic acid 

MW    Molecular weight 

MWCO    Molecular weight cut-off 

MxaI    Small subunit of Ca2+-dependent methanol dehydrogenase 

MxaF    Big subunit of Ca2+-dependent methanol dehydrogenase 

µg    Microgram 

µL    Microliter 

µM    Micromolar 

Nd-MDH   Neodymium-containing methanol dehydrogenase 

NHS    N-hydroxysuccinimide 

nm     Nanometer 

nM    Nanomolar 

NMR    Nuclear magnetic resonance spectroscopy 

NOESY    Nuclear Overhauser effect spectroscopy 

PDB    Protein Data Bank 

PES    Phenazine ethosulfate 

pI    Isoelectronic point 

PIPES    Piperazine-N,N′-bis(2-ethanesulfonic acid) 
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PQQ    Pyrroloquinoline quinone 

PQQH2    Reduced form of pyrroloquinoline quinone 

Pr-MDH    Praseodymium-containing methanol dehydrogenase 

QTOF-MS   Quadrupole time-of-flight mass spectrometry 

RDE    Rotating disk electrode 

RDEV    Rotating disk electrode voltammogram 

REE(s)    Rare earth element(s) 

RPB    Rhodopetrobactin B 

rpm    Revolutions per minute 

RT    Room temperature 

s    Second 

[S]    Substrate concentration 

SDS-PAGE   Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

NHE    Normal hydrogen electrode 

Sm-MDH   Samarium-containing methanol dehydrogenase 

SolV    Methylacidiphilum fumariolicum SolV 

SP    Sulphopropyl resin 

Tb-MDH   Terbium-containing methanol dehydrogenase 

TEA    Triethylamine 

TEMED    Tetramethylethylenediamine 

TLC    Thin layer chromatography 

TMPD     N,N,N′,N′-Tetramethyl-p-phenylenediamine 

TRIS    Tris(hydroxymethyl)aminomethane 

TRLFS    Time-resolved laser-induced fluorescence spectroscopy 

U    Enzyme unit 



 
Appendix 

 

166 
 

UV/Vis    Ultraviolet-visible  

ν0     Initial velocity of an enzyme reaction 

vmax    Maximum velocity of an enzyme reaction 

WB    Wurster’s Blue 

xoxF    Gene encoding the lanthanide-dependent methanol dehydrogenase 

XoxF    Lanthanide-dependent methanol dehydrogenase 
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3. Materials 

Buffers, chemicals, reagents and instruments that were used for chapter III. 

Table V-1 Overview of chemicals and reagents. 

Chemical/Reagent Purity Supplier 

β-Mercaptoethanol For synthesis Merck 

Ammonium persulfate (APS) For electrophoresis, 

≥95% 
Sigma-Aldrich 

Bromophenol blue sodium salt for electrophoresis GE Healthcare 

BugBuster 10X Protein Extraction Reagent - Merck 

Chitosan (from shrimp shells) ≥75% (deacetylated) Sigma-Aldrich 

Coomassie Brilliant Blue (CBB) G250 - Sigma-Aldrich 

Cytochrome c from equine heart ≥95% Sigma-Aldrich 

2,6-Dichlorophenol indophenol sodium salt hydrate 

(DCPIP) 
≥90% Sigma-Aldrich 

Deuterium chloride (35 wt. % in D2O) ≥99 atom % D Sigma-Aldrich 

Deuterium oxide 99.9 atom % D Sigma-Aldrich 

DNAse - 
PanReac 

AppliChem 

11-Mercapto-1-undecanol 97% Sigma-Aldrich 

Methanol For HPLC, ≥99.9% Sigma-Aldrich 

Methanol-d4 99.8% Deutero 

Lanthanide chloride (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, 

Tb, Lu) 
≥99.9% abcr 

Lysozym (≥40 000 U/mg) ≥90% Sigma-Aldrich 

N,N,N′,N′- Tetramethylethylenediamine (TEMED) ≥99% Sigma-Aldrich 

Phenazine ethosulfate (PES) ≥95% Sigma-Aldrich 

Rotiphorese (37.5:1, Acrylamide/Bisacrylmide) 40% solution Carl Roth 

Sodium dithionite Technical 
LMU chemical  

supply shop 

 

 

 

 

 



 
Appendix 

 

168 
 

Table V-2 Overview of buffers. 

Buffer Purity Supplier 

1,4-Piperazinediethanesulfonic acid (PIPES) ≥99 % Sigma-Aldrich 

2-Amino-2-(hydroxymethyl)propane-1,3-diol 

hydrochloride (Tris-HCl) 
molecular biology grade Sigma-Aldrich 

2,2-Bis(hydroxymethyl)-2,2′,2″-

nitrilotriethanol (Bis-Tris) 
≥98% Sigma-Aldrich 

2-(Cyclohexylamino)ethanesulfonic acid 

(CHES) 
≥99% Sigma-Aldrich 

2-(N-Morpholino)ethanesulfonic acid (MES) ≥99.5% Sigma-Aldrich 

3-Morpholino-2-hydroxypropanesulfonic 

acid (MOPSO) 
≥99% Sigma-Aldrich 

4-(2-hydroxyethyl)-1-piperazine-

ethanesulfonic acid (HEPES) 
≥99.5% Carl Roth 

Sodium citrate tribasic dihydrate ≥99.5% Sigma-Aldrich 

 

 

Table V-3 Overview of instruments. 

Instrument Manufacturer 

ÄKTA Go FPLC system Cytiva 

BAS 100B/W electrochemical workstation BASi 

Cary 60 spectrophotometer with Peltier element Agilent 

Centrifuge (Avanti JXN-26)  Beckman Coulter 

Centrifuge (Heraeus Megafuge 8R) Thermo Fisher 

Epoch2 plate reader BioTek 

NexION 350D ICP-MS Perkin Elmer 

MicroCal PEAQ-ITC Malvern Panalytical 

Mini-PROTEAN Electrophoresis Cell BioRad 

pH meter Mettler-Toledo 
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4. Disclosure of Participation 

 

The following people contributed to the practical laboratory work of this thesis as part of their research 

internships or thesis: 

 

For a research internship, Daniel Bejko performed initial experiments to investigate the kinetic isotope 

effect of the substrate and solvent on the enzyme activity of Pr-MDH with cytochrome cGJ. Daniel also 

investigated the interaction of PQQ and Ln-MDH with cytochrome cGJ that are not presented in this 

work. 

 

For the Bachelor’s thesis, Isabella Heinzelmann asisssted with the large-scale cultivation of Lu-SolV, 

the purification of Ln-MDH and conducted dye-coupled activity assay to assess the enzyme activity of 

Ln-MDHs. Only the growth curve of Lu-SolV is presented in this thesis. 
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