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Abstract 
Chemically, C-H functionalization is difficult because carbon-hydrogen bonds are relatively 

inert. Consequently, limitations in chemo-, regio- and stereo control occur, as conventional 

organic synthesis requires extensive protection group chemistry. Fe(II)/α-ketoglutarate-

dependent dioxygenases (KDOs) provide an excellent synthesis alternative, as they catalyze 

selective C–H oxidation reactions. However, recombinantly produced KDOs are predominantly 

formed as catalytically inactive inclusion bodies or precipitate upon purification. Further, they 

are unstable under oxidative conditions. As a result, their use is limited in preparative 

biotransformations. 

Three different KDOs were evaluated in this study for their potential application in a preparative 

lab scale. They catalyze the stereoselective hydroxylation of the L-lysine side chain in 3-

position (CaKDO from Catenulispora acidiphila) and 4-position (CpKDO from Chitinophaga 

pinensis or FjKDO from Flavobacterium johnsoniae). This thesis aims to optimize process 

bottlenecks by increasing the soluble production of the enzymes and implementing an in-situ 

immobilization for improved enzyme stability and recyclability. 

Covalent immobilization of the KDOs via the HaloTag® resulted in a strong increase in 

stability for CaKDO. Upon immobilization of all three KDOs, the increase in stability enabled 

substrate conversion of > 200 mM L-lysine. Further, enzyme recycling was possible in an 

analytical scale for FjKDO and CpKDO for four batches with conversions of 100% and 84%, 

respectively, thereby effectively increasing the space-time yields. Further, immobilized 

CaKDO-HaloTag® and FjKDO-HaloTag® were applied in a preparative lab-scale (15 mL) 

with 16 g L-1 product titers and specific space-time-yields of 73.4 gproduct L−1 h−1 per gimmobilized 

CaKDO and 133.65 gproduct L−1 h−1per gimmobilized FjKDO, respectively. Using a HaloTag®-

immobilized lysine decarboxylase from Selenomonas ruminantium (SrLDC), the (3S)-hydroxy-

L-lysine from the CaKDO-catalyzed reaction was successfully decarboxylated to (2S)-hydroxy-

cadaverine without intermediate product purification, yielding a product titer of 11.6 g L−1 in a 

15 mL consecutive batch reaction. The absence of metabolic background of whole cells or cell-

free extracts enabled a successful product purification.  
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Kurzfassung 

Chemisch ist eine C-H-Funktionalisierung schwierig, da Kohlenstoff-Wasserstoffbindungen 

relativ träge sind. Dazu kommt es zu Einschränkungen bei der Chemo-, Regio- und 

Stereoselektivität mit Methoden der herkömmlichen organischen Synthese, die zumeist nur 

durch umfangreiche Schutzgruppenchemie realisiert werden kann. Fe(II)/α-Ketoglutarat-

abhängige Dioxygenasen (KDOs) bieten eine hervorragende Synthesealternative, da sie ein 

breites Spektrum selektiver C-H-Oxidationsreaktionen katalysieren. KDOs werden allerdings 

zum großen Teil als inaktive Einschlusskörper produziert, fallen bei der Reinigung aus und sind 

unter oxidativen Bedingungen instabil, sodass ihre Verwendung in präparativen 

Biotransformationen begrenzt ist. 

In dieser Dissertation wurden drei verschiedene KDOs auf ihre mögliche Anwendung im 

präparativen Labormaßstab untersucht. Sie katalysieren die stereoselektive Hydroxylierung der 

L-Lysin Seitenketten in 3-Position (CaKDO aus Catenulispora acidiphila) und 4-Position 

(CpKDO aus Chitinophaga pinensis oder FjKDO aus Flavobacterium johnsoniae). Ziel dieser 

Arbeit war die Optimierung von Prozessengpässen durch die Steigerung der löslichen Enzym 

Produktion sowie die Immobilisierung der Enzyme direkt aus dem Rohzellextrakt zur Erhöhung 

der Enzymstabilität und zur Wiederverwendung. 

Die kovalente HaloTag® -Immobilisierung der KDOs führte zu einer signifikanten Erhöhung 

der Stabilität der CaKDO. Nach der Immobilisierung aller drei KDOs ermöglichte die erhöhte 

Stabilität einen Substratumsatz von > 200 mM L-Lysin. Darüber hinaus war das 

Enzymrecycling im analytischen Maßstab für FjKDO und CpKDO für 4 Reaktionszyklen mit 

Umsätzen von 100 % bzw. 84 % möglich, wodurch die Raumzeitausbeuten effektiv erhöht 

wurden. Dabei konnte die immobilisierte CaKDO-HaloTag® und FjKDO-HaloTag® im 

präparativen Labormaßstab (15 mL) mit 100 mM L-lysine mit 16 g L-1 Produkttiter und 

Raumzeitausbeuten von 73,4 gProdukt L-1 h-1 pro gimmobilisierter CaKDO bzw. 133,65 gProdukt L-1 h-1 pro 

gimmobilisierter FjKDO eingesetzt werden. Unter Verwendung einer HaloTag®-immobilisierten 

Lysindecarboxylase aus Selenomonas ruminantium (SrLDC) wurde das (3S)-Hydroxy-L-Lysin 

aus der CaKDO-katalysierten Reaktion erfolgreich in (2S)-Hydroxy-Cadaverin decarboxyliert, 

ohne, dass das Zwischenprodukt aufgereinigt werden musste, wobei ein Produkttiter  von 

11,6 g L-1 in einer 15-mL-Batch-Reaktion erreicht wurde.  

Eine erfolgreiche Produkt Aufreinigung war möglich, da die Anwendung isolierter Enzyme, im 

Gegensatz zu ganzen Zellen oder Rohzellextrakten, sehr saubere Produktüberstände 

ermöglicht.  
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Abbreviations 

 
BSA bovine serum albumin 

C. glutamicum Corynebacterium glutamicum 
CaKDO (KDO 1) KDO from Catenulispora acidiphila 

CatIBs catalytically active inclusion bodies 
CLEA cross-linked enzyme aggregates 

CpKDO (KDO 2) KDO from Chitinophaga pinensis 
Da Dalton 

DAD diode array detector 
DC decarboxylase 

E. coli Escherichia coli 
EcLDC lysine decarboxylase from E. coli 

FjKDO (KDO3)  KDO from Flavobacterium johnsoniae 
FLD fluorescence detector 

FsKDO (KDO5)  KDO from Flavobacterium species 
HEPES 2-hydroxyethylpiperazine-N-a-ethanesulfonic acid 
HPLC high-pressure liquid chromatography 
IMAC immobilized metal ion affinity chromatography 
IPTG isopropyl-β-D-thiogalactopyranoside 
KDO α-ketoglutarate-dependent dioxygenase 
LB lysogenic broth 

LDC lysine decarboxylase 
NTA nitrilotriacetic acid 
OPA O-phthaldialdehyde 

PAGE polyacrylamide gel electrophoresis 
PDB protein data bank 
PLP pyridoxal-5-phosphate 
rpm revolutions per minute 
SDS sodiumdodecylsulfate 

SrLDC LDC from Selenomonas ruminantium 
sSTY specific space-time-yield 
STY space-time-yield 
TB terrific broth 

TRIS Tris(hydroxymethyl)aminomethane 
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1 Introduction 

1.1 Bioeconomy and Green Chemistry 

 

Fossil resources, like coal, natural gas, and especially petroleum, are vital to many processes 

including the generation of energy or the production of technical products. As a source of raw 

materials and chemicals, fossil fuels are essential to our industrial processes. Petroleum is one 

of the key players in our industrial market economy: it is used in gasoline, diesel, or kerosene 

in the transportation sector, in the chemical sector for the production of bulk and fine chemicals, 

or as a precursor for active pharmaceutical ingredients. The use of petroleum, however, is 

highly problematic given that it contributes substantially to climate change due to the release 

of greenhouse gases during its extraction, refining, and burning. In addition, it has the potential 

to cause political conflicts, not to mention its inherent limitation and the inevitable need to 

substitute it. 

To slow down the rapid consumption of non-renewable resources, the only alternative is the 

increased use of biomass [1]. Therefore, there is an urgent need to develop strategies that enable 

the use of natural resources in environmentally friendly, but at the same time economic 

industrial processes. These ideas are summarized under the concept of bioeconomy. 

Bioeconomy is a politically motivated concept with the objective of a transformation from a 

petroleum-based market economy to a market economy based on sustainable and renewable 

resources. More precisely, it is defined as: “the knowledge-based production and utilization of 

renewable resources, to provide products, processes, and services in all economic sectors within 

the context of a future-capable economic system” [2]. Petrochemistry is based on the principle 

of producing easy-to-handle and defined, chemically pure basic materials from crude oil in 

refineries. In efficient product lines, a system has been established in which basic chemicals, 

intermediate products, and refined products are manufactured. Many of these petroleum-based 

products can be replaced by value-added chemicals produced from biomass resources [1,3]. 

Such bio-based products thus represent a crucial new market opportunity. However, the 

challenge is to transfer the efficient product lines from oil refineries to biorefineries [1]. 

Major feedstocks for biorefineries include starch crops, sugar crops, perennial grasses and 

legumes, lignocellulosic crops, lignocellulosic residues, oil crops, aquatic biomass, and organic 

residues. A biorefinery typically processes feedstocks into several key intermediate products. 

Many processes have been developed to replace petroleum-based products and process routes 
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during the last decade. Consequently, a platform of bio-based chemicals was constructed 

including L-lysine, succinic acid, ethanol, glycerol, and many more. Platform chemicals are 

petroleum-based or bio-based intermediates, which act as building blocks to generate several 

industrial relevant products, like (bio-)polymers or active pharmaceutical ingredients [4,5]. 

Strongly connected to the concept of bioeconomy is also the concept of Green Chemistry. Green 

Chemistry finds application in the design of processes to reduce or eliminate the use and 

generation of hazardous substances while maximizing efficiency and sustainability. The 

ultimate goal is to reduce waste to conserve natural resources, limit environmental pollution, 

improve public health, and ensure work safety. The concept of Green Chemistry was originally 

published by Paul Anastas in 1998 [6,7] and is summarized by 12 principles. In 2005 a 

modification of these principles was published by Tang et al [8] and in 2008 the concept was 

extended by the 12 principles of green engineering (Figure 1) [9]. Together these principles 

serve to facilitate the design of more sustainable and less hazardous processes. 

 

 

Figure 1: Overview of the principles of green chemistry and green engineering adapted from Tang et al. 2008 [9]. 

 

1.2 Biocatalysis – A general overview 
 

One way to realize concepts of Green Chemistry and bioeconomy is by using biocatalysis. 

Generally, biocatalysis is defined as the conversion of organic compounds by organisms, cell 

extracts, or isolated enzymes. For many years humankind has used biocatalysis for the 

production of wine, beer, cheese, and bread, without knowing the underlying molecular 
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mechanisms [10,11]. Within the last decades, the development in genetic engineering, industrial 

microbiology, and process engineering lead to the development of improved and industrially 

relevant biotechnological processes. In the industrial biotechnology sector, enzymes are used 

to generate technical valuable products or precursors, like fine chemicals, pharmaceuticals, or 

biopolymers in a biocatalysis process [12,13]. One possibility of using enzymes in industrial 

multistep processes is fermentation, where living cells are used to generate relevant products 

using their own metabolism for the production of e.g. amino acids, vitamins, or antibiotics [14]. 

Carbon sources, like sugars or starch, are used for cell growth [15].  

Another way to apply enzyme-based catalysis is called biotransformation. Here, isolated free 

enzymes, immobilized enzymes, or metabolically inactive resting whole cells are employed. 

During biotransformation reactions, the catalyzed reaction is mostly unlinked to the cell's 

metabolism and substrates are only used for the production of the desired product [14,15]. Using 

only one enzyme makes the reaction usually more specific and can avoid the formation of side 

products. The use of enzymes for biocatalysis often has several advantages compared to 

conventional chemical synthesis: 

 

Environmental impact 

Enzymes are renewable and biodegradable; they naturally occur in living organisms and 

catalyze a broad reaction range. Therefore, many enzymes optimally operate at mild pH, 

moderate temperature, and atmospheric pressure. Concerning energy use, reactions based on 

enzymatic catalysis therefore mostly work under environmentally friendly conditions [16–18]. 

In addition, by inherently being non-toxic, degradable catalysts from renewable feedstock, 

enzymes directly address the demands of Green Chemistry (Chapter 1.1). Compared to many 

toxic and hazardous chemical processes, this might be true. However, it must be kept in mind 

that biocatalytic processes are not per se environmentally friendly or green and an individual 

assessment of the environmental impact is necessary for every process. Biocatalytic processes 

require a high amount of water for the production of the enzyme and as a solvent for the process. 

In many studies, water as a solvent is considered inheritable green since it is non-hazardous and 

does not present problems of flammability or explosion risks as associated with organic 

solvents. Therefore, water is often not included in the environmental impact [19]. Nevertheless, 

water is contaminated during the process and most likely needs to be treated, which 

consequently leads to higher energy consumption. Since the product is often diluted in the 

aqueous solvent, the E-factor, a measure to describe the amount of waste generated in a process 
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[19–21] (Chapter 1.6.5), is negatively affected when water is considered as waste. Further, 

downstream processing of the product can be hard with water as a solvent. However, the 

environmental impact of biocatalysis, also including waste water, is often still better than 

conventional process routes, as synthesis routes can be shortened, the higher selectivity 

increases the atom economy and less toxic waste is formed relative to many conventional 

chemical processes [21–23]. Besides, concepts have been developed that enable the application 

of biocatalysts also in micro-aqueous reaction systems [24]. 

 

Selectivity 

Chemical reactions often yield a mixture of different stereoisomers. In contrast, enzymatic 

reactions often score with their high stereo-, regio- and chemoselectivity [18,25]. High 

stereoselectivity is often required for the production of bioactive compounds, like active 

pharmaceutical ingredients, since different stereoisomers can have significantly different 

effects [26]. There are various methods for the stereoselective chemical synthesis of molecules, 

including using chiral pools, racemic resolution, and asymmetric synthesis. Each of these 

methods has its drawbacks [25,27]. Often the stereoselective synthesis requires the extensive 

use of protection group chemistry, which negatively affects the step economy and atom 

economy of the process (Chapter 1.6.5) [28,29]. By contrast, regio- and stereoselectivity is often 

much easier to achieve by biocatalysis, due to the steric requirements in the enzyme’s active 

site, which makes protection group chemistry redundant. As a result, biocatalytic processes 

often require fewer process steps and achieve a better atom economy. Additionally, many 

enzymes have a broad substrate range, which enables the use of a single enzyme for the 

synthesis of a broad product scope [25,30]. 

 

Cascade reactions 

The production of complex organic compounds usually requires the combination of several 

reaction steps toward the final product. In organic chemistry these steps are traditionally 

performed by consecutive batch reactions, often including the purification of intermediates, 

which is time-consuming and can result in additional waste [31]. Enzymatic cascade reactions 

describe reactions where at least two enzymes are used in two different reaction steps without 

intermediate product isolation [32]. The implementation of cascade reactions in industry can 

have several benefits: The number of intermediate steps can be reduced and a decrease of waste 

due to the elimination of downstream processing can be reached, resulting in a better step- and 
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atom economy and higher space-time-yields (Chapter 1.6.5), which is economically and 

environmentally favorable [33]. Furthermore, the reaction equilibrium can be actively shifted 

to the site of the desired product. Figure 2 shows the different modes of cascade reactions: 

simultaneous, sequential, or multi-step reactions [33]. The easiest way is a simultaneous 

cascade in a one-pot system, including all enzymes and reaction components in one reaction 

vessel at the same time [34]. To avoid cross-reactivity or the generation of undesired side 

products, enzymes can be applied in a sequential mode, by spatial or temporal separation [35]. 

When one or more isolation steps are needed, for instance, to get rid of one of the enzymes from 

the previous steps, the reaction is referred to as a multi-step reaction [33]. Yet, different 

enzymes often have different reaction rates, pH- and temperature optima. Therefore, 

optimization of these cascade reactions via reaction engineering is a crucial step. Complex 

reactions and a high number of reaction steps can also lead to mixed cascade modes [33]. 

 

Figure 2: Definition of cascade modes. Simultaneous cascade: all reaction components are added at the same time. Sequential 
cascade: reaction components are added in a sequential mode. Multi-step reactions: if isolations are needed in between the 
reaction steps. S: substrate, I: intermediate, P: product, C: cosubstrate, E: enzyme. Figure adapted from Siedentop et al.  [33]. 

However, the use of enzymes in industrial processes also faces some challenges: Enzymes are 

often unstable beyond their optimal pH, temperature range, or the cellular environment [36]. 

Furthermore, the production and application of isolated enzymes require several process steps, 

which often include time-consuming and cost-intensive purification steps and immobilization 

techniques. The use of chromatographic purification methods increases the process costs 

extensively and further immobilization e.g. by adsorption results in a fourfold increase in 

production costs [37]. For this reason, immobilized enzymes are often too expensive for 

application in industry and are mostly used when they can contribute to a process by 
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significantly improving it or enhancing its productivity, specifically for the production of 

valuable fine chemicals [37]. Therefore, different strategies exist for the enzyme and process 

design of enzymatic reactions, which can help to effectively optimize or plan the process at an 

early stage of development (Chapter 1.6). [19,38–40] 

 

1.3 C-H bond functionalization 
 

Hydrocarbons derived from fossil and renewable resources serve as precursors for a wide range 

of fine chemicals. However, C-H bonds are relatively inert; consequently, their activation 

remains challenging. Especially stereo- and regioselective C-H bond functionalization is highly 

desirable, but chemically hard to achieve, especially when “more activated”  C-H bonds than 

the position of interest are present [41]. Furthermore, chemical C-H bond functionalization 

often suffers from low yields. However, there are numerous oxidoreductases effectively 

catalyzing different kinds of oxidation reactions, which can be divided into two mechanistic 

families: dehydrogenation and oxyfunctionalization. Dehydrogenases work by abstracting an 

H atom via an acceptor molecule (nicotinamide or flavin cofactor) and do not require an active 

oxygen intermediate [41,42]. Dehydrogenases generally catalyze reversible reactions and can 

therefore be used for oxidation as well as reductive reactions [43]. Here, key enzymes are 

alcohol dehydrogenases, flavin-dependent oxidases, copper-dependent oxidases, and laccases. 

The second group involves enzymes catalyzing oxyfunctionalization that activate molecular 

oxygen or peroxide for subsequent electrophilic substitution into the substrates. Since this 

allows the insertion of oxygen into C-H, C-C, and C=C bonds, and thereby the generation of 

new functional groups, oxyfunctionalization enzymes are becoming increasingly interesting. 

Enzymes catalyzing these reactions are flavin-dependent monooxygenases, heme-dependent 

monooxygenase, non-heme iron-dependent mono- and dioxygenases, as well as peroxygenases 

[41]. Three enzyme classes are especially interesting for the oxidation of C-H to C-OH bonds 

or the hydroxylation of C(sp3)-H bonds. Most commonly used are P450 monooxygenases, 

which use oxygen species, bound to an iron atom, which is coordinated within a heme prosthetic 

group. Since one oxygen atom is incorporated into the substrate and the other is reduced to 

water, two electrons are required to reduce the iron cofactor during the catalytic cycle. 

Therefore, P450 monooxygenases use nicotinamide/flavin cofactors or specific reductases as 

electron donors [44]. Protein engineering and directed evolution yielded a lot of P450 variants 

for new-to-nature C-H transformations [45]. Still, the preparative use of P450 monooxygenases 
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is limited, due to low specific activities, inefficient electron transfer, uncoupling effects, and 

low stability [42]. Another enzyme class catalyzing C-H hydroxylation are peroxygenases, 

which use H2O2 instead of O2 in a so-called peroxide shunt pathway with a broad range of 

substrates [46]. Peroxygenases are structurally related to P450 monooxygenases and contain a 

heme group in the active site [41,47]. They show high turnover numbers and previous studies 

have shown their application in non-aqueous and even neat organic reaction systems [41,47]. 

However, this enzyme class oxidizes its substrates unspecifically and H2O2 is a strong 

inactivator of heme-dependent enzymes. Therefore, in situ H2O2 regeneration systems are 

needed to enable peroxygenase reactions but simultaneously minimize oxidative inactivation 

[41,42]. Another interesting enzyme class for the oxidation of C-H bonds are Fe(II)/α-ketoacid-

dependent (di-) oxygenases, which will be described in detail in the following chapters (Chapter 

1.4). While biocatalytic C-H oxyfunctionalizations are interesting reactions, many publications 

report processes only in an analytical scale, which leaves questions about enzyme expression 

levels, stability, overall process robustness, and feasibility of scale-up [48]. 

 

1.4 Fe(II)/α-ketoglutarate-dependent dioxygenase as a tool for C-H 

functionalization 
1.4.1 General overview 

 

Among the superfamily of Fe(II)/α-ketoglutarate-dependent oxygenase, α-ketoglutarate 

dependent dioxygenases (KDOs, EC 1.14.11.) catalyze the regio- and stereoselective 

hydroxylation of C(sp3)-H bonds [49]. Besides, this enzyme class catalyzes halogenation, ring 

closure, desaturation, epimerization, ring expansion, and epoxidations, making them an 

interesting target for biotransformations [42,50–53] (Figure 3). The first members of this family 

that were identified were prolyl and lysyl hydroxylases (C5 hydroxylation), which are involved 

in collagen biosynthesis [49]. Since then, these enzymes have been identified in several plants, 

microorganisms, and humans. KDOs have versatile functions and were found to be involved in 

nucleic acid repair mechanisms [54], transcriptional regulations, and hypoxic response to 

oxygen [55–58], which makes them especially interesting as a target for inhibition or activation 

in anti-ischemic therapies or antitumor therapies [54,59]. In plants and microorganisms, KDOs 

have been found in pathways leading to medically important antibiotics [49,60–62].  

Enzymatic C-H hydroxylation has mainly focused on P450 monooxygenases, while KDOs have 

remained largely unexplored [63]. KDOs are self-sufficient and do not need specific reductases 
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or expensive biological nicotinamide or flavin cofactors, they utilize iron as a cofactor to 

activate O2. The electrons required for oxyfunctionalization come from the cheap cosubstrate 

α-ketoglutarate [42]. In hydroxylation reactions, one respective oxygen molecule is transferred 

to the cosubstrate α-ketoglutarate and the main substrate; thereby they catalyze the oxidative 

decarboxylation of α-ketoglutarate toward succinate and CO2. However, in reactions like 

epoxidation, ring closure, ring expansion, epimerization, and halogenation, the second oxygen 

atom is reduced to water (Figure 3). To keep the iron (II) in its reduced state, ascorbic acid is 

added to the reaction. However, some KDOs are barely active without ascorbic acid. In these 

cases it is believed that iron reduction might not be the only role of ascorbic acid and 

investigation of its overall function is the subject of ongoing research [64].  

 

 

Figure 3: Diversity of reactions catalyzed by Fe(II)/α-ketoglutarate-dependent oxygenases. AKG= α-ketoglutarate, SUCC= 
succinate. Taken from Purpero and Moran, 2007 [65]. Reprinted with permission from Springer Nature. 

 

1.4.2 Structure of Fe(II)/α-ketoglutarate-dependent oxygenases 

 

The substrate specificities of the members of this enzyme family are as diverse as their amino 

acid sequences [49]. Crystallographic studies have revealed two structural features, which are 

shared among this enzyme family. The Fe(II) is bound by a highly, but not universally, 
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conserved HXD/E…H triad, including two His residues and one Asp or Glu residue, resulting 

in a 2-His-1-carboxylate motif. Reasons for the occasional presence of glutamate instead of 

aspartate are yet unclear [64]. The 2-His-1-carboxylate motif is located within a double-

stranded helix fold (DSBH), also called jellyroll, cupin, or jumonji C fold. It is composed of 

eight antiparallel strands forming a structure of two (minor and major) four-stranded 

antiparallel sheets (Figure 4) that form a squashed barrel. The more open-end contains the Fe(II) 

and α-ketoglutarate binding elements. The DSBH is stabilized by internal hydrophobic 

interactions and by conserved -helices [49]. -Helices at the N-terminus are assumed to play 

a role in fold stabilization and sometimes dimerization, while -helices at the C-terminus are 

involved in substrate recognition and dimerization. Loops with extensive secondary structure 

are often subfamily characteristics and play key structural and catalytic roles. For some 

enzymes of this family, it was not possible to obtain crystals for the holo enzyme under aerobic 

conditions, which lead to the development of anaerobic crystallization methods [49].

Figure 4: Structure of single monomers of prolyl hydroxylase from Pseudomonas putida and lysyl hydroxylase from 
Catenulispora acidiphila (KDO1, CaKDO) for comparison. A) View of a PPHD structure (PDB ID: 4IW3) showing Fe (orange 
sphere) and α-ketoglutarate (purple); core DSBH (green) (I-VIII), N-terminal region, and C-terminal region are indicated and 
2OG- (yellow ovals) binding residues. Abbreviations: 2OG, 2-oxoglutarate; 2OGX, 2OG-dependent oxygenase; DSBH, 
double-stranded β-helix; NOG, N-oxalylglycine; PDB, Protein Data Bank; PPHD, Pseudomonas prolyl hydroxylase domain. 
Taken from Islam et al. [64]. B) View of KDO1 (CaKDO) structure (PDB ID: 6F2B) showing Fe (grey sphere) and α-
ketoglutarate (blue); DSBH (magenta), N-terminal region and C-terminal region are indicated. Representation was done in 
PyMOL based on PDB code 6F2B [66].

1.4.3 Reaction mechanism

Kinetic, spectroscopic, and crystallographic analyses show that the Fe(II) cofactor binds to the 

active site before the substrate or the cosubstrate (1, Figure 5) [49]. When α-ketoglutarate is 

absent, the Fe(II) is bound on one face by the three amino acid residues (2-His-1-Asp/Glu) and 
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three additional coordination sites are occupied by water molecules (1, Figure 5). In some cases, 

Fe(II) binds closely to the active site but can be removed using metal ion chelators or dialysis 

[49]. The processes by which Fe(II) is introduced to and maintained at the active site are not 

well understood [64]. Upon binding of α-ketoglutarate, two water molecules are displaced, and 

the formation of a bidentate configuration with the keto group opposite the Asp and the 

carboxylate group opposite one of the His residues is generated (2, Figure 5). Next, the primary 

substrate is bound to the active site, but not to the metal ion (3, Figure 5). Binding to the active 

site triggers the displacement of the third water molecule and the binding of O2 to the metal ion, 

producing a Fe(III)-superoxo intermediate (4, Figure 5). Also, the position of the initial binding 

of O2 to the metal in trans to either the proximal or distal histidine is unclear and might vary 

[64]. The distal oxygen atom attacks the C2 of the Fe(III)-superoxo intermediate, generating a 

peroxohemiketal bicyclic intermediate (5, Figure 5). Next, oxidative decarboxylation of α-

ketoglutarate is initiated by the release of CO2, yielding a spectroscopically characterized 

Fe(IV)-oxo species, known as ferryl intermediate, to which succinate is bound (6, Figure 5) 

[64]. The ferryl species abstracts a hydrogen atom from the primary substrate, generating a 

substrate radical (7, Figure 5). Product formation and succinate release takes place in one of 

two ways: Either by a hydroxyl radical rebound (8.1, Figure 5), which yields the hydroxylated 

product, or by deprotonation of the Fe(III)-OH (7, Figure 5), yielding a Fe(III)-oxo intermediate 

(8.2, Figure 5), which is followed by the formation of a Fe(II) alkoxo species (9.2, Figure 5) 

and the dissociation to the products (Figure 5) [51,67,68]. Different steps of the reaction 

mechanism are not known in detail yet, including the activation of O2, how the Fe(IV)-oxo 

intermediate (5, Figure 5) is generated, and details about how the more exotic KDO reactions, 

like oxidative rearrangements (Figure 3), occur [64]. For some KDOs the enzyme:Fe(II):α-

ketoglutarate complex seems to be stable and in some cases, the holo enzyme can even be 

purified as such. For some enzymes, the enzyme:Fe(II):α-ketoglutarate complex can undergo 

substrate uncoupled reactions, meaning the conversion of α-ketoglutarate to succinate and CO2 

without the main substrate being present [49]. 
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Figure 5: Common reaction mechanism postulated for hydroxylation reactions catalyzed by Fe(II)/α-ketoglutarate-dependent 
oxygenases [51,67].

1.4.4 Application of KDOs in biotransformations

Next to their application in antibiotic synthesis, the application of KDOs in biocatalytic 

reactions has mainly focused on the hydroxylation of amino acids (Figure 6) [42]. As 

hydroxylated amino acids possess two to three stereocenters, they are potential chiral building 

blocks for asymmetric synthesis, pharmaceutical agents, and natural product synthesis, and 

respective enzymes are highly interesting [48,66]. While primary β-amino acids can easily be 

accessed from the corresponding α-amino acids by conventional chemical synthesis, access to 

chiral amino alcohols needs tedious synthetic pathways and sensitive control of stereochemistry 

[48,69,70]. Several patents prove KDOs’ potential for the biocatalytic production of 

functionalized amino acids [71–77].

However, the use of isolated KDOs at a larger scale remains challenging due to issues with the 

generation of reactive oxygen species leading to enzyme damage [64]. Up to now the number 

of preparative applications of KDOs in the literature is negligible, which is most likely due to 

their tendency to be produced in the form of insoluble inclusion bodies [78–81], their fast 

precipitation upon chromatographic purification [78], and their general instability under 
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oxidative conditions [81], making sufficient enzyme production and instability the bottlenecks 

for biotransformations. In most preparative applications KDOs are therefore applied as whole 

cells or as cell-free extracts [42,80,82,83]. Apart from the enzyme SadA, which was applied 

immobilized on controlled porosity glass (EziG™) [81], preparative applications of either 

isolated or immobilized KDOs are hardly known. When isolated enzymes are used, substrate 

concentrations or the scale of the reaction are usually low [42,63,74,84]. Since many of such 

applications concern the hydroxylation of amino acids [42], the use of E. coli whole cells or 

cell-free extracts can complicate the overall process by e.g. side reactions due to the cellular 

background and mass transfer issues. Downstream processing of products can be severely 

hampered by the large amounts of whole cells or cell-free extract that are necessary to achieve 

full conversion [81]. Further, whole cells and cell-free extract cannot be recycled, and 

separation of the biocatalyst is more difficult than for instance, using an immobilized enzyme 

(Chapter 1.6.2 and 1.6.2.1). Especially, oxygen transfer can be difficult, leading to low 

conversions. For increasing the oxygen transfer rate, often Triton-X is added to the mixture to 

permeabilize the cell wall [80,85]. 

 

Figure 6: Overview of selected amino acid hydroxylations. The figure is taken from Peters and Buller [42]  
https://creativecommons.org/licenses/by/4.0/. 

https://creativecommons.org/licenses/by/4.0/
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1.4.4.1 Lysine hydroxylases

Chiral hydroxy-L-lysines are used as chiral auxiliaries [42], as precursors for active 

pharmaceutical ingredients, such as the HIV protease inhibitor palinavir [86,87], for potential 

novel anticancer drugs such as tambromycin [82], the protein kinase c inhibitor (-) balanol [88], 

and the proteasome inhibitors cepafungin I or glidobactin A [79,89]. 

KDOs from Catenulispora acidiphila (CaKDO, KDO1: 3-hydroxylation), Chitinophaga 

pinensis (CpKDO, KDO2: 4-hydroxylation), and Flavobacterium johnsoniae (FjKDO, KDO3: 

4-hydroxylation) have recently been discovered by Baud et al. [69,90] (Figure 8 and Figure 7)

and are highly stereoselective [66]. K4H-2 and K4H-1, which correspond to CpKDO and 

FjKDO, respectively, were independently discovered by Hara et al. [83]. Crystal structures of 

CaKDO and another KDO from Flavobacterium species (FsKDO, KDO5) have been 

determined, demonstrating the typical double-stranded β-helix core structure of the α-

ketoglutarate-dependent oxygenase structural superfamily (Figure 7) [66,91]. For both 

enzymes, the crystal structures show tetramers formed by two dimers per asymmetric unit, 

while their quaternary structures in solution are different: dimeric for CaKDO and tetrameric 

for FsKDO. The catalytic site of both enzymes is accessible through a flexible loop that controls 

the opening to the catalytic site and is meant to shield the substrate from bulk solvents. The 

conserved HXD/E…H triad, shows the typical two His residues and one Glu residue [66].

Figure 7: B-factor putty representation of the dimeric interface of CaKDO and FsKDO. Helix α2, α3, and α8 at the dimeric 
interface, lid, and adjacent loop are highlighted. The figure was taken from Bastard et al. [66]
https://creativecommons.org/licenses/by/4.0/.

https://creativecommons.org/licenses/by/4.0/
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1.4.4.2 Lysine hydroxylases in cascade reactions

Baud et al. used the above described Fe(II)/α-ketoglutarate-dependent dioxygenases (KDOs) 

and PLP-dependent decarboxylases from Selenomonas ruminantium (SrLDC), Chitinophaga 

pinensis (CpDC) and Flavobacterium johnsoniae (FjDC) for cascade reactions toward the 

synthesis of hydroxylated alpha-omega diamines via the hydroxylated-L-lysines from the KDO 

reaction. For the first cascade step, KDOs from different organisms were used to catalyze the

stereoselective enzymatic hydroxylation for the synthesis of the corresponding hydroxy-L-

lysines (Figure 8). The second cascade step is the decarboxylation of the (3S)-hydroxy-L-lysine 

to access the corresponding (2S)-hydroxy-cadaverine and (4R)-hydroxy-L-lysine to the 

corresponding 3-hydroxy-cadaverine. Isolated yields of 11-12 mg (93-98%) from the 

corresponding (2S)-hydroxy-cadaverine or 3-hydroxy-cadaverine HCl salt could be obtained 

by a preparative cascade reaction starting from 10 mM L-lysine on a 10 mL scale with enzymes 

applied in form of cell-free extract within total reaction times of about 36 h [69]. Since both 

substrates, L-lysine and α-ketoglutarate, as well as L-ascorbic acid can be obtained by 

fermentation, this cascade can, in principle, be based fully on renewable resources.

Figure 8: Single-step KDO reactions towards hydroxylated L-lysine derivatives and cascade reaction employing SrLDC, 
CpDC, and FjDC towards (2S)-hydroxy-cadaverine or (3)-hydroxy-cadaverine. Cascade reaction was first published by Baud 
et al. [69].
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1.5 Lysine decarboxylases as a tool to access bio-based polymers
1.5.1 Biopolymers

The worldwide demand for plastics and chemical fibers is about 500 million tons per year. Most 

of these products rely on fossil resources like petroleum [92]. However, in the last years, the 

bio-based production of biopolymers was intensively studied. The global market size for 

bioplastics is considered to increase from currently $9.2 billion to $20 billion by 2026 and the 

global production capacity of bioplastics is supposed to expand to 2.9 million tons by 2025. In 

addition, biopolymers are considered to be superior polymers, due to their biocompatibility and 

biodegradability [93]. Among these, especially bio-based polyamides are interesting. 

Polyamides usually consist of a diamine monomer and a dicarboxylic acid, as shown in Figure 

9. The diamine monomer can be derived from amino acids like L-lysine and L-ornithine and is 

an excellent basis for the production of biopolymer moieties from renewable materials. 

However, it should be noted that bio-based polyamides are not per se biodegradable [93].

Figure 9: PA 5.10 and PA 5.4 as an example of fully bio-based nylon 5X materials from the diamine monomer cadaverine 
(1,5-diaminopentane) and dicarboxylic acid monomer (sebacic acid or succinic acid). Figure adapted from Kind et al. [94]

Especially the bio-based production of cadaverine (1,5-diaminopentane) (C5) has gained 

significant attention. It can replace the petrochemically produced hexamethylenediamine (C6) 
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as a building block for polyamides, polyurethane, and polyurea but also as a precursor for active 

pharmaceutical ingredients or applications in the agricultural sector (Figure 10). The resulting 

bio-polyamide nylon 5X materials have excellent properties, even superior to petroleum-based 

nylon 6.6. However, up to now, bulk cadaverine is commercially not available and there is no 

petrochemical route for the production of cadaverine [95]. Chemical cadaverine synthesis does 

not only have a significant impact on the environment, but it also suffers from serious 

equipment corrosion, low target product selectivity, poor catalyst stability, and incapability of 

continuous and stable production [92].  

A lot of research has been invested in the biological production of cadaverine, which 

predominantly focuses on the production via fermentation using E. coli or C. glutamicum 

strains, mainly utilizing lysine decarboxylases to catalyze the reaction from L-lysine towards 

cadaverine. The most commonly used lysine decarboxylases originate from E. coli: the 

constitutive lysine decarboxylase EcLDCc and the inducible lysine decarboxylase 

EcLDCi (also called CadA or LdcI) [96,97]. Lysine decarboxylases are industrially used for the 

production of cadaverine, where most research focuses on the construction of engineered strains 

with CadA from E. coli. The direct microbial fermentation for the production of cadaverine 

based on sugars like glucose, galactose, starch, and lignocellulose or methanol and mannitol 

suffers from unsuitable downstream processing on an industrial scale due to the low 

concentration of cadaverine, its cellular degradation, product inhibition, high metabolic 

background, and long fermentation processes. Recently different studies using lysine 

decarboxylases from E. coli in whole-cell processes or as immobilized enzymes have been 

investigated as extensively reviewed by Huang et al. [92]. To further intensify cadaverine 

production processes, the discovery of novel and efficient lysine decarboxylases is crucial [92]. 
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Figure 10: Application of cadaverine as a building block for nylon 5X materials. Figure adapted from Huang et al. [92]

Putrescin (tetramethylendiamin, 1,4-diaminobutan) is another biogenic amine that can be used 

as a building block for PA 4.6 or PA 4.4. PA 4.6 consists of putrescine and adipic acid, also

known as Stanyl (nylon 4.6), produced by DMS N.V. Industrial production of putrescin is done 

by a petroleum-based chemical process using propylene, ammonia, and hydrocyanic acid [98].

Biotechnologically, putrescin can be produced via two routes, by decarboxylation of L-

ornithine or L-arginine. Production of putrescin is mainly based on fermentation by E. coli or 

C. glutamicum, overexpressing the respective decarboxylase genes. However, the production 

via C. glutamicum is more productive, due to the higher tolerance toward putrescin [95].

The production of polyamines from amino acids has facilitated the production of novel 

functionalized compounds. Amino acid derivatives like hydroxy-L-lysines in a decarboxylation 

reaction could therefore result in respective hydroxylated cadaverine derivatives (Chapter

1.4.4.2).  The additional hydroxyl groups can undergo various reactions like esterification, or

they can act as initiation sites for ring-opening polymerizations of cyclic esters [99–102]. Thus, 

hydroxylated diamines could be attractive for polyamines with new properties and could enable 

access to the production of more complex polymers [101]. 

Cadaverine, various hydroxylated cadaverine derivatives, and putrescin can all be produced by 

a lysine decarboxylase from Selenomonas ruminantium (SrLDC).
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1.5.2 Lysine decarboxylase from Selenomonas ruminantium 

 

Lysine decarboxylases (LDCs) are Pyridoxal-5-phosphate (PLP)-dependent enzymes, which 

catalyze the decarboxylation of L-lysine to cadaverine under CO2 release.  

Inducible LDCs often play a role in maintaining pH homeostasis. Many bacteria use LDCs, 

whose expression is induced by acid stress from the environment and enables the organism to 

grow under acid stress. If the pH value is too low, the enzyme is induced, which subsequently 

consumes one proton from the enzymatic reaction at a time, thus increasing the pH inside the 

cell. Conversely, higher pH values lead to a decrease in enzyme activity.  However, enzymes 

that are involved in biosynthesis pathways are constitutively expressed, regardless of the pH, 

and encompass L-ornithine, L-arginine, and L-lysine decarboxylases, which are responsible for 

the synthesis of polyamines such as putrescin, spermidine, and cadaverine [103]. 

Lysine decarboxylases are Non-homologous Isofunctional Enzymes (NISEs). 

NISEs are evolutionary unrelated enzymes that have evolved to catalyze the same reaction but 

with different primary and quaternary structures. There are three known structural families for 

LDCs: The alanine racemase (AR) superfamily, the 2,4-aminobutyric acid decarboxylase 

(DABA DC) superfamily, and the aspartate amino-transferase superfamily (AAT-fold). The E. 

coli LDCs belong to the aspartate amino-transferase superfamily. Whereas SrLDC belongs to 

the alanine racemase family and represents a constitutive homodimeric bifunctional 

decarboxylase meaning that besides L-lysine also L-ornithine is accepted as a substrate with 

similar kinetic parameters [96,104–106]. Decarboxylation of L-ornithine is hereby possible due 

to a water molecule present between the key active site residue and the shorter L-ornithine 

molecule. As shown by Baud et al. SrLDC is also able to decarboxylate (3S)-hydroxy-L-lysine, 

(4R)-hydroxy-L-lysine, and (5R)-hydroxy-L-lysine, although with different activities [69]. 

Furthermore, the predominant function of SrLDC seems to be the biosynthesis of cadaverine 

for its use in the cell wall’s peptidoglycan layer of Selenomonas ruminantium, and not 

necessarily as a pH control system [107,108].  

 

1.5.3 Structure of the lysine decarboxylase from Selenomonas ruminantium (SrLDC) 

 

The PLP-dependent L-lysine decarboxylase from SrLDC is a dimer consisting of two 

monomers with a size of 44 kDa, respectively. Each of these monomers is composed of a barrel 

domain and a sheet domain (Figure 11). The barrel domain (Leu27-Cys261) consists of eight 
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α-helices (α2-α9) and eight parallel β-strands (β2-β9). The eight-stranded-β-sheet core acts as 

a cofactor-binding site, which is wrapped by the α-helices. A seven-stranded antiparallel β-sheet 

(β1, β10-β15) surrounded by three short α-helices forms the sheet domain (Met1 Ser26, Gly262 

Val393). The barrel domain of one monomer and the sheet domain of another monomer forms

a dimer via a head-to-tail contact (Figure 11). This arrangement forms identical active sites at 

the dimer interface. PLP binds to a pocket formed in the barrel domain and the catalytic residue 

Lys51 interacts with the aldehyde group of the pyridoxal ring [103].

SrLDC shows a lower affinity towards PLP (Kd = 72 µM [109]) than other PLP-dependent 

enzymes, which might be due to the highly flexible active site. Upon introduction of internal 

disulfide bonds, Sagong et al. [109] were able to increase the PLP affinity threefold compared 

to the wildtype enzyme. Also, the introduction of additional disulfide bonds leads to a higher 

enzymatic activity and resistance to pH and temperature [109].

Figure 11: Crystal structure of SrLDC represented as a cartoon diagram. A) Monomer B) Dimer. Taken from Sagong et al. 
[103] https://creativecommons.org/licenses/by/4.0/.

1.5.4 Reaction mechanism of PLP-dependent decarboxylases

Pyridoxal-5-phosphate (PLP) is the active form of vitamin B6. It catalyzes reactions like 

transamination, racemization, and decarboxylation at the Cα of an amino acid substrate [110].

As for LDCs the reaction mechanism is not yet described in the literature but is thought to be 

similar to other decarboxylases [110]. Therefore, the following mechanism is based on the one 

described for histidine decarboxylase [111], which is presumed to occur in two steps: the first 

step being the decarboxylation of the substrate (L-lysine), followed by protonation (Figure 12).

PLP-dependent enzymes exist in their resting state as a Schiff base, where the aldehyde group 

of PLP forms an internal aldimine bond with a lysine residue in the active site of the enzyme

(1). L-lysine (substrate) binds to the PLP by forming an external aldimine (2). The 

https://creativecommons.org/licenses/by/4.0/
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decarboxylation of L-lysine takes place by forming a carbanion intermediate (also called 

quinoid intermediate), which is resonance stabilized (3). By taking a proton from the medium, 

the carbanion is protonated (4). Upon release of the final product (cadaverine) the internal 

aldimine is re-established (1) (Figure 12) [110–113].

Figure 12: Reaction mechanism of PLP-dependent decarboxylases for the decarboxylation of L-lysine. Adapted from Joran 
and Patel [114].

1.6 Biocatalytic process development/ process intensification

An overall biocatalytic process consists of the production of the biocatalyst, the catalyst 

formulation, the actual biotransformation/reaction as well as isolation and purification of the 

product, potentially accompanied by recovery or recycling of coproduct and enzyme, 

respectively (Figure 13). For an industrial application of enzymes, certain demands concerning 

the enzyme, but also the process must be fulfilled. While research in academia is often focused 

on the development and the improvement of the enzyme, product titers, suitable production 

processes, and downstream processing strongly affect the performance of industrial biocatalytic 

processes [40]. Ideally, enzyme engineering and process intensification should go hand in hand

[39]. 
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Figure 13: Process steps to be considered for biocatalytic process development. Figure created with BioRender.com.

1.6.1 Biocatalyst production

After the identification of appropriate enzymes for the desired reaction, their efficient 

production is mandatory. Without a robust production system, yielding high titers of the soluble 

active enzyme, the enzyme production process will always remain the bottleneck, no matter 

how advanced further process intensification strategies are. While recombinant protein 

production is best studied in E. coli and many strategies for soluble protein production have 

been identified, many heterologously expressed enzymes are produced in the form of 

catalytically inactive inclusion bodies [115]. In general, the expression of a recombinant protein 

induces an additional metabolic burden for the host organism. Meaning that a certain amount 

of resources is withdrawn from the host’s metabolism for the expression of the foreign DNA. 

Metabolic burden and inclusion body formation are not directly linked; however, inclusion 

bodies occur as a response to the accumulation of not correctly folded recombinant proteins. A 

host organism that is not designed for the production of a large number of additional proteins 

will not be able to keep up with protein folding, and as a consequence, incorrectly folded 

proteins will accumulate. To enhance soluble protein production, different strategies have been

developed, also including modification of the target sequence of the enzyme [115,116]. The 

strategies for improving soluble protein expression are numerous [115]. In the following 

sections, only the ones relevant to this thesis are considered.

During gene expression, cells may suffer from metabolic stress due to limitations in oxygen, 

nutrients, or pH shifts. If the recombinant protein requires cofactors (e.g. metal ions, vitamin 

derivatives) for activity, the limitation of such cofactors could influence proper protein folding 

and stability of the recombinant enzyme. Therefore, the composition of the cultivation medium 

is important and a screening of different media (components) can aid to enhance the soluble 
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protein production [117]. Other important parameters are the induction temperature and the 

inductor (e.g. isopropyl--D-thiogalactopyranoside (IPTG)) concentration. Lower 

temperatures (16-25 °C) during the production of the recombinant protein can enhance the 

soluble protein production, probably due to a slower translation rate, and thus improve correct 

folding [117]. Further, hydrophobic interactions, the main forces in undesired aggregates, are 

reduced at lower temperatures [118]. However, a reduction in temperature can also lead to lower 

overall biomass [117]. Likewise, the translation rate can be influenced by the IPTG 

concentration. While a high IPTG concentration enables a high gene expression, it can also 

decrease correct protein folding [118]. Additionally, each typical E. coli cell exposes a different 

number of lactose permeases (encoded by lacZY) on its surface. Therefore, the actual amount 

of IPTG entering the cell can differ from cell to cell, making the adjustment of an optimal IPTG 

concentration difficult and not reproducible. Tuner BL21 (DE3) E. coli strains, are lacZY 

deletion mutants of the E. coli BL21(DE3) strain and allow for a uniform intake of IPTG into 

the cells of the population [119]. Another strategy is the activation or coexpression of molecular 

chaperones. Chaperones are proteins also encoded by E. coli, which actively drive folding 

attempts or prevent protein aggregation [116]. One strategy is to coexpress additional 

chaperones via a second plasmid. Different plasmids are available, for example from Takara 

Bio coding for different chaperones, or combinations thereof [120]. Another strategy is to 

overcome E. coli’s codon bias. Each amino acid is encoded by more than one codon; every 

organism has its own bias in its usage of the 61 available codons, meaning that the frequency 

in which different codons are used varies significantly between different organisms. In 

recombinant protein production, the host organism is often forced to express genes for which it 

does not have abundant tRNAs, also called rare codons. The expression of genes encoded by 

rare codons can lead to translational malfunctions and consequently to misfolded or truncated 

proteins. To overcome these problems, Rosetta2 BL21 (DE3) strains [119] are co-transformed 

with plasmids encoding for tRNAs of rare codons, also called pRARE. [118,121–123] 

There are many more strategies, which can be used to enhance the soluble production of 

enzymes, however, no generic approach exists [115]. For every enzyme, an individual, optimal 

expression system must be found. 
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1.6.2 Biocatalyst formulation 

 

For improved enzyme performance, a variety of strategies including classical enzyme 

engineering strategies and enzyme formulation strategies are available. While enzyme 

engineering pioneered by Arnold, Stemmer, and Reetz [40,124] has contributed a great deal to 

the application of enzymes in biotransformations, it is not relevant for this thesis and will 

thereby not be considered in the following. Another tool for enzyme optimization is their 

effective formulation. Enzymes can be formulated as a cell-free extract, in the form of resting 

whole cells, as free purified enzymes, or as immobilized enzymes. All formulations have 

advantages and disadvantages, which highly depend on the enzyme and the overall biocatalytic 

process. 

A whole-cell biocatalyst, either used as proliferating cells or as resting cells, is by far the 

cheapest formulation of a biocatalyst. In their natural microenvironment, enzymes usually show 

inherent stability and benefit from the intrinsic availability of cofactors [125]. On the other 

hand, the mass transport of substrates and co-substrates via the cell membrane can be limited, 

requiring the addition of solvents, surfactants, or chelating agents, thereby potentially 

increasing the E-factor (Chapter 1.6.5) of the process [125]. Additionally, endogenous enzymes 

in the cell can lead to the formation of undesired site products, which could potentially lower 

the product yield or complicate downstream processing [126,127]. To compete with the 

enzymes in the cellular background, the target enzyme must be present in higher concentration 

and should transform the substrate with higher activity (compared to competing activities) to 

the target product. Furthermore, reactions, where a tight control of the reaction parameters is 

required, are difficult to perform with whole cells, because the environment inside the cell is 

less affected by the reaction conditions inside the reaction vessel [127]. 

Enzymes formulated as cell-free extract are similarly cheap to produce as whole cells, but 

require additional cell lysis and removal of cell debris, e.g., by centrifugation. Since the enzyme 

is available in its free form, there is no mass transfer limitation due to a cell wall, and control 

of reaction parameters is easier [127]. However, the missing cell environment and cell envelope 

can also result in a loss of enzyme stability. In addition, the soluble metabolic background of 

the cells is present in the cell-free extract, which can impair the atom economy due to the 

formation of side products and may complicate downstream processes.  

The latter problem can be solved by using isolated enzymes that can be obtained after 

(chromatographic) purification from the cell-free extract. Pure enzymes are beneficial in 
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reactions where high reaction control is needed or high purity of the product stream is necessary 

[37,128]. However, the use of isolated enzymes faces some challenges: purification increases 

the catalyst costs immensely, especially if chromatography is required [37]. Purified enzymes 

often suffer from a lack of stability when used in vitro and, as holds for whole cells or cell-free 

extracts, they cannot be recycled. This makes them expensive, which is the reason why purified 

enzymes are often only used to generate high-value-added products [129]. One possibility to 

deal with the instability and the high production costs of purified enzymes is immobilizing the 

enzyme to the carrier directly from the crude cell extract [36,126,130].  

 

1.6.2.1 Enzyme immobilization  

 

The reaction conditions in a technical environment are often entirely different from the natural 

environment of enzymes in terms of pH, organic solvents, temperature, mechanical stress 

through shaking or pumping, non-physiological high substrate- and product concentrations or 

contact to different surfaces.  Consequently, stabilization of the enzyme is required to improve 

the long-term operational stability. Besides optimizing the molecular structure of the enzyme, 

an increase in operational stability can also be achieved by enzyme immobilization. Purified 

enzymes as well as cell-free extracts are soluble in water, and hence are difficult to recover 

from an aqueous solution. Therefore, they are mainly employed on a single-use basis, which is 

neither cost-efficient nor in line with a circular economy [131]. Additionally, immobilized 

enzymes are often easier to handle as a solid than in solubilized form. An immobilisate can 

easily be separated from a liquid reaction mixture, which minimizes or eliminates protein 

contamination of the product and improves downstream processing. Furthermore, 

immobilization enables the efficient recovery and reuse of enzymes, which results in a decrease 

in process cost [126].  

Depending on the enzyme, the reaction, and the process, there are three principal ways for 

immobilization: binding to a carrier, cross-linking of enzymes, and entrapment in matrices 

(Figure 14) [36]. Furthermore, immobilization can be applied to all kinds of enzyme 

formulations including whole cells or cell-free extracts, though, the application of genetically 

modified bacteria in processes requires administrative approval. However, the focus in the 

following Chapter will lay on immobilization based on covalent and non-covalent bonds for 

enzymes directly from the cell-free extract.  
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Figure 14: Enzyme immobilization strategies based on Sheldon and van Pelt [36]. Enzymes can be covalently or non-covalently 
immobilized by cross-linking, via binding to a carrier, by entrapment into a carrier material, or by targeted oligomerization 
for the formation of catalytically active inclusion bodies (CatIBs).

Immobilization via covalent or non-covalent bonds usually involves carriers. However, there 

are also immobilization strategies, where the catalyst is cross-linked to itself (Figure 14). One 

example are cross-linked enzyme aggregates (CLEAS), where crosslinking of the usually 

purified enzyme is induced by a cross-linking agent, like glutaraldehyde, to form intermolecular 

links between different functional groups found on the enzyme surface [132]. Another way to 

use carrier-free immobilization based on non-covalent interactions without the need for

chemical cross-linkers and purified enzymes are catalytically active inclusion bodies (CatIBs), 

which can directly be produced in the organism using respective fusion peptides and proteins

[133]. CatIBs can be produced by the genetic fusion of an aggregation-prone part, which leads 

to the formation of inter- and intramolecular interactions of the coiled-coil domains to each 

other and the enzymes. As they are basically inclusion bodies, which are fully biocompatible 

and mechanically stable [133–135]. There already exists a large toolbox of different CatIBs 

including different enzymes with different aggregation tags [136,137] and CatIBs have also 

already been successfully applied in biotransformations and cascade reactions [138,139]. One 

immense advantage compared to other immobilization techniques is that CatIBs of different 

enzymes can be produced via a standard protocol, without the need for laborious and expensive 

purification or additional immobilization steps [135]. However, through the induced 

aggregation of the enzymes, the resulting inclusion bodies often show greatly reduced residual 

activities and thus are mainly suitable for inherently active enzymes.

For carrier-based immobilization, the enzyme can be bound to the carrier by adsorption through 

non-covalent interactions, like van-der-Waals-, ionic-, metal chelate- or hydrophobic 
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interactions. Suitable carrier materials are inorganic materials, synthetic polymers as well as 

biopolymers. Binding via affinity adsorption is another way to bind an enzyme to a carrier and 

is usually realized by a matrix-bound ligand with affinity to a peptide or protein genetically 

fused to the enzyme. These fusion tag-based approaches are generally used to purify proteins. 

However, they can also be used to couple purification and enzyme immobilization in a single 

step [126]. A common tag is the poly-histidine (His)-tag, which is the most widespread and 

versatile technology relying on a chelate complex between histidine and divalent transition 

metal ions [140]. Recently, the Swedish company EnginZyme AB has developed an effective 

immobilization system by binding His-tagged proteins to beads of controlled porosity glass 

covered with different organic polymers and functionalized with Fe(III) ions for metal affinity 

binding (Figure 15A) [140]. The advantage of this non-covalent immobilization technique is 

the recycling of the carrier by removing inactive enzymes with imidazole. On the other hand, a 

clear disadvantage is possible enzyme leakage. In aqueous systems, immobilization by 

adsorption can be too weak leading to a loss of the enzyme. Therefore, immobilization by 

adsorption is often more advantageous in processes working in organic and unconventional 

media [141]. Another fusion tag-based approach is the Strep-tag I/II system, which is a peptide 

sequence with a strong binding affinity toward streptavidin-coated beads [142,143]. 

Covalent immobilization to a carrier is a promising alternative represented mainly by the 

HaloTag® (Promega) [144], SNAP-tag (New England Biolabs) [145], CLIP-tag (New England 

Biolabs) [146] and SpyTag/SpyCatcher [147] systems. These systems are based on fusion-tag 

enzymes/proteins/peptides that promote their covalent attachment to specific ligands [126]. 

Fusion tags can easily be introduced to the target enzyme by genetic fusion and enable a 

distinction and separation from other proteins in the host cell. This facilitates highly selective 

immobilization from the crude cell extract and circumvents laborious and expensive enzyme 

purification. Another advantage is the site-specific binding interaction through the fusion tag, 

which is ideally positioned such that active site residues are not impaired. Thus, enzymes are 

ideally all oriented in the same manner on the carrier surface, which supports the reproducibility 

of the immobilization. Additionally, the immobilization from crude cell extracts lowers the risk 

of enzyme inactivation. Therefore, it is especially interesting for enzymes, which suffer from 

instability during or after chromatographic purification or inherently only show low specific 

activities. Among these technologies, the HaloTag® system is the most commonly used for 

protein immobilization [148]. The HaloTag® is a mutated dehalogenase, which recognizes 

terminal chloroalkane residues on any respectively modified carrier material and instantly 
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forms a covalent ester bond between the carrier, e.g., commercially available HaloLink™resin, 

and an aspartate residue in the active site of the HaloTag® (Figure 15B) [130,144]. The 

advantage of this covalent immobilization technique is the prevention of enzyme leakage and 

the high residual activity of 35–65% relative to the soluble enzyme [130,149,150]. In addition, 

the HaloTag® can enhance protein solubility, which is specifically advantageous to preventing

inclusion body formation of respective fusion proteins [151].

Overall, there are many more immobilization approaches, although there is no common 

immobilization strategy available. Rather a case-to-case optimization for each enzyme is 

required [152].

Figure 15: Two carrier-based immobilization methods. A) EziG immobilization: binding of His-tagged proteins to beads of 
controlled porosity glass coated with different organic polymers and functionalized with Fe(III) ions for metal affinity binding. 
B) HaloTag® immobilization: HaloTag® is a mutated dehalogenase, fused to the target enzyme, which recognizes terminal 
chloroalkane residues on any respectively modified carrier material forming a covalent ester bond between the carrier and an 
aspartate residue in the active site of HaloTag®

1.6.3 Biotransformation

1.6.3.1 Reaction modes 

Choosing the appropriate mode of operation depends on the biocatalytic process, the enzyme 

formulation, enzyme stability, activity, reusability, substrate, and product load as well as kinetic 

and thermodynamic issues. Stirred tank reactors (STR) are most commonly used for batch 

reactions. All reaction components are added to the STR at the beginning and the reaction 

proceeds optimally until full conversion of the substrate(s) is reached. Temperature control and 

pH control can easily be realized e.g. by titration during the reaction. Nevertheless, temperature, 

pH, and especially substrate and product concentrations can vary during STR processes, and 
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they become more heterogeneous when the process is scaled up. Although increased mixing 

can reduce this heterogeneity, it may also increase shear forces, potentially inactivating the 

enzymes. The high substrate or product concentrations may also inhibit enzyme activity. 

Operating in a fed-batch mode, which feeds the substrate at distinct concentrations over time, 

can prevent substrate inhibition. Often, fed-batch processes perform better than simple batch 

processes, and in some cases, they can also perform as well as comparable continuous 

processes. In addition, STRs are much cheaper than more complex continuous reactors [153]. 

There is, however, a wide variety of applications of biocatalysis already done in continuous 

mode, since a continuous stream of reactants is attractive because enzyme inhibition might be 

avoided and downstream processing is straightforward [39]. One way to apply biocatalysis in 

a continuous mode is via enzyme membrane reactors. An Enzyme Membrane Reactor (EMR) 

is a special device for carrying out continuous processes in which the enzymes are retained by 

a selective membrane. Regardless of the EMR configuration, the main goal is to maintain full 

enzyme activity in the reaction volume by ensuring complete enzyme separation. In some cases, 

enzyme molecules may circulate freely or are immobilized on the membrane's surface [154]. 

Another possibility of a continuous reaction setup are plug-flow reactors, which require 

immobilized enzymes [155]. In comparison with batch reactors, continuous systems generally 

can have several advantages: They offer improved mixing because of a higher flow velocity, 

and they allow for better mass transfer since they have a larger surface area. However, more 

knowledge about process parameters is needed, therefore the establishment of continuous 

processes can be more time-consuming. In plug-flow reactors, for example, pH control is not 

possible and mass transport limitations can occur [156]. Nevertheless, the use of continuous 

systems for enzymatic cascade reactions can be beneficial, since many flow processes can be 

automated by thermal control, pressure control, technology for process analytics, and in-line 

purifications. This leads to the design of economically more efficient processes, due to less 

setup time and higher space-time yields with higher conversion and a reduced amount of 

catalyst [157]. 

 

1.6.3.2 Reaction conditions 

 

Optimal reaction parameters can significantly affect enzyme performance. Here the solvent 

system, concentration of the reaction components (substrate, cofactors, supplements), buffer, 

pH, temperature, and, where appropriate: cofactor regeneration, are the most important 
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parameters. In general, it is important to find a balance between enzyme activity and stability. 

Especially cascade reactions require an operating window where the reaction parameters of 

different enzymes overlap. This is much more complicated in a simultaneous mode than in a 

sequential mode (Chapter 1.2). Finding the operating window becomes more complicated with 

the number of reaction steps and enzymes [33]. 

 

 

 

1.6.4 Product purification 

 

When designing enzymatic processes often only the enzyme performance and process design 

are considered. However, also purification of the product is an important part and can contribute 

to the E-factor as well (Chapter 1.6.5) [128]. Here the degree of purity, as well as the product 

recovery, are key parameters [33]. Therefore processes should be designed to yield clean 

product streams, not only in terms of undesired byproducts but also regarding undesired protein 

contamination [128]. Hence, immobilized enzymes are especially interesting in terms of 

product purification, because they can easily be separated from the reaction mixture. The actual 

product purification is often performed by chromatographic methods because of its robustness, 

scalability, and costs [33]. However, if the reaction suffers from an unfavorable reaction 

equilibrium or product inhibition, in situ product removal strategies can be advantageous. In 

situ product removal aims for integrated (co-)product removal to prevent reductions in rate, 

conversion, yield, and titer, thereby shifting the reaction equilibrium to a thermodynamically 

favorable state. Typically, a nonpolar product is (continuously) extracted into an organic phase 

based on its high partition coefficient, and thereby can easily be obtained after phase separation 

and solvent evaporation. However, in situ product removal can also be done by crystallization, 

if the product possesses a very low solubility in the reaction solvent and 

crystallization/precipitation can either be obtained directly, spontaneously, or initiated with 

specifically chosen counter ions [158]. 

 

1.6.5 Economic and ecologic benchmarks 

 

All the above-discussed tools aim for an economically feasible process. A key goal of synthesis 

today is producing the target molecules in a realistic and environmentally friendly manner, if 
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not in an optimal manner. Among all the factors that influence the practicality of a synthesis, 

the step economy is the most important. Step economy targets the minimization of steps in 

multistep synthesis since the amount of steps needed for a target-oriented synthesis dictates the 

cost, scope, timeline, waste stream, and many others. The step economy is highly dependent on 

the invention or discovery of new reactions. By using new reactions, an otherwise tedious and 

unfeasible synthesis can become a feasible and scalable synthesis [159–161]. 

Next to the step economy, process feasibility at a technical scale is determined by certain 

benchmarks, which will be described in the following. Depending on the industry, different 

values are tolerated, as summarized in Table 1. 

 

• Product titer  (g L-1) 

• Space-time-yield or volumetric productivity (gproduct L-1 h-1 or d-1) 

• Specific space-time-yields (gproduct L-1 h-1 or d-1 gcatalyst) 

• Selectivity (%) 

 

Table 1: Economic and ecologic benchmarks tolerated based on the industry. Values were taken from Tufvesson 2013, 
Straathof 2002, Pollard 2007, Sheldon 2016. [12,162–164] 

Industry Reaction 

yield [%] 

Selectivity 

[%] 

Product 

titers[g L-1] 

STY 

[g L-1 d-1] 

E-factor 

pharma > 90 > 98 50-100 > 0.1 25- > 100 

fine > 90 > 98 50-100 1-300 5-50 

bulk > 99 > 98 200-400 n.d < 1-5 

 

As already pointed out above, biocatalysis is not per se “green”. To evaluate the greenness of a 

process, several tools are available, as reviewed by Lima-Ramos [19]. However, in the 

relevance of this thesis, only the E-factor and atom economy are further considered. 

The atom economy (Equation 1) evaluates the percentage of mol-% educt that is found in the 

desired product and is ideally at 100%.  

 

Equation 1: Atom economy 
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It should be noted that this calculation relies on theoretical values based on the reaction 

equation. Therefore, it neglects both the actual product and educt concentrations and yields. 

Especially enzymatic reactions often need further cofactors, co-substrates, and other additives, 

e.g. for the stabilization of the enzyme. Therefore, another important parameter to assess the 

greenness of a process is the E-factor (Equation 2), which shows the overall waste (kg) 

generated per product (kg) synthesized.  

 

Equation 2: E-factor 

 
 

Ideally, the E-factor should be at 1 or lower. Particularly, the production of biocatalysts 

consumes a large amount of water, which is further increased when biotransformations occur 

in aqueous media. The integration of wastewater leads to high E-factor values and can make a 

comparison of process parameters difficult. It should also be noted that the E-factor does not 

consider the environmental impact of the waste. Therefore, enzyme preparation itself and water 

are often not considered as waste, because enzymes per se are biodegradable and water is 

considered to be inherently sustainable [19]. Again, different industries tolerate different values 

(Table 1). 

 

1.7 Aim of the thesis 
 

This doctoral thesis is part of the CLIB Competence Center Biotechnology. A part of CLIB 

deals with the production of chemicals from renewable resources via biocatalytic processes.  

In this context, this thesis is aimed at the development and process intensification of an 

enzymatic cascade process for the production of hydroxylated L-lysines and cadaverine 

derivatives in preparative lab-scale using three literature known Fe(II)/α-ketoglutarate-

dependent dioxygenases (KDOs) and three respective (hydroxy-lysine) decarboxylases 

((L)DCs) [69]. 

The two-step catalytic cascade involves the hydroxylation of L-lysine via a KDO-catalyzed 

reaction towards the derivatives of L-lysine hydroxylated in 3-and 4-position, followed by the 

decarboxylation catalyzed by lysine decarboxylases toward (2S)-hydroxy-cadaverine or 

3-hydroxy-cadaverine (Figure 8). The main substrate, L-lysine, as well as the cosubstrate 
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α-ketoglutarate, can be produced by fermentation, therefore the process could generally be 

based on renewable resources.   

The relevant enzymes should be characterized regarding their use in the preparative laboratory 

scale and suitable candidates should be combined in appropriate cascades.  

Especially the KDO-catalyzed first step of the reaction is challenging because these enzymes 

generally suffer from low soluble production, difficult purification, and instability in 

biotransformations. The aim of this thesis is therefore to find suitable approaches to produce, 

purify, and stabilize these enzymes for their application in preparative lab scale. Furthermore, 

a suitable enzyme formulation of KDOs and LDCs should be evaluated to enable a two-step 

cascade, including respective process intensification and downstream processing. 
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2 Results  

2.1 Publication: From Enzyme to Preparative Cascade Reactions with 

Immobilized Enzymes: Tuning Fe(II)/a-Ketoglutarate-Dependent Lysine 

Hydroxylases for Application in Biotransformations 
 

Selina Seide, Lilia Arnold, Solange Wetzels, Mariela Bregu, Jochem Gätgens and Martina 

Pohl* 

*Corresponding author 

Published in Catalysts, 2022, 12, 354  

https://doi.org/10.3390/ catal12040354 

 

Context:  

In this publication, three KDOs (CaKDO, CpKDO, FjKDO) were immobilized via EziG™ and 

the HaloTag®. The application of KDO-HaloTag® immobilized to HaloLink™ resin was 

tested in repetitive batch experiments and applied in preparative lab-scale biotransformations 

toward the production of (3S)-hydroxy-L-lysine and (4R)-hydroxy-L-lysine. After 

immobilization studies of a second enzyme, a lysine decarboxylase from Selenomonas 

ruminantium (SrLDC), CaKDO, and SrLDC were combined in a preparative lab-scale cascade 

reaction toward (2S)-hydroxy-cadaverine.  

 

Contributions:  

Solange Wetzels, Mariela Bregu, and Lilia Arnold worked on the immobilization, reaction 

optimization, and application of SrLDC under the supervision of Selina Seide. Lilia Arnold and 

Selina Seide worked on the enzyme production, purification, and the implementation of amino 

acid HPLC analytics. Furthermore, Lilia Arnolds worked on the immobilization of SrLDC 

towards putrescine in a preparative lab-scale. Application studies of immobilized KDOs, the 

reaction in preparative lab-scale, set up of the cascade reactions, and product purification were 

performed by Selina Seide. GC-MS-ToF analysis was performed by Jochem Gätgens. GC-MS-

ToF data analysis was done by Jochem Gätgens and Martina Pohl. The work was coordinated 

and supervised by Martina Pohl. Selina Seide and Martina Pohl wrote the manuscript.  
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Article 

From Enzyme to Preparative Cascade Reactions with  

Immobilized Enzymes: Tuning Fe(II)/α-Ketoglutarate- 

Dependent Lysine Hydroxylases for Application  

in Biotransformations 

Selina Seide, Lilia Arnold, Solange Wetzels, Mariela Bregu, Jochem Gätgens and Martina Pohl * 

IBG-1: Biotechnology, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany; 

s.seide@fz-juelich.de (S.S.); li.arnold@fz-juelich.de (L.A.); s.wetzels@mediaexclusive.nl 

(S.W.); bregu.mariela@gmail.com (M.B.); j.gaetgens@fz-juelich.de (J.G.) 

* Correspondence: ma.pohl@fz-juelich.de; Tel.: +49-246-161-4388 

Abstract: Fe(II)/α-ketoglutarate-dependent dioxygenases (KDOs) catalyze a broad 

range of selective C–H oxidation reactions. However, the difficult production of 

KDOs in recombinant E. coli strains and their instability in purified form have so 

far limited their application in preparative biotransformations. Here, we 

investigated the immobilization of three KDOs (CaKDO, CpKDO, FjKDO) that 

catalyze the stereoselective hydroxylation of the L-lysine side chain using two one-

step immobilization techniques (HaloTag®, EziG™). The HaloTag®-based 

immobilisates reached the best results with respect to residual activity and 

stability. In preparative lab-scale experiments, we achieved product titers of 

16 g L−1 (3S)-hydroxy-L-lysine (CaKDO) and (4R)-hydroxy-L-lysine (FjKDO), 

respectively, starting from 100 mM L-lysine. Using a HaloTag®-immobilized 

lysine decarboxylase from Selenomonas ruminantium (SrLDC), the (3S)-hydroxy-L-

lysine from the CaKDO-catalyzed reaction was successfully converted to (2S)-

hydroxy-cadaverine without intermediate product purification, yielding a 

product titer of 11.6 g L−1 in a 15 mL consecutive batch reaction. We propose that 

covalent in situ immobilization is an appropriate tool to access the preparative 

potential of many other KDOs. 

Keywords: 2-oxoglutarate-dependent oxygenases; hydroxylation; amino acid 

modification;  

1,5-diamino pentane; 1,5-diaminopentane-(2S)-ol; L-ornithine; 1,4-diaminobutan;  

OPA derivatization; repetitive batch; cascade reaction 
 

1. Introduction 

C–H functionalization is a chemically challenging reaction because 

carbon hydrogen bonds are relatively inert, making chemo-, regio-, and 

stereo-selectivity hard to control with conventional chemical catalysts [1]. 

The most commonly used enzyme class for such reactions up to now is 

P450 monooxygenases. However, the application of these enzymes on a 

preparative scale is often limited due to issues with inefficient electron 

transfer, uncoupling reactions, low activity and stability, and the 

requirement of expensive redox cofactors [2,3]. Another promising 

enzyme class for C–H functionalization are non-heme Fe(II)/α-

ketoglutarate-dependent dioxygenases (KDOs, EC 1.14.11.), which make 
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up a large superfamily of enzymes utilizing Fe(II) as a cofactor. KDOs 

catalyze the oxidative decarboxylation of their cosubstrate -

ketoglutarate (-KG) towards succinate and CO2. The enzymatic reaction 

activates O2, which then can be used in a set of different oxidation 

reactions including hydroxylation, halogenation, ring closure, 

desaturation, epimerization, ring expansion, and epoxidation [4–8]. A 

great advantage of KDOs is that they are self-sufficient, as they do not 

need specific reductases or expensive biological redox cofactors. Many 

KDOs are associated with natural product biosynthesis pathways in 

bacteria, fungi, plants, and vertebrates, where the most studied pathways 

include the biosynthesis of antibiotics such as penicillin, cephalosporin, 

cephamycin, and clavam [4,8]. The number of different chemically 

challenging reactions that this enzyme class is able to catalyze makes them 

an interesting target for biocatalytic applications [7]. 

The most common industrial application of KDOs is the 

stereoselective hydroxylation of amino acids. The resulting products 

serve as precursors for the chemical and pharmaceutical industry, as was 

recently extensively reviewed by Peters and Buller [7].  

Chiral hydroxy-L-lysines are used as chiral auxiliaries [7], as 

precursors for active pharmaceutical ingredients, such as the HIV 

protease inhibitor palinavir [9,10], for potential novel anticancer drugs 

such as tambromycin [11], the protein kinase c inhibitor (-) balanol [12], 

and the proteasome inhibitors cepafungin I or glidobactin A [13,14]. 

Lysine, ornithine and its hydroxylated derivatives are also precursors for 

polyamides, as their decarboxylation yields the respective terminal 

diamines, such as putrescine, cadaverine, and hydroxylated derivatives 

thereof, which can be used for the production of novel (fully) bio-based 

polyamides. The resulting bio-polyamide nylon 5X materials have 

excellent properties, even superior to petroleum-based nylon 6.6 [15–17]. 

Additional hydroxyl groups can undergo various reactions, such as 

esterification, or they can act as initiation sites for ring opening 

polymerizations of cyclic esters [18–20]. Thus, hydroxylated diamines 

could provide access to functionalized polymers [21]. 

Meanwhile, several L-lysine hydroxylases for the stereoselective 

hydroxylation of the L-lysine side chain in either the 3- or 4-position are 

known. KDOs from Catenulispora acidiphila (CaKDO, KDO1: 3-

hydroxylation), Chitinophaga pinensis (CpKDO, KDO2: 4-hydroxylation), 

and Flavobacterium johnsoniae (FjKDO, KDO3: 4-hydroxylation) have 

recently been discovered by Baud et al. [22,23] (Figure 16). At the same 

time, Hara et al. independently discovered K4H-2 and K4H-1, which 

correspond to CpKDO and FjKDO, respectively [24]. The crystal 

structures of CaKDO and another KDO from Flavobacterium species 

(FsKDO, KDO5) were solved, demonstrating the typical double-stranded 

β-helix core structure of the α-KG-dependent oxygenase structural 

superfamily [25,26]. In the crystal structure, both enzymes show two 

dimers per asymmetric unit, whereas their quaternary structure in 

solution is different: dimeric in the case of CaKDO and tetrameric for 

FsKDO [25].  

Three major problems tend to occur when working with KDOs in 

general: 

1. The enzyme yield from recombinant E. coli hosts is often low with 

a large fraction of insoluble non-active inclusion bodies, which can 

be partly prevented by coexpression of chaperones [11,13,27–29]; 
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2. Purification and storage of these enzymes is challenging, due to the 

requirement of Fe(II) as a cofactor, which must be prevented from 

oxidation and dissociation from the active site [25,29];  

3. Precipitation occurs under oxidative conditions due to the 

instability of the enzyme [28,29].  

 

Figure 16: Reaction scheme of the stereoselective hydroxylation of the L-lysine side 

chain in the 4-position catalyzed by KDO from Chitinophaga pinensis (CpKDO) and 

KDO from Flavobacterium johnsoniae (FjKDO) or in the 3-position catalyzed by 

KDO from Catenulispora acidiphila (CaKDO) followed by decarboxylation to (2S)-

hydroxy cadaverine catalyzed by SrLDC from Selenomonas ruminantium. 

Therefore, most applications of KDOs in biotransformation employ 

whole recombinant cells or respective cell-free extracts [11,13,14,24,27]. 

Since some KDOs, such as CaKDO, CpKDO, and FjKDO, show very low 

specific activities [23], high concentrations of whole cells [24] or cell-free 

extracts [11] are required. In both cases, side reactions may occur due to 

the (potentially higher) activity of other enzymes. Mass transfer, oxygen 

transfer, and product separation are also often hampered by the high 

concentration of cellular components. In comparison, working with 

isolated enzymes allows a much more flexible process optimization 

[28,30]. On the other hand, enzyme purification is expensive; soluble 

enzymes often have low stability; they cannot be recycled and might 

complicate reaction engineering and product purification, as in the case 

of whole cells and cell-free extracts. Furthermore, the enzyme is usually 

the biggest cost factor in enzyme-catalyzed syntheses [31]. Thus, efficient 

immobilization techniques are crucial to increase process economy 

specifically for complex enzymes such as KDOs that are difficult to 

produce and show only low activity [23]. Thus, we tested two different 

one-step immobilization techniques to concentrate the biocatalyst directly 

from crude-cell extracts, increase its stability, and enable recycling. 

There is hardly any application of immobilized KDOs in the 

literature, probably because many immobilization techniques require 

purified enzymes beforehand. During the course of this study, the Kourist 

group published the application of immobilized N-succinyl-L-amino acid 

dioxygenase SadA on EziG™ Amber for the production of N-succinyl--

hydroxy-L-valine on a preparative lab scale [28]. EziG™ consists of a 

specific controlled pore glass (CPG), coated with an organic polymer 

layer, and was recently developed as a one-step immobilization from cell-

free extracts for proteins with a poly-histidine tag [32]. Instead of nickel 

or cobalt ions, iron is chelated on the surface of the respectively modified 
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carriers. EziG™ beads are available with three surface modifications with 

different hydrophobicity: Amber, Coral, and Opal. The advantage of this 

non-covalent immobilization technique is the recycling of the carrier by 

removing inactive enzyme with imidazole. On the other hand, a clear 

disadvantage is possible enzyme leakage. Here, covalent immobilization 

using HaloTag® represents a good alternative. HaloTag® is a mutated 

dehalogenase, which recognizes terminal chloroalkane residues on any 

respectively modified carrier material and instantly forms a covalent ester 

bond between the carrier, e.g., commercially available HaloLink™ resin, 

and an aspartate residue in the active site of HaloTag® [33,34]. The 

advantage of this covalent immobilization technique is the prevention of 

enzyme leakage and the high residual activity of 35–65% relative to the 

soluble enzyme [34–36]. In addition, HaloTag® can enhance protein 

solubility, which is specifically advantageous to prevent the inclusion 

body formation of respective fusion proteins [37]. 

In this study, three different KDOs, which catalyze the 

stereoselective hydroxylation of the L-lysine side chain in the 3-position 

(CaKDO from Catenulispora acidiphila) and the 4-position (CpKDO from 

Chitinophaga pinensis or FjKDO from Flavobacterium johnsoniae) [22,23], 

were investigated for their potential application in a preparative lab scale. 

First, KDO production and purification were optimized in order to 

increase the soluble protein production and enzyme stability during 

purification. Then, we tested two one-step immobilization techniques 

(HaloTag®, EziG™), followed by application of all three KDO-HaloTag® 

variants immobilized on HaloLink™ resin in repetitive batch 

experiments. HaloTag®-immobilized CaKDO and FjKDO were then 

selected for preparative-scale biotransformations.  

Finally, CaKDO and a lysine decarboxylase from Selenomonas 

ruminantium (SrLDC) [23], both immobilized on HaloLink™ resin, were 

combined in a cascade reaction for the production of (2S)-hydroxy 

cadaverine (Figure 16). 

2. Results 

2.1. KDO Production and Purification 

In the present study, a previously described protocol for CaKDO 

production using coexpressed chaperones (GroEL/GroES) [11] was 

successfully applied to enhance the soluble production of CaKDO, 

CpKDO, and especially, FjKDO, as well as for their HaloTag® fusions 

(Supplementary Materials, Figure S24). Without coexpression of 

chaperones, these enzymes were barely active and rapidly precipitated 

already from the cell-free extracts (data not shown). As can be seen by 

SDS-PAGE analysis, chaperones are still present even after purification 

and immobilization (Supplementary Materials, Figure S24, Figure S25, 

Figure S31) due to obviously strong binding to the target enzyme, which 

was described for several proteins before [38].  

Initial tests demonstrated that freeze-drying is the best option to 

maintain the activity of KDOs after immobilized metal affinity 

chromatography (IMAC), which prevents using HEPES buffer or the 

addition of 10vol% glycerin, which both stabilize the enzymes in solution 

for a short time (data not shown). As earlier reported [29], we also 

observed the loss of activity after elution from IMAC when we tried to 

purify CpKDO in TRIS buffer (Supplementary Materials, Figure S29B). 

Since CaKDO and FsKDO showed a higher degree of ordered structure in 
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structural investigations upon binding of Fe(II) and -KG [25], we 

presumed a positive effect on the enzyme stability upon addition of these 

cofactors and optimized the IMAC purification protocol, respectively. We 

used a combination of sodium phosphate buffer with low concentrations 

of the cosubstrate -KG, as well as L-ascorbic acid and dithiothreitol 

(DTT) as reducing agents. Precipitation and inactivation of all three KDOs 

was successfully prevented by the addition of the Fe(II) cofactor 

immediately after IMAC, and the desalting step took place in the presence 

of -KG, Fe(II) and the reducing agents, followed by lyophilization of the 

enzyme from the same mixture (Supplementary Materials, Section 

2.2.1.1).  

While we were able to improve the soluble KDO production and 

purification, purification of these enzymes is laborious and costly, and the 

enzyme yield is low. Furthermore, all components applied during the 

desalting step contaminate the lyophilizate, decreasing the protein 

content to 10–35%. This and the low enzyme yield consequently lead to 

problems when utilizing the lyophilizate for reactions. Furthermore, 

precipitation due to the instability of purified CaKDO during 

biotransformation remains an issue (Supplementary Materials, Figure 

S30). 

2.2. Immobilization and Reaction Optimization with KDOs 

We tested the immobilization of KDOs as a suitable reaction 

engineering approach to increase enzyme stability and avoid enzyme 

purification, simultaneously, and compared two simple one-step 

immobilization techniques that allow immobilization directly from the 

cell-free extract: HaloTag® and EziG™.  

In order to investigate the binding capacities of the different carriers, 

we quantified the enzyme concentration on the beads using the BCA assay 

(Supplementary Materials, Section S2.2.3.1.1.) and confirmed the enzyme 

immobilization qualitatively by SDS PAGE (Supplementary Materials, 

Figure S31). Loading of the HaloLink resin reached 4.8 mg mL−1resin for 

CaKDO-HaloTag, 7.0 mg mL−1resin CpKDO-HaloTag, and 5.6 mg mL−1resin 

FjKDO-HaloTag, which is in line with the manufacturer’s information of 

7 mg of enzyme per mL HaloLink™ resin (Supplementary Materials, 

Table S6). For the three different EziG™ beads, only 0.11–0.16 mg CaKDO, 

0.03–0.05 mg CpKDO, and 0.03–0.06 mg FjKDO were bound per mg of 

beads (Supplementary Materials, Table S6 ), representing 3–16% w/w of 

the binding capacity. This is lower or in the lower range of the binding 

capacities specified in the manufacturer’s information (15–60% w/w) 

[32,39].  

Both immobilization techniques were compared by measuring the 

specific activities of the immobilisates relative to the free purified 

enzymes with His-Tag (Figure 17). Immobilization of CaKDO via 

HaloTag®, EziG™ Amber, and Opal increased the specific activities, with 

the HaloTag® immobilisate showing the highest residual activity (280 ± 

39%) compared to the free enzyme without HaloTag®. The EziG™ Coral 

immobilisate showed similar specific activity compared to the free 

enzyme (95 ± 0.9%). For CpKDO, all immobilized variants were less active 

compared to the free enzyme. The highest residual activity was measured 

with the HaloTag® immobilisate (70 ± 1.5%). Likewise, all immobilized 

FjKDO preparations were less active than the free variant, with the 

highest residual activity (62 ± 7.6%) for the EziG™ Opal variant. Here, the 
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HaloTag® immobilization resulted in only moderate residual activities of 
about 43 ± 0.3% (Figure 17). These results demonstrate again the different 
performance of immobilization strategies even with highly similar 
enzymes.

Figure 17: (A) Specific activities for L-lysine hydroxylation catalyzed by 
immobilized KDOs and the respective purified (free) variants with His-Tag. 
Assays were performed in 1 mL with 200 mM HEPES, pH 7.5, with 0.5 mg mL−1

immobilized or free enzyme, 100 mM L-lysine, 150 mM α-KG, 2.5 mM L-ascorbic 
acid, 0.01 mM DTT, and 1 mM (NH4)2Fe(SO4)2 for 1 h at 25 °C in an overhead 
shaker. (B) Conversion of free CaKDO (with His-Tag) and HaloTag®-immobilized 
CaKDO with and without 1 mg mL−1 catalase after a 24 h reaction time. Assays 
were performed in 1 mL with the same mixture (see A) on a thermo shaker for 
24 h at 21 °C, 750 rpm. Error bars are the result of two technical replicates or, in 
case of the immobilized variants, of two independent immobilizations.

Since the HaloLink™ resin is commercially available, shows better 
binding capacities, and for two of the three KDOs, the HaloTag®

immobilization worked best, we decided to continue our work with 
HaloTag®-immobilized KDOs. 

While phosphate buffer was used for the purification of the enzymes, 
HEPES buffer was found to be better suited for biotransformations (data 
not shown). This is most likely, because the Fe(II) present in the reaction 
mixture tends to oxidize in aqueous systems. This reaction triggers a 
reaction called the Fenton reaction, leading to the generation of reactive 
oxygen species (ROS), which can attack the enzyme and impair its 
stability. It was shown in previous studies that the amount of formed ROS 
correlates with the buffer and the pH used and is lower for HEPES buffer 
in comparison to other buffers [40–42]. Furthermore, buffers such as 
HEPES and MOPS are more suitable for reaction systems incorporating 
metal ions due to their lower metal-binding constants compared to other 
buffers, such as TRIS or phosphate buffers [43]. One way to deal with the 
generated ROS is to add catalase to the reaction [44]. We tested the 
addition of catalase exemplarily with both CaKDO preparations, as this 
enzyme showed the highest activity, but the lowest stability in the free 
form among the tested L-lysine hydroxylases (see below). As 
demonstrated in Figure 17B, catalase was beneficial for the 
biotransformation with free CaKDO, whereas there was only a negligibly 
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higher conversion for the reaction with HaloTag®-immobilized CaKDO, 
which does not justify the application of catalase.

Next, we compared the free KDOs with His-Tag to their respective 
HaloTag® variants immobilized on the HaloLink™ resin in terms of 
productivity and stability under the reaction conditions (Figure 18). The 
stabilizing effect of immobilization was most pronounced for CaKDO, 
where the CaKDO-HaloTag® immobilisate outperformed the free variant 
already after 1 h of reaction time. While conversion with the free variant 
stopped after 10%, CaKDO-HaloTag® fully converted 100 mM L-lysine to 
(3S)-hydroxy-L-lysine in 24 h. We could demonstrate that the higher 
stability was a result of the immobilization and not of the HaloTag® fusion 
(Supplementary Materials, Figure S32). For CpKDO and FjKDO, both 
variants, the free and the HaloTag® immobilisate, were stable over the 
reaction time of 24 h, but reached only 53–79% conversion until the 
reaction was stopped, which is in line with the lower specific activity of 
both immobilized enzymes compared to CaKDO-HaloTag® (Figure 17A). 
As these enzymes are still active after 24 h, full conversion could easily be 
achieved by a higher enzyme concentration or a prolonged reaction time. 
The slightly faster conversion observed with free CpKDO and FjKDO 
relative to the immobilized variants was due to the higher molecular mass 
of 35 kDa of the HaloTag®-fusions (Figure 18B,C). 

Figure 18:  Enzyme stabilities of HaloTag®-immobilized versus free (with His-Tag) 
KDO variants under the reaction conditions. (A) CaKDO-HaloTag® vs free CaKDO 
(B) CpKDO-HaloTag® vs free CpKDO (C) FjKDO-HaloTag® vs free FjKDO. 
Reaction conditions: 200 mM HEPES, pH 7.5, and 0.5 mg mL−1 catalyst, 100 mM 
L-lysine, 150 mM α-KG, 2.5 mM L-ascorbic acid, and 1 mM (NH4)2Fe(SO4)2 for 24 h 
at 25 °C in an overhead shaker. Reaction volume 1 mL. For further information, 
see Section 3.3. Error bars are a result of the reaction carried out with two 
independently immobilized batches.

To maximize the productivity, the L-lysine concentration was 
increased from 100 mM to 500 mM. Full conversion of 200 mM L-lysine to 
the corresponding hydroxy-L-lysines was possible with all three KDOs in 
a 3–4 h reaction time with respectively higher enzyme concentrations of 
6.5–7.5 mg mL−1 (Figure 19). It is obvious that reactions starting from 
200 mM L-lysine proceeded slightly more slowly relative to those with 
100 mM, which was probably caused by oxygen limitation, substrate 
inhibition, or other kinetic effects. The conversion of 500 mM L-lysine was 
tested with immobilized CaKDO-HaloTag®, which yielded 82% 
conversion within 26 h (Figure 19A). Aeration in this simple reaction setup 
using a 5 mL reaction tube attached to an overhead shaker was achieved 
by opening of the tube every 15 min. The reaction stopped temporarily 
overnight, due to oxygen depletion, and started again the next day after 
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aeration with the same velocity, as can be deduced from the slope of the 
conversion curve (Figure 19A). Yet, full conversion of 500 mM L-lysine 
within about a 12 h reaction time is most probably possible in a reaction 
setup with continuous aeration, e.g., by performing the reaction in a 
shaking flask [11,24].

Figure 19: Conversion curves for different L-lysine concentrations (100 mM–

500 mM). Reactions were performed in a 1 mL scale in 200 mM HEPES, pH 7.5 
with 5 mg mL−1 CaKDO (A), CpKDO (B), and FjKDO (C) for 100 mM L-lysine and 
7.5 mg mL−1 CaKDO, 6.5 mg mL−1, CpKDO, 6 mg mL−1 FjKDO for 200 mM L-lysine, 
respectively. Conversions with 500 mM L-lysine were performed with 5 mg mL−1

immobilized CaKDO. The reaction mix contained 100–500 mM L-lysine, 150–

750 mM α-KG (1.5 fold excess), 2.5 mM L-ascorbic acid, 0.01 mM DTT, and 1 mM 
(NH4)2Fe(SO4)2. The reaction was run for 4–26 h at 25 °C in an overhead shaker. 
Error bars are the result of two independent immobilizations.
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2.3. Repetitive Batch Studies 
In addition to the benefits immobilization offers on enzyme 

stabilization, it also enables recycling of the catalyst, which is decisive for 
the process economy. Recyclability of CaKDO, CpKDO, and FjKDO 
immobilized via HaloTag® was tested in repetitive batch studies (Figure
20).

Figure 20: Repetitive batch studies with three HaloTag®-immobilized KDO (A) 
CaKDO (B) CpKDO (C) FjKDO. Reactions were performed in a 1 mL scale in 
200 mM HEPES, pH 7.5, with 5 mg mL−1 immobilized enzyme, 100 mM L-lysine, 
150 mM α-KG, 2.5 mM L-ascorbic acid, 0.01 mM DTT, and 1 mM (NH4)2Fe(SO4)2

for 24 h at 25 °C in an overhead shaker. After each batch, the immobilized catalyst 
was precipitated by centrifugation, washed 4 times with 50 mM HEPES, pH 7.5, 
and stored over night at 4 °C until the next reaction was started with a freshly 
prepared reaction mixture. Error bars are the result of two independent 
immobilizations.

After four batches, CpKDO-HaloTag® still gave 84% conversion in 
4 h, while FjKDO-HaloTag® converted 100% in 3 h (Figure 20B,C). Even 
after seven batches, FjKDO-HaloTag® catalyzed the conversion by 27% in 
4 h (data not shown). This corresponds to a specific space-time yield of 
2333 gproduct L−1 h−1 per gimmobilized CpKDO and 4803 gproduct L−1 h−1 per gimmobilized 

FjKDO. By contrast the single batch reactions gave a space-time yield of 795 
gproduct L-1 h−1 per gimmobilized CpKDO and 1081 gproduct L−1 h−1 per gimmobilized FjKDO, 
showing that a recycling approach can effectively increase the reaction 
efficiency. Factors such as constant shaking, which can lead to friction 
between the beads and enzyme inactivation, as well as the partial loss of 
the immobilisate during the washing steps between batches might lead to 
the loss of active enzyme. Since the stability of KDOs is a major concern 
anyway, the little loss of activity after four batches for CpKDO-HaloTag®

and after seven batches for FjKDO-HaloTag® exceeded our expectations, 
especially since previous experiments with SadA immobilized on EziG 
Amber showed only 10% of the initial reaction rate after the first reaction 
cycle [28].

Unfortunately, recycling of CaKDO-HaloTag® was not that easy, as 
the catalyst was already almost inactive after the first batch (Figure 20A). 
Remarkably, the reaction mix showed a blue color after the first reaction, 
which occurred after L-lysine was fully consumed (Supplementary
Materials, Figure S34). Similar findings were already reported for the 2,4-
dichlorophenoxyacetate oxygenase (TfdA) [29,45]. MS-analyses 
suggested that hydroxylation of a tryptophan residue close to the iron 
binding site of TfdA occurs in absence of the primary substrate. The 
tryptophan residue can then chelate the Fe(III) ion located in the active 
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site, which was assumed to be the origin of the blue color. Upon treatment 

with dithionite, dialysis with EDTA, and reconstitution of Fe(II) in the 

active site, 81% activity could be restored, most likely due to a 

displacement of the Fe(III) from the oxidized tryptophan [29,45]. 

However, in the case of CaKDO, no aromatic residue is close enough to 

the active site to explain the blue color by an analogous mechanism 

(Supplementary Materials, Figure S36). Furthermore, in our case, only the 

reaction mix, not the immobilisate, appeared blue. Since the goal of this 

work was the application of KDOs in a preparative lab scale, this aspect 

was not further investigated, but we tested if treatment with dithionite 

and EDTA could regenerate the activity of the immobilized CaKDO after 

the first batch. Indeed, it was possible to regain activity, and the 

regenerated immobilisate was only slightly less active compared to the 

first batch (Supplementary Materials, Figure S35). These results represent 

a good basis to regenerate immobilized CaKDO more frequently. 

2.4. Preparative Lab-Scale Reactions with CaKDO-HaloTag® and FjKDO-

HaloTag®  

Next, CaKDO-HaloTag® and FjKDO-HaloTag® were chosen for a 

reaction on a preparative lab scale for the synthesis of (3S)-hydroxy-L-

lysine and (4R)-hydroxy-L-lysine, respectively. Reaction optimization 

with free CaKDO at a small scale (1 mL) yielded the optimal reaction 

parameters (pH, temperature, Fe(II) concentration, use of additives), 

which were mostly in line with the results already published by Baud et 

al. [23], for the analytical scale. Only the optimal reaction temperature of 

the CaKDO reaction was found at 20 °C, whereas the optimal reaction 

temperature of FjKDO was at 25 °C (data not shown). The optimal 

reaction parameters were used for both immobilized enzymes to convert 

100 mM L-lysine in a 15 mL reaction in non-baffled shaking flasks (Figure 

21). 
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Figure 21: Conversion curves for the synthesis of (3S)-hydroxy-L-lysine by CaKDO 

(A) and (4R)-hydroxy-L-lysine (FjKDO) (B), respectively. Reactions were 

performed in a 50 mL shaking flask without baffles in a reaction volume of 15 mL, 

(A) 1.3 mg mL−1 immobilized CaKDO-HaloTag®, 20 °C, and (B) 1.2 mg mL−1 

immobilized FjKDO-HaloTag®, 25 °C. Reaction mixture: 100 mM L-lysine, 150 mM 

α-KG, 2.5 mM L-ascorbic acid, 0.01 mM DTT, and 1 mM (NH4)2Fe(SO4)2 for 27 h, 

at 150 rpm orbital shaking. Error bars are the result of two independent 

immobilizations. 

 

For both reactions, full conversion was reached in less than 24 h, with 

product titersof 16 g L−1 and a total product amount of 240 mg (Figure 21), 

corresponding to specific space-time yields of 73.4 gproduct L−1 h−1 per 

gimmobilized CaKDO and 133.65 gproduct L−1 h−1 per gimmobilized FjKDO.  

In order to increase the scale further, different reaction setups were 

tested with the immobilized CaKDO-HaloTag®. In a 10 mL shaking flask 

reaction, full conversion of 200 mM L-lysine was reached in 20 h 

(Supplementary Materials, Figure S38A) corresponding to a product titer  

of 32.4 g L−1 and a specific space-time yield of 100 g L−1 h−1 per gimmobilized 

CaKDO. Continuous aeration was also tested using a synthesis workstation 

at a 50 mL scale, where full conversion of 100 mM L-lysine was 

successfully achieved in 70 h (Supplementary Materials, Figure S38B). 

This corresponds to a product titer of 16.2 g L−1, but a specific space-time-

yield of only 4.63 g L-1 h-1 per gimmobilized CaKDO due to the longer reaction time 

compared to the shaking flask experiments. Since the aeration rate could 

not be controlled in our synthesis workstation, we suspected that not only 

the increased scale, but also an oxygen limitation prolonged the reaction 

time. We figured out that when working with isolated and immobilized 

KDOs, the aeration must be carefully balanced. Too little oxygen limits 

the reaction, but too much oxygen can increase the oxidation of the Fe(II) 

cofactor, making it either unavailable for the enzyme and/or decreasing 

the enzyme stability due to the presence of ROS. Often, a simpler setup in 

shaking flasks can already be sufficient [11,24]. Here, the filling volume 

and mixing speed must be assessed to provide adequate oxygen supply. 

Our results demonstrate that an increase in scale and substrate 

concentration for KDOs is in general possible using immobilized enzymes 

in combination with an open reaction system for oxygen supply. 

Different other groups have already worked on the production of 

hydroxy-L-lysines via a KDO-catalyzed reaction, as summarized in Table 

2. Apart from Baud et al. [22,23], who used IMAC-purified enzymes, most 
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groups applied cell-free extracts or whole cells. Working with isolated 

enzymes resulted in low product titersand total yields (1.6 g L−1 or 0.016 g 

total yields) [22,23]. We were able to increase these titers10–20-times by 

increasing the substrate concentration, which was possible due to the 

optimized production, increased stability, and recyclability by 

immobilization. Remarkably, our product titersof 32 g L−1 (3S)-hydroxy-

L-lysine are comparable to the product titersof 32.43-43 g L−1 obtained 

with whole cells on a 40 mL scale, as reported by Hara et al. [24]. 

Table 2: Comparison of process parameters of previously published KDO-catalyzed biotransformations 

towards hydroxy-L-lysines in a preparative lab scale. 

Enzymes 
Enzyme 

Formulation 
Product 

Reaction 

Scale 

(mL) 

L-Lysine 

(mM) 

Highest 

Product Titers 

(g L−1) 

Product   

Titers at full 

conv. 

(g L−1) 

Total Yield 

(g) 
Ref. 

CaKDO, 

CpKDO, 

FjKDO 

Isolated 

enzymes or 

cell-free extract 

(3S)-hydroxy-L-lysine 

(4R)-hydroxy-L-lysine 
10  10 1.6  1.6  0.016  [22,23] 

CaKDO 
Cell-free 

extract 
(3S)-hydroxy-L-lysine 1000 35 4  4  4  [11] 

K3H1 

K4H4 
Whole cells 

(3S)-hydroxy-L-lysine 

(4R)-hydroxy-L-lysine 
40  

500–600 

200–400 

43  

(88% conv.) 

86  

(88% conv.) 

32.43  

81.09 

3.2–3.44  

1.3–1.72  
[24] 

GlbB 
Cell-free 

extract 
(4R)-hydroxy-L-lysine 1000 40 

6–7  

(95% conv.) 
 6–7  [14] 

PlumKDO Whole cells (4R)-hydroxy-L-lysine 50  25–50 
4.8  

(60% conv.) 
4.05  0.20–0.24  [27] 

CaKDO 

FjKDO 

HaloTag®-

immobilized  

(3S)-hydroxy-L-lysine 

(4R)-hydroxy-L-lysine 
10–50 100–200 

16–32  

(100% conv.) 
16-32  0.24–0.32  This study 

In the context of the preparative synthesis of hydroxy-L-lysines, 

product isolation must also be considered. The isolation of the target 

product is easier from less-complex reaction mixtures, which preferably 

only contain the target product without residual substrate or side 

products. The heterogeneity of reaction mixtures is definitely lower in 

reactions with isolated enzymes instead of cell-free extracts or whole-cell 

biocatalysts. For the present lysine hydroxylation, separation of hydroxy-

L-lysines from residual L-lysine is specifically challenging due to their 

chemical and physical similarity. Thus, for integrated processes aiming 

for isolated hydroxy-L-lysines, only processes with full conversion can be 

considered. In our case, HPLC and GC-ToF-MS analyses demonstrated 

that the L-lysine was completely converted to the respective hydroxy-L-

lysines and contained, besides α-KG, succinate, and HEPES, no further 

side products (Supplementary Materials, Section 2.2.11). With a two-step 

chromatographic purification [46], the organic acids were fully removed, 

although traces of HEPES buffer remained, as can be deduced from the 

NMR-spectra (Supplementary Materials, Figure S50, Figure S51, Figure 

S56 and Figure S57). 
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2.5. Cascade Reaction towards (2S)-Hydroxy-Cadaverine 

As previously shown by Baud et al. [22], coupling of the KDO 

reaction with a second step incorporating a (lysine) decarboxylase 

provides access to valuable hydroxy-cadaverines hydroxylated in the 2- 

and 3-position depending on the combination of the respective KDOs and 

lysine decarboxylases (Figure 16). However, the reaction was performed 

with cell-free extract and limited to a substrate concentration of 10 mM at 

a 10 mL scale, with the KDO reaction being the limiting step [22]. Because 

(2S)-hydroxy-cadaverine is harder to produce chemically than 3-hydroxy-

cadaverine, due to its chiral center, we concentrated on this cascade 

starting from 100 mM L-lysine in a 15 mL scale with immobilized CaKDO-

HaloTag® in the first step and a lysine decarboxylase from Selenomonas 

ruminantium (SrLDC) [22,47,48] in the second reaction step. This pyridoxal 

phosphate-(PLP)-dependent enzyme accepts besides L-lysine and 

L-ornithine [49] also (3S)-hydroxy-L-lysine as a substrate [22]. 

Likewise, for SrLDC, we compared the two immobilization 

techniques: HaloTag® and EziG™, also with the goal of enzyme recycling. 

Since (3S)-hydroxy-L-lysine is not commercially available, all experiments 

concerning the immobilization, optimization of the reaction conditions, 

and repetitive batch experiments were carried out with L-lysine as a 

substrate. 

As demonstrated in Figure 22 soluble and HaloTag®-immobilized 

SrLDC showed the same performance in the conversion of L-lysine to 

cadaverine, whereas respective immobilisates on EziG™ beads were less 

active. The enzyme load of the carrier was higher for the HaloLink resin 

(7.14 mg SrLDC-HaloTag per mL resin), while the enzyme load of the 

EziG™ beads was between 0.082 mg per mg EziG™ Opal beads and 

0.126 mg per mg EziG™ Coral beads. Similar to the KDOs, SrLDC binds 

better to the HaloLink™ resin, showing a similar specific activity as the 

free enzyme, as can be deduced from the conversion curve (Figure 22A). 
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Figure 22: (A) Comparison of the conversion of free SrLDC (with His-Tag), SrLDC 
HaloTag®-immobilized to HaloLinkTM resin, and SrLDC immobilized to EziG™

Opal, Amber, and Coral. (B) Comparison of the conversion of L-lysine, 
L-ornithine, and (3S)-hydroxy-L-lysine with immobilized SrLDC-HaloTag®

(0.1 mg mL−1). Reaction conditions: volume: 1 mL, 100 mM L-lysine or L-ornithine, 
2 mM PLP in 100 mM HEPES, pH 7.0, in an overhead shaker at 35 °C under the 
exclusion of light. For (3S)-hydroxy-L-lysine, the supernatant of the CaKDO 
reaction was used (Figure 6A). Error bars are a result of two technical replicates 
or, in the case of the immobilized variants, of two independent immobilizations.

Next, the HaloTag®-immobilized SrLDC was tested for its activity 
towards the different substrates (L-lysine, L-ornithine, (3S)-hydroxy-L-
lysine). After a 5 h reaction time, almost full conversion of the substrate 
L-lysine (100 mM) was achieved, whereas the conversion of L-ornithine 
and (3S)-hydroxy-L-lysine occurred significantly more slowly (Figure 
22A). Yet, full conversion of L-ornithine to putrescin was achieved after 
72 h. At this point, only 11% of (3S)-hydroxy-L-lysine was converted to 
(2S)-hydroxy-cadaverine, showing the low activity of SrLDC for this 
substrate. However, it has to be considered that (3S)-hydroxy-L-lysine 
was applied in the form of a supernatant taken from a previous KDO 
reaction. Therefore, other components in the reaction mixture might also 
lead to a decrease in activity. 

Simultaneously, important reaction parameters for the SrLDC-
HaloTag® reaction from L-lysine to cadaverine were investigated. The 
influence of pH, substrate concentration, temperature, and the 
concentration of the cofactor PLP on the reaction was tested 
(Supplementary Materials, Section 2.2.7).

The highest cadaverine concentration after 5 h (67.87 ± 2.72%) was 
obtained starting from 100 mM L-lysine, whereas L-lysine concentrations 
> 100 mM resulted in lower conversion, which could be explained by 
possible substrate inhibition of the enzyme (Supplementary Materials, 
Figure S39). In short-term experiments (20 min), the tested PLP 
concentrations in the range of 0.05–2 mM gave identical results 
(Supplementary Materials, Figure S39B). Since supplementation of PLP is 
known to be beneficial for LDCs and the cofactor is unstable at room 
temperature and towards light exposure [50], 1 mM PLP was used for 
further experiments. Additionally, a pH of 7 and a reaction temperature 
of 35 °C were found to be optimal (Supplementary Materials, Section 2.2.7, 
Figure S39A,D).
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Under optimized reaction conditions, the sequential cascade reaction 

was performed without intermediate purification (Figure 23). Full 

conversion of 100 mM L-lysine in the first reaction step was achieved after 

approximately a 10 h reaction time in a shaking flask. After 25 h, the 

supernatant containing the (3S)-hydroxy-L-lysine was transferred to a 

falcon tube, and 2.5 mg mL−1 of immobilized SrLDC was added. After 47 

h, a conversion of 97% was reached, corresponding to a specific space-

time yield of 6.5 g L−1 h−1 per gimmobilized SrLDC and a product titer  of 11.6 g L−1 

(2S)-hydroxy cadaverine. The results demonstrate that the SrLDC reaction 

is not impaired by components from the KDO-catalyzed step, since 

increasing the enzyme concentration from 0.1 mg mL-1 to 2.5 mg mL-1 led 

to full conversion of (3S)-hydroxy-L-lysine to (2S)-hydroxy-cadaverine. 

Increased enzyme concentrations could principally decrease the reaction 

time for both steps further. 

 

Figure 23: CaKDO-HaloTag® and SrLDC-HaloTag® cascade reaction for the 

production of 2-hydroxy-cadaverine and repetitive batch experiments of SrLDC-

HaloTag® for the production of cadaverine. (A) Conversion curves of the 

sequential cascade reaction of immobilized CaKDO and SrLDC in preparative 

scale. The KDO reaction was performed in a 50 mL shaking flask without baffles 

in a reaction volume of 15 mL, at 20 °C, and 1.3 mg mL−1 HaloTag®-immobilized 

CaKDO. Reaction conditions: 100 mM L-lysine, 150 mM α-KG, 2.5 mM L-ascorbic 

acid, 0.01 mM DTT, and 1 mM (NH4)2Fe(SO4)2 for 25 h, at 150 rpm orbital shaking. 

Afterwards, the reaction supernatant was transferred to a 50 mL falcon tube; the 

pH was titrated to 7.0; 1 mM PLP was added. The second reaction was started 

with 2.5 mg mL−1 HaloTag®-immobilized SrLDC. The reaction was run for another 

22 h in an overhead shaker at 35 °C under the exclusion of light. (B) Repetitive 

batch reactions of HaloTag®-immobilized SrLDC. Reaction was performed in a 

50 mL falcon tube, in a reaction volume of 15 mL and 1 mg mL−1 HaloTag®-

immobilized SrLDC starting from 100 mM L-lysine, in 100 mM HEPES, pH 7.0, 

with 1 mM PLP in an overhead shaker at 35 °C under exclusion of light. After each 

batch, the immobilized catalyst was separated by centrifugation, washed 4 times 

with 100 mM HEPES, pH 7.0, and used for the next reaction. Error bars are the 

result of two independent immobilizations. 

HPLC and GC-ToF-MS analyses demonstrated full conversion of the 

(3S)-hydroxy-L-lysine to (2S)-hydroxy-cadaverine (Supplementary 

Materials, Section 2.2.12.4), which enabled us to successfully purify the 

(2S)-hydroxy-cadaverine by a protocol from Fossey-Jouenne et al. [46] for 
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NMR analysis (Supplementary Materials, Section 2.2.12.4) without any 

remaining impurities (Supplementary Materials Figure S66 and Figure 

S67). This is in contrast to in vivo approaches with a Corynebacterium 

glutamicum strain overexpressing recombinant KDO genes and three 

different LDC genes for the production of (4R)-hydroxy-L-lysine and 3-

hydroxy-cadaverine from L-lysine [21].  

Similar product titers for 3-hydroxy-cadaverine (11.4 g L-1) to our 

approach for the production of (2S)-hydroxy-cadaverine could be 

achieved, with a strain containing FjKDO and LDCc. However, the 

amount of by-product (cadaverine titer  39 g L−1) and intermediates ((4R)-

hydroxy-L-lysine titer  4.1 g L−1) was high, most likely due to the substrate 

preference of the lysine decarboxylases for L-lysine and the generally 

lower activity of LDCs towards the hydroxy-L-lysines. While the constant 

supply of L-lysine and α-KG provided by the cellular metabolism in vivo 

is certainly advantageous, the pH inside living cells is hard to control 

relative to isolated enzymes, especially when pH-active compounds 

(lysine and cadaverine derivatives) are involved and cascade reactions 

include enzymes that are highly pH dependent [48,51]. Further, isolation 

of the target product 3-hydroxy-cadaverine from a mixture of substrate 

(L-lysine), intermediate ((4R)-hydroxy-L-lysine), by-product (cadaverine), 

and other cellular components is definitely challenging, due to the close 

physical and chemical properties of the molecules. Thus, in the case of 

cascades containing KDOs and LDCs, a sequential approach including 

isolated immobilized enzymes seems to be advantageous and simpler 

compared to in vivo approaches. 

Next, we investigated if immobilized SrLDC-HaloTag® could be 

recycled in repetitive batch experiments using L-lysine (100 mM) as a 

substrate (Figure 23B). It can be clearly seen that the first reaction is the 

fastest and the turnover rates decrease less between the second and the 

last reaction (cycles 2–6) than between cycle 1 and 2. Still, a conversion of 

≥ 94% could be achieved in the last cycle after 1 h. So far, immobilized 

SrLDC-HaloTag® showed a reusability of at least six cycles in a 15 mL 

scale with little loss of activity and potentially even a higher number of 

cycles. This is a good basis for further reaction engineering of the cascade 

towards (2S)-hydroxy cadaverine. Because the enzyme activity towards 

(3S)-hydroxy-L-lysine is much lower than towards L-lysine, prolonged 

reaction times are necessary to achieve full conversion.  

Besides, the product of the decarboxylation of L-lysine, cadaverine, 

is also an interesting industrial compound for the production of fully 

biobased polymers [15,52]. Biological production of cadaverine is 

commonly performed by fermentative microbial production [52], 

(immobilized) whole recombinant E. coli cells [15,53], or immobilized 

LDCs. Immobilization of LDCs was previously performed on poly(3-

hydroxybutyrate) (P(3HB) biopolymers [54], chitin [55], or via different 

carrier-free immobilization methods, such as catalytically active inclusion 

bodies (CatIBs) [56], or in the form of crosslinked enzyme aggregates 

(CLEASs) [57]. Currently, most processes using immobilized enzymes use 

the constitutive (EcLDCc) or inducible (CadA) LDCs from E. coli. While 

CadA is active in a pH range between 5 and 6, it is rapidly inhibited at pH 

higher that 8.0 [58]. Furthermore, it is inhibited at higher concentrations 

of lysine [59] and cadaverine [60]. In contrast, the constitutive EcLDCc has 

a broader pH range [51] and is hardly inhibited by L-lysine [61]. To our 

knowledge, an application of SrLDC for the production of cadaverine has 

not yet been tested. As was recently extensively reviewed by Huang et al. 
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[15], biological cadaverine production using fermentation, whole cells, 

and biotransformations with immobilized enzymes led to space-time 

yields between 10 g L−1 h−1 and 204 g L−1 h−1. With HaloTag®-immobilized 

SrLDC, we achieved a product titer of 58.4 g L−1, corresponding to a 

specific space-time yield of 655 g L−1 h−1 per g immobilized SrLDC. Furthermore, 

HaloTag®-immobilized SrLDC was able to catalyze the full conversion of 

100 mM L-ornithine on a 15 mL preparative lab reaction (Supplementary 

Materials, Figure S40), giving access to 8.8 g L−1 1,4-diaminobutane 

(putrescine), which is another interesting building block for the 

production of biobased polyamides [16].  

Considering all these factors, SrLDC is an interesting enzyme for 

further investigation of its potential for the synthesis of cadaverine, 

putrescine, and respective hydroxylated derivatives.  

3. Materials and Methods 

3.1. Materials 

All chemicals were purchased from Sigma-Aldrich, Roth, Merck, 

VWR International (Radnor, PA, USA), Merck KGaA (Darmstadt, 

Germany), Sigma-Aldrich Chemie GmbH (Steinheim, Germany), 

AppliChem GmbH (Darmstadt, Germany), and Thermo Fisher Scientific 

(Waltham, MA, USA). Plasmid pGro7 (GroEL/GroES) was obtained from 

Takara Holdings. The strains used were Escherichia coli DH5α and 

Escherichia coli BL21 (DE3). The plasmids pET-22b(+)-CaKDO, pET-22b(+)-

CpKDO, pET-22b(+)-FjKDO, and pET-22b(+)-SrLDC were a kind gift from 

Prof. Anne Zaparucha and were described previously [22,23].  

HaloLink resin was purchased from Promega. EziG™ 

immobilization particles were kindly provided by Dr. Karim Engelmark 

Cassimjee. 

3.2. Immobilization of KDOs and SrLDC on HaloTag® and EziG™  

A 15% (w/v) (SrLDC) or 30% (w/v) (KDO) cell suspension consisting 

of the produced pellet and HaloTag® immobilization buffer (KDOs: 

50 mM HEPES, pH 7.5 with 10% glycerol, SrLDC: 100 mM HEPES, pH 7.0 

with 10% glycerol) or EziG™ immobilization buffer (20 mM HEPES, pH 

7.5 (KDOs) or pH 7.0 (SrLDC), with 500 mM NaCl) was prepared from the 

frozen E. coli cell pellets. The mixture was suspended in an ice bath for 30 

min under constant magnetic stirring. Cells were lysed by sonication and 

debris removed by centrifugation. Afterwards, 1 mL of the cell-free extract 

was added to 1 mL washed (with HaloTag® buffer) HaloLink™ slurry 

(25% beads) or 10 mg EziG™ beads (Amber, Coral, Opal) and incubated 

at 25 °C for 30 min in an overhead shaker. After incubation, the 

immobilisates were washed 4 times with 50 mM HEPES, pH 7.5 (KDOs), 

or 100 mM HEPES, pH 7.0 (SrLDC), and the amount of bound protein was 

quantified by the BCA assay (Supplementary Materials, Section S2.2.3.1.1) 

and confirmed by SDS PAGE (Supplementary Materials, Section 

S2.2.3.1.2). 

 

3.3. Biotransformation with KDOs 

All reactions were performed as technical duplicates (same enzyme 

batch). The 10 µL samples were diluted 1:50 with 50 mM HEPES buffer, 

and the reaction was stopped by incubation at 80 °C for 5 min in a thermo 

shaker (Eppendorf). Substrate and product concentrations were 
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determined by HPLC (3.6). Reaction mix: 100–500 mM L-lysine, 150–

1000 mM α-KG (1.5 molar excess), 1 mM ammonium iron(II)sulfate, 

2.5 mM L-ascorbic acid, 0.01 mM DTT in 200 mM HEPES buffer, pH 7.5.  

3.3.1. Initial Rate Activity  

For initial activity measurements, enzyme concentrations of 

0.5-1 mg mL−1 for the free and immobilized variants of CaKDO, CpKDO, 

and FjKDO were used. Conversions were measured up to a maximum of 

10% to ensure initial rate conditions. Due to the different residual 

activities of the immobilized enzymes, the assay conditions were 

respectively adapted to the enzyme preparation (Table 3). 

Table 3: Assay conditions for respective enzymes and formulations. 

Enzyme Formulation Reaction Time Sampling (10 µL) 

CaKDO EziG™ 60 min every 10 min 

CaKDO HaloTag® 20 min every 4 min 

CpKDO HaloTag®& EziG™ 

FjKDO HaloTag®& EziG 
50 min every 10 min 

Free enzymes 30 min every 5 min 

The reaction was mixed at 25 °C in an overhead shaker for sufficient 

mixing of the beads and the reaction mixture 

3.3.2. Analytical Scale Reactions 

For analytical-scale reactions and initial rate activity measurements, 

the reaction was started by adding 1 mL reaction mix (3.3) to a 2 mL 

reaction tube containing either the lyophilized free enzyme or the 

immobilized enzyme. The reaction was mixed at 25 °C in an overhead 

shaker or vertically attached on a thermomixer to guarantee sufficient 

mixing of the beads and the reaction mixture.  

Enzyme formulations and concentrations for different experiments: 

Stability under reaction conditions: 0.5 mg mL−1 for the free and 

immobilized variants. 

Different substrate concentrations:  

HaloTag® variants immobilized on HaloLink™ resin: 

• 5 mg mL−1 CaKDO, CpKDO, FjKDO for 100 mM L-lysine; 

• 7.5 mg mL−1 CaKDO 6.5 mg mL−1 CpKDO 6 mg mL−1 FjKDO 

for 200 mM L-lysine; 

• 5 mg mL−1 CaKDO for 500 mM L-lysine. 

3.3.3. Repetitive Batch Experiments 

For repetitive experiments, 1 mL of the reaction mixture (3.3) was 

added to the immobilized enzyme (5 mg mL−1 CaKDO-HaloTag®, CpKDO-

HaloTag®, FjKDO-HaloTag®) using 5 mL reaction tubes. In order to 

guarantee sufficient oxygen supply, the tubes were opened every 15 min. 

Samples (10 µL) were taken every 30 min over a period of 4 h for 

subsequent HPLC analysis. Afterwards the tubes were centrifuged, the 

beads were washed 4 times with 1 mL 50 mM HEPES buffer, pH 7.5, and 

stored overnight at 4 °C. The next day, the beads were washed once with 

200 mM HEPES buffer, pH 7.5, before the reaction was started again with 

a freshly prepared reaction mixture. The procedure was repeated for three 

to seven batches, depending on the enzyme. 
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3.3.4. Regeneration of Immobilized CaKDO-HaloTag®  

After the first batch (3.3, 3.3.3), the beads were washed 4 times with 

50 mM HEPES buffer, pH 7.5. After the addition of different 

concentrations of dithionite (1 or 10 mM) and 100 mM EDTA, the beads 

were shaken in an overhead shaker for 1 h at room temperature. 

Afterwards, the tubes were centrifuged; the beads were washed 4 times 

with 50 mM HEPES buffer, pH 7.5, to remove EDTA and dithionite and 

stored overnight at 4 °C. The next day, the beads were washed once with 

200 mM HEPES buffer, pH 7.5, and the reaction was started again with a 

freshly prepared reaction mixture including 1 mM Fe(NH4)2(SO4)2, 

thereby restoring the cofactor for the reaction. As a control, one of the 

reactions was incubated only with 50 mM HEPES (Supplementary 

Materials, Figure S35). 

3.3.5. Reactions in Preparative Lab Scale 

Conversion of 100 mM L-lysine in 15 mL: The reaction was started by 

adding 15 mL of reaction mix (3.3) with 100 mM L-lysine to a 50 mL 

Erlenmeyer flask without baffles containing 1.2 mg mL−1 and 1.3 mg mL−1 

HaloTag®-immobilized CaKDO and FjKDO, respectively. The reaction 

was mixed by orbital shaking at 150 rpm at 20 °C and 25 °C for CaKDO 

and FjKDO, respectively. Each reaction was performed as a technical 

duplicate. Samples (10 µL) were taken every hour over a period of 24 h. 

The reaction was quenched by heat inactivation at 80 °C for 5 min. 

Substrate and product concentrations were measured by HPLC (3.6). 

Conversion of 200 mM L-lysine in 10 mL: The reaction was started by 

adding 10 mL of reaction mix (3.3) with 200 mM L-lysine and 1 mg mL−1 

catalase (Sigma Aldrich) to a 25 mL Erlenmeyer flask without baffles 

containing 1.35 mg mL−1 HaloTag®-immobilized CaKDO. The reaction 

was mixed by orbital shaking at 150 rpm at 20 °C. Samples were taken 

every hour over a period of 52 h, excluding night hours. For sample 

workup and analysis, see above. 

Conversion of 100 mM L-lysine in 50 mL using an EasyMax 402 

Thermostat system (Mettler Toledo): The reaction was started by adding 

30 mL of reaction mix (3.3) to the EasyMax reaction vessel (100 mL) 

containing 20 mL immobilized CaKDO HaloTag® slurry (1 mg mL-1 

enzyme) in 200 mM HEPES, pH 7.5. The reaction was stirred at 150 rpm, 

20 °C, and the pH was continuously controlled with 0.5 M NaOH, while 

filtered purge gas was introduced to the surface of the reaction and 

incorporated into the reaction mixture by stirring (the aeration rate cannot 

be controlled with this device). Samples were taken every hour over a 

period of 70 h, excluding night hours. For sample workup and analysis, 

see above. 

 

3.4. Biotransformations with SrLDC 

All reactions were mixed at 35 °C in an overhead shaker to guarantee 

sufficient mixing of the beads and the reaction mixture. Reactions were 

performed as technical duplicates (same enzyme batch). The 10 µL 

samples were diluted 1:50 with 50 mM HEPES buffer, and the reaction 

was stopped by incubation at 80 °C for 5 min in a thermo shaker 

(Eppendorf). Substrate and product concentrations were determined by 

HPLC (3.6). 
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3.4.1. Analytical Scale 

The reaction was started by adding 1 mL reaction mix containing 

100 mM L-lysine, 1 mM PLP, and 100 mM HEPES buffer, pH 7.0, to a 2 mL 

reaction tube containing either the lyophilized free enzyme or 

immobilized enzyme. In the case of experiments with (3S)-hydroxy-L-

lysine, the reaction supernatant from the previous KDO reaction was 

taken, and 1 mM PLP was added and titrated to pH 7.0.  

3.4.2. Repetitive Batch Experiments in a Preparative Lab Scale 

For repetitive experiments, 15 mL of the reaction mixture (100 mM 

L-lysine, 1 mM PLP in 100 mM HEPES, pH 7.0) was added to the 1 mg 

mL−1 immobilized enzyme. The reaction was performed in 50 mL falcon 

tubes. Samples were taken every 10 min over a period of 1 h. Afterwards, 

the tubes were centrifuged, washed 2× with 100 mM HEPES buffer, pH 

7.0, and used for the next batch. The procedure was repeated for 6 batches. 

3.4.3. CaKDO and SrLDC Cascade Reaction 

The CaKDO-HaloTag® reaction was performed in a 50 mL shaking 

flask without baffles in a reaction volume of 15 mL, at 20 °C, and 

1.3 mg mL−1 CaKDO-HaloTag® immobilized on HaloLink™ resin. The 

reaction mix contained 100 mM L-lysine, 150 mM α-KG, 2.5 mM 

L-ascorbic acid, 0.01 mM DTT, 1 mM (NH4)2Fe(SO4)2, and 200 mM HEPES, 

pH 7.5. The reaction was performed for 27 h, at 150 rpm orbital shaking. 

Afterwards, the reaction supernatant (consisting of approximately 

100 mM (3S)-hydroxy-L-lysine, 50 mM α-KG, 100 mM succinate, 2.5 mM 

L-ascorbic acid, 0.01 mM DTT, 1 mM (NH4)2Fe(SO4)2, 200 mM HEPES, pH 

7.5) was transferred to a 50 mL falcon tube; the pH was titrated to 7.0, and 

1 mM PLP was added. The second reaction was started by adding 

2.5 mg mL−1 SrLDC-HaloTag® immobilized on HaloLinkTM resin and run 

for another 21 h in an overhead shaker at 35 °C under the exclusion of 

light. Samples (10 µL) were taken every hour (excluding night hours) and 

analyzed by HPLC (3.6). 

3.5. Product Purification 

Hydroxy-L-lysines and (2S)-hydroxy-cadaverine were purified as 

previously described by Fossey-Jouenne et al. [46]. 

3.6. HPLC Analyses 

All biotransformations were monitored by HPLC using a diode array 

detector (DAD) or a fluorescence detector (FLD), with the DAD detector 

giving the best results. For the analysis of amino acid derivatives, 

diamines, and (2S)-hydroxy-cadaverine, a pre-column derivatization step 

with ortho-phthaldialdehyde (OPA, Sigma-Aldrich) was performed. 

Approximate retention times were 5.6 min for L-histidine (internal 

standard), 8.8 min for 5-hydroxy-(D,L)-lysine, 8.9 min for (4S)-hydroxy-L-

lysine, 9.0 min for (3S)-hydroxy-L-lysine, 9.1 min for L-lysine, 9.4 min for 

(2S)-hydroxy-cadaverine, and 10.0 min for cadaverine. Concentrations 

were derived from the linear calibration of five reference solutions 

(0.1-2.5 mM) containing L-histidine, 5-hydroxy-(D,L)-lysine, L-lysine, and 

cadaverine. Calibration was performed at least once per week or prior to 

every HPLC run. For details and chromatograms, see Supplementary 

Materials, Sections 2.2.9 and 2.2.12. 
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3.7. GC-ToF-MS Analysis 

Components of the reaction mixture and mass information to 

identify the different hydroxy-L-lysines and the (2S)-hydroxy-cadaverine 

were analyzed by GC-ToF-MS according to a previously described 

protocol [63]. For details, see Supplementary Materials, Section S11. 

(3S)-hydroxy-L-lysine, (4R)-hydroxy-L-lysine, and 5-hydroxy-(D,L)-

lysine gave two trimethyl-silyl (TMS) derivatives modified with four and 

five TMS groups, respectively. On the GC chromatogram (Supplementary 

Materials, Figure S43), we can clearly identify these derivatives by 

retention times and masses (Supplementary Materials, Figure S43, Table 

S9). GC-ToF-MS analytics was also able to discriminate between the two 

possible diastereomers. As can be seen in the GC-chromatogram 

(Supplementary MaterialsFigure S43), both TMS species of 5-hydroxy-

(D,L)-lysine, which was bought as a diastereomeric mixture, showed 

double peaks, indicating the presence of diastereomers, while the 

respective TMS derivatives of (3S)-hydroxy-L-lysine, (4R)-hydroxy-L-

lysine, and (2S)-hydroxy-cadaverine only showed single peaks, indicating 

the presence of only one diastereomer. 

3.8. NMR Analysis 

After product purification (3.5) of the respective hydroxy-L-lysines 

and the (2S)-hydroxy-cadaverine, the 1D and 2D NMR spectra were 

recorded. For both components, the NMR signals were successfully 

assigned to the molecular structure (Supplementary Materials, Section 

2.2.12). While no major impurities were visible in the (2S)-cadaverine 

spectrum (Supplementary Materials, Figure S66 and Figure S67), some 

impurities remained in the hydroxyl-lysine samples, probably due to the 

high concentration of HEPES buffer present in the reaction supernatant 

(Supplementary Materials, Figure S50, Figure S51, Figure S56 and Figure 

S57). For both hydroxyl-L-lysine derivatives, the position of the hydroxyl 

group was assigned indirectly through the CH-group, as hydroxyl groups 

are not visible in the NMR spectrum in deuterated water (Supplementary 

Materials, Figure S50, Figure S51, Figure S56 and Figure S57). 

4. Conclusions 

Here, we demonstrate that covalent in situ immobilization is an 

appropriate tool to access the preparative potential of KDOs. 

Immobilization via the HaloTag® solved almost all the problems that 

hamper the application of KDOs besides the analytical scale. The one-step 

immobilization rapidly concentrated the enzyme from cell-free extracts 

on the carrier with high residual activity and improved stability, 

specifically in the case of CaKDO, which showed the lowest stability 

among the tested KDOs. Upon KDO immobilization, the increase in the 

stability enabled a substrate conversion of > 200 mM L-lysine, without the 

generation of any side products. Further, enzyme recycling was 

demonstrated, which was simple for immobilized CpKDO-HaloTag® and 

FjKDO-HaloTag® but required treatment with dithionite and EDTA in the 

case of CaKDO. We were able to apply the immobilized CaKDO-HaloTag® 

and FjKDO-HaloTag® in a preparative lab scale (15 mL) and could show 

that a further increase in scale (up to 50 mL) or substrate concentration 

(200 mM L-lysine) was in general possible. 
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This generally led to a decrease in process costs and an increase in 

process sustainability, meeting the requirements of processes that will 

become increasingly important within the next few years.  

Especially in the cascade reactions of KDOs and LDCs towards 

hydroxy-cadaverine derivatives, the immobilization approach seems to 

be superior to systems using in vivo two-phase fermentation approaches 

[21]. In the case of cascade reactions where the second enzyme has a 

higher activity towards the substrate of the first reaction (L-lysine) than 

the intermediate (hydroxyl-L-lysine), full conversion in the KDO-

catalyzed step is mandatory, before the LDC comes into play to avoid the 

loss of L-lysine by the production of cadaverine as a main side product 

and related purification problems. Using immobilized enzymes allows for 

an easy separation of the enzyme in a simple sequential reaction setup, 

where the reaction parameters of the different reaction steps can easily be 

adjusted to the respective optimal parameters (temperature, pH, reactor 

design, aeration, and mixing of immobilized enzymes) and successful 

product purification. 

We propose that covalent in situ immobilization is an appropriate 

tool to access the preparative potential of many other KDOs. 

Supplementary Materials: The following supporting information can be 

downloaded at: https://www.mdpi.com/2073-4344/12/4/354#supplementary. 
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2.2.1 Enzyme production  

2.2.1.1 Optimized KDO production protocol 

 

Soluble and HaloTag®  KDOs were produced according to a protocol from Zhang et al. [1]. 
For the production of soluble and HaloTag®-KDOs, competent E. coli BL21 cells were 

transformed with pET-28a(+)-KDO or pRSETA-KDO-HaloTag®  and the pGro7 plasmids. An 

overnight culture was used to inoculate 10x 200 mL TB-medium in 1 L non-baffled Erlenmeyer 

flasks containing 25 μg mL-1 chloramphenicol and 50 μg mL-1 ampicillin. The cultures were 

shaken at 150 rpm at 37 °C until an OD600 of approximately 1.5 was reached, and gene 

expression was induced by adding IPTG and L-arabinose at final concentrations of 0.025 mM 

and 1 mg mL-1, respectively. Cultivation was continued for another 20-24 hours at 23 °C and 

shaking at 250 rpm. Cell were harvested by centrifugation (4 °C, 15 min, 3,000 x g), and the 

cell pellets were stored at -20 °C until further use. 
Production and solubility of free KDOs and HaloTag®- KDOs was analyzed by SDS-PAGE 

(Chapter 2.2.1.3). 
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Figure S24: KDO production in E. coli BL21(DE3) A) KDO production according to the protocol from Baud et al. [2,3]. B) 
CaKDO production according to the protocol from Zhang et al. [1]. C) CpKDO and FjKDO production according to the 
protocol from Zhang et al. CCE= crude cell extract, M= marker, I= Insoluble fraction, S= soluble fraction. Enzyme masses: 
free variants with HisTag. Enzyme masses with hexahistine tag indicated by arrows: CaKDO = 40 kDa, CpKDO = 44 kDa, 
FjKDO = 42 kDa. Chaperones: GroEL = 60 kDa, GroES = 10 kDa.

Figure S25: KDO-HaloTag® production in E. coli BL21(DE3) A) Protocol in LB medium w/o chaperone B) CaKDO-
HaloTag® and C) CpKDO-HaloTag®  and FjKDO-HaloTag® produced  with chaperones [1]. M = marker, CCE = crude cell 
extract, I = insoluble fraction, S = soluble fraction. Enzyme masses of HaloTag® variants indicated by arrows: 
CaKDO= 75 kDa, CpKDO= 79 kDa, FjKDO= 77 kDa. Chaperones: GroEL= 60 kDa, GroES= 10 kDa.
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2.2.1.2 SrLDC production protocol

For the production of the SrLDC with hexahistidine tag and the SrLDC-HaloTag®-fusion, 

competent E. coli BL21(DE3) cells were transformed with either pET-28a(+)-SrLDC or 

pRSETA-SrLDC-HaloTag® and pGro7 plasmids, respectively. An overnight culture was used 

to inoculate 10x 200 mL TB-media in 1 L non-baffled Erlenmeyer flasks containing 25 μg mL-1

chloramphenicol and 50 μg mL-1 ampicillin. Cultures were shaken at 150 rpm at 37 °C until an 

OD600 of approximately 0.7 - 0.9 was reached, and protein production was induced by adding 

IPTG and L-arabinose to a final concentration of 0.025 mM and 1 mg mL-1, respectively. 

Cultures were incubated for another 20-24 hours at 23 °C and shaking at 250 rpm. Cells were 

harvested by centrifugation (4 °C, 15 min, 3,000x g), and the cell pellets were stored at -20 °C 

until further use. Production and solubility of His-tagged SrLDC and the SrLDC-HaloTag® 

fusion was controlled by SDS-PAGE (Chapter 2.2.1.3).

Figure S26: SrLDC-HisTag (A) and SrLDC-HaloTag® (B) production in E. coli BL21(DE3). Protocol from Zhang et al. [1], 
CCE = crude cell extract, M = marker, I = insoluble fraction, S = soluble fraction. Arrows indicate: 
SrLDC-HaloTag® = 79 kDa, SrLDC-HisTag = 44 kDa. Chaperone masses: GroEL = 60 kDa, GroES = 10 kDa.
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2.2.1.3 SDS-PAGE 

 

If not stated otherwise, samples were prepared as followed: 
Table S4: reagents used for SDS-PAGE sample preparation  

Reagent Volume [µl] 

Sample 5-10 µl 

NuPAGE® LDS Sample Buffer (4x)  7.5 µl 

NuPAGE® Reducing Agent (10x)  3 µl 

Millipore-Water Depending on sample concentration 

Total Volume 30 µl 

 

Prepared samples were denatured at 98 °C for 10 minutes. For the experimental setup a 

NuPAGE® Novex® 4-12 % Bis-Tris gradient gel was put into a XCell Sure TM 
Mini-Cell gel 

chamber (Invitrogen), filled with NuPAGE® MES SDS Running Buffer (1 x). Marker (5 µL, 

PageRuler Plus Prestained Protein ladder or PageRuler Unstained Protein ladder, ThermoFisher 

Scientific) and 10 µl of each sample were transferred to the sample pockets. The gel ran at 

constant voltage of 200 V, a current of 100 mA and 15 watts for 45 minutes. 

 

2.2.1.4 Bradford assay 

 

Protein concentration of soluble KDOs was determined via Bradford assay [4], for which 

bovine serum albumin (BSA) was used as standard. Prior to sample measurements, a calibration 

curve with BSA was prepared. Therefore, samples of BSA with a concentration from 0.01 to 

0.1 mg mL-1 were measured.  

100 µl sample was added to 900 µl Bradford reagent. Samples were incubated for 10 minutes 

and measured afterward photometrically at 595 nm (Shimadzu UV-1800/UV-1600) in a PMMA 

1.5 mL semi-flat cuvette at 25°C. As a control, 100 µl buffer was mixed with 900 µl Bradford 

reagent and incubated in the same manner as described above.  

The corresponding calibration curve was used to calculate the sample protein concentration. 
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Table S5: Composition of Bradford reagent used for determination of protein concentration via Bradford assay 
Component Mass [g L-1] 

Coomassie Brilliant Blue G-250 0.1 

ortho-phosphoric acid 85 % 187 

Abs. ethanol 40 

 
2.2.2 Chromatographic enzyme purification  

2.2.2.1 KDO purification 

2.2.2.1.1 Typical protocol causing precipitation of KDOs 

 

Cells were lysed by sonication in equilibration buffer (50 mM TRIS, 300 mM NaCl, pH 7.5) 

and cell free extracts were loaded onto an NiNTA column (Qiagen). After loading of the cell-

free extract, the column was washed with washing buffer (50 mM TRIS, 300 mM NaCl, 40 mM 

imidazole, pH 7.5). The target enzyme was eluted with elution buffer (50 mM TRIS, 300 mM 

NaCl, 250 mM imidazole, pH 7.5). Fractions containing the target enzyme were desalted with 

a Sephadex G-25 column (GE Healthcare) and desalting buffer (10 mM TRIS, pH 7.5). The 

desalted fractions were lyophilized and stored at -20 °C. Protein concentrations were 

determined by Bradford assay (Chapter 2.2.1.4) and analyzed by SDS PAGE (Chapter 2.2.1.3). 

 

2.2.2.1.2 Optimized protocol 

 

In order to purify the precipitation-prone soluble KDOs, an optimized purification protocol was 

applied. Cells were lysed by sonication in equilibration buffer (20 mM sodium phosphate 

buffer, 0.5 M NaCl, 0.1 mM DTT, 5 mM α-ketoglutarate, adjusted to pH 7.4) and cell-free 

extracts were loaded onto an NiNTA column (Qiagen). After loading of the cell-free extract, 

the column was washed with washing buffer (20 mM sodium phosphate buffer, 0.5 M NaCl, 

20 mM imidazole, 0.1 mM DTT, 5 mM α-ketoglutarate, adjusted to pH 7.4). The target enzyme 

was eluted with elution buffer (20 mM sodium phosphate buffer, 0.5 M NaCl, 300 mM 

imidazole, 0.1 mM DTT, 5 mM α-ketoglutarate, adjusted to pH 7.4). Directly after elution 

100 µl of a stock solution containing the iron (II) cofactor and L-ascorbic acid as a reducing 

agent (20 mM sodium phosphate buffer, 100 mM ammonium iron(II)sulfate, 250 mM 

L-ascorbic acid, adjusted to pH 7.4)  were added per 10 mL elution fraction. Fractions 

containing the target enzyme were desalted by a PD-10 column (GE Healthcare) using a buffer 
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containing 10 mM sodium phosphate, 0.1 mM DTT, 1 mM ammonium iron(II)sulfate, 2.5 mM 

L-ascorbic acid, and 5 mM α-ketoglutarate, adjusted to pH 7.4. The desalted fractions were 

lyophilized overnight (Christ ALPHA, 1-3 LD Plus) and stored at -20 °C. Sample purity was 

analyzed by SDS PAGE (Chapter 2.2.1.3). Protein concentration was determined by Bradford 

assay (Chapter 2.2.1.4).

Figure S27: Optimized purification (Chapter 2.2.1.1) of CaKDO produced with (w/) and without (w/o) coexpression of 
chaperones GroEL/ES. M = marker, CFE = cell free extract, load = the flow through after elution. Arrow indicates CaKDO 
with HisTag = 40 kDa. Chaperones: GroEL= 60 kDa, GroES= 10 kDa.

Figure S28: Optimized CaKDO-HaloTag® purification (Chapter 2.2.1.1. Arrow indicates: CaKDO-HaloTag® = 75 kDa. 
Chaperones: GroEL= 60 kDa, GroES= 10 kDa
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Figure S29: A) Optimized purification of CpKDO and FjKDO (Chapter 2.2.2.1.2), B) precipitated CpKDO after IMAC elution 
with non-optimized protocol in TRIS buffer (Chapter 2.2.2.1.1). Enzyme masses: free variants with HisTag: CpKDO= 44 kDa, 
FjKDO= 42 kDa. Chaperones: GroEL= 60 kDa, GroES= 10 kDa

Figure S30: Precipitated free CaKDO during reaction.

2.2.2.2 SrLDC purification

Cells were lysed by sonication in equilibration buffer (50 mM TRIS, 300 mM NaCl, 1 mM 

pyridoxal-5’-phosphate (PLP), pH 7.5) and the cell-free extract was loaded onto an NiNTA 

column. After loading, the column was washed with washing buffer (50 mM TRIS, 300 mM 

NaCl, 40 mM imidazole, 1 mM PLP, pH 7.5). SrLDC was eluted with elution buffer (50 mM 

TRIS, 300 mM NaCl, 250 mM imidazole, 1 mM PLP, pH 7.5). Fractions containing the target 
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enzyme were desalted with a Sephadex G-25 column and desalting buffer (10 mM TRIS, 1 mM 

PLP, pH 7.5). The desalted fractions were lyophilized and stored at -20 °C. Protein 

concentration was determined by Bradford assay (Chapter 2.2.1.4) and analyzed by SDS PAGE 

(Chapter 2.2.1.3). 

 

2.2.3 Immobilization experiments 

2.2.3.1 Enzyme load and SDS PAGE 

2.2.3.1.1 Determination of enzyme concentration by BCA assay 

 

For the determination of the protein concentration and binding capacities the interchim® 

Protein quantitation Kit for BCA assay was used and a BSA standard series of 0 - 2 mg mL-1 

was prepared before each measurement. 196 μL reagent A, 4 μL reagent B and 25 μL of each 

sample or standard were added to a 1.5 mL Eppendorf reaction tube and incubated for 30 min 

at 37 °C and 1200 rpm in a thermoshaker (Eppendorf). After incubation, the samples were 

centrifuged at 10,400 × g for 2 min. Afterward, 200 μL of the supernatant was added to a 96-

well microtiter plate and measured at 562 nm using a TECAN Infinite® M200 reader. The 

protein concentration of the samples was determined using the calibration curve. 

 

2.2.3.1.2 SDS PAGE preparation for immobilized enzymes 

 

HaloTag®: To release the covalently bound enzyme from the HaloLink resin a saponification 

with NaOH and SDS of the ester bond connecting HaloTag® and HaloLink resin was 

performed. Therefore, 30 µL of 200 mM NaOH and 1% SDS (w/v) were added to 15 µL of the 

HaloLink resin slurry, incubated for 15 min at room temperature and centrifuged (25 °C, 

2 min, 20,000xg). For SDS PAGE 15 µL of the supernatant were used (Chapter 2.2.1.3). 

EziG™: To release the target enzyme bound to the EziG™ beads, 1 mL of the slurry was 

centrifuged (25 °C, 2 min, 20,000x g), and the supernatant discarded. The beads were incubated 

for 15 min at room temperature in 30 µL 50 mM HEPES buffer, pH 7.5 containing 300 mM 

imidazole to detach the enzyme from the beads. After centrifugation (25 °C, 2 min, 20,000x g), 

19.5 µL of the supernatant was used for SDS PAGE (Chapter 2.2.1.3). 
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2.2.3.2 KDO immobilization 

2.2.3.2.1 Determination of binding capacities of immobilized KDOs 

 

Determination of enzyme concentration for the calculation of binding capacities was done as 
described in Chapter 2.2.3.2.1. 

Table S6: Binding capacities of EziG™ and HaloTag® immobilized KDOs measured by the BCA assay. Data from two 
independent immobilizations from the same enzyme batch.  

Enzyme Immobilization method 

Binding capacity 

(EziG™: mg enzyme/ mg beads) 

(HaloTag®: mg enzyme/ mL HaloLink resin) 

CaKDO HaloTag®   4.81 0.075 

 Opal 0.11 0.002 

 Amber 0.16 0.028 

 Coral 0.12 0.071 

CpKDO HaloTag®   7.00 0.868 

 Opal 0.03 0.005 

 Amber 0.05 0.009 

 Coral 0.04 0.015 

FjKDO HaloTag®  5.64 0.623 

 Opal 0.03 0.005 

 Amber 0.06 0.013 

 Coral 0.05 0.031 
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2.2.3.2.2 Analysis of immobilized KDOs by SDS PAGE 

SDS PAGE preparation as described in Chapter 2.2.3.1.2.

Figure S31: KDO immobilization on different carriers as indicated. M = marker, I = insoluble fraction, S = soluble 
fraction, IM= immobilized.  Enzyme masses indicated by arrows: free variants with HisTag CaKDO = 40 kDa, 
CpKDO = 44 kDa, FjKDO = 42 kDa. HaloTag® variants: CaKDO = 75 kDa, CpKDO = 79 kDa, FjKDO = 77 kDa. 
Chaperones: GroEL = 60 kDa, GroES = 10 kDa.
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2.2.3.2.3 Influence of the HaloTag® and immobilization on HaloLink™ resin on conversion 

and stability of CaKDO

The reaction was started by adding 1 mL reaction mix containing 10 mM L-lysine, 15 mM 

α-ketoglutarate, 1 mM ammonium iron(II) sulfate, 2.5 mM L-ascorbic acid, 0.01 mM 

dithiothreithol (DTT) and 200 mM HEPES buffer, pH 7.5, to a 2 mL reaction tube containing 

either the lyophilized free CaKDO with His-Tag, the free HaloTagged – enzyme or the 

immobilized HaloTag®-enzyme, respectively. The reaction was mixed at 25 °C horizontally 

attached on a thermomixer to guarantee sufficient mixing of the beads and the reaction mixture. 

Figure S32: Stability under reaction conditions of free CaKDO with His-Tag, free CaKDO-HaloTag®, and CaKDO-
HaloTag® immobilized on HaloLink™ resin: enzyme concentration 0.5 mg mL-1, reaction time 2 h.
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2.2.3.3 SrLDC immobilization

2.2.3.3.1 Determination of binding capacities of immobilized SrLDC 

Binding capacities were determined as described in Chapter 2.2.3.1.1.

Table S7: Binding capacities of EziG™ and HaloLink resin loaded with SrLDC were measured by the BCA assay (Chapter
2.2.3.1.1). Data from two independent immobilizations from the same enzyme batch.

Enzyme Immobilization method

enzyme load

(EziG™: mg enzyme/ mg beads mg)

(HaloTag®: mg enzyme/ mL HaloLink resin)

SrLDC HaloTag®  7.14  0.40

Opal 0.082  0.006

Amber 0.105  0.010

Coral 0.126  0.018

2.2.3.3.2 Analysis of immobilized SrLDC by SDS PAGE

SDS PAGE was prepared as described in Chapter 2.2.3.1.2.

Figure S33: Analysis of SrLDC immobilisates. A) HaloTag®-immobilisate B) EziG™-immobilization on respective EziG™
Beads. M = marker, I = insoluble fraction, S = soluble fraction, IM= immobilized. Enzyme masses indicated by arrows: 
SrLDC-HisTag= 44 kDa, SrLDC-HaloTag® = 79 kDa. Chaperones: GroEL= 60 kDa, GroES= 10 kDa.
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2.2.4 CaKDO-HaloTag® regeneration experiments upon repetitive batch studies

2.2.4.1 Color change of CaKDO reaction after the first batch

Pictures were taken at the end of the repetitive batch experiments with the CaKDO-HaloTag® 

immobilisate as described in the main paper (Materials and Methods, Section 3.3.3.).

Figure S34: End of the first batch from repetitive batch experiments with CaKDO. A) Left: reaction mix before reaction (Main 
paper, Materials and Methods, Section 3.3.). Right: supernatant after first batch. B) Picture was directly taken after reaction. 
Left: Two reactions of CaKDO-HaloTag®, middle: two reactions of CpKDO-HaloTag®, right: FjKDO-HaloTag®, all 
immobilized on HaloLink™ resin. C) CaKDO-HaloTag® reaction after centrifugation. Large vessel with immobilisate, small 
vessel with supernatant D) CaKDO-HaloTag® immobilisate washed once with 50 mM HEPES, pH 7.5.
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2.2.4.2 Regeneration of immobilized CaKDO-HaloTag® 

The reaction took place as described (main paper, Materials and Methods, Section 3.3.3. and 
3.3.4.). Samples were taken every 30 min for 2 h and after 24 h. 

Figure S35: Regeneration studies for immobilized CaKDO-HaloTag®. A) Regeneration with 1 mM dithionite and 100 mM 
EDTA in 50 mM HEPES, pH 7.5. B) Regeneration with 10 mM dithionite and 100 mM EDTA in 50 mM HEPES, pH 7.5. C) 
Regeneration with 10 mM dithionite, 100 mM EDTA and 1 mM (NH4)2Fe(SO4)2 in 50 mM HEPES, pH 7.5. Incubation over 
night at 4 °C. D) control. 50 mM HEPES, pH 7.5, no EDTA or dithionite added. 
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2.2.4.3 CaKDO active site with aromatic residues  

 

The active site was presented with PyMOL based on PDB code 6F2A from Bastard et al. [5].  

 

Figure S36: CaKDO active site (blue) and close aromatic residues (green). L-lysine with polar interactions (yellow), Iron(II) 
(red sphere) and water (white sphere) bound to L-lysine. 
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2.2.5 Sequence comparison of KDO1-KDO5 

KDO1= CaKDO, KDO2= CpKDO, KDO3= FjKDO, KDO5= FsKDO

Figure S37: Sequence comparison of KDO1-KDO5 (CaKDO, CpKDO, FjKDO, FsKDO).

2.2.6 Additional preparative lab scale experiments

Figure S38: Further preparative scale reactions using HaloTag® immobilized CaKDO. A) 10 mL reaction, 200 mM L-lysine 
in shaking flask. B) 50 mL reaction, 100 mM L-lysine in an EasyMax 402 Thermostat system. For details, see main paper 
Section 3.3.5. Reactions were performed in single measurements.
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2.2.7 SrLDC reaction optimization

The reaction was started by adding 1 mL reaction mix containing 100-1500 mM L-lysine, 

0.05-2 mM PLP and 100 mM HEPES buffer, pH 7.0-8.0, to a 2 mL reaction tube containing 

SrLDC-HaloTag® immobilized on HaloLink™ resin. The reaction was performed in an 

overhead shaker at 25 °C – 35 °C under exclusion of light.

Figure S39: SrLDC-HaloTag® reaction optimization. A) Conversion at different pH values (7.0-8.0). B) Conversion with 
different PLP concentrations (0.05-2 mM). C) Different L-lysine concentrations (100-1500 mM). D) Different temperatures,
25 °C-35 °C. Reactions were done in the form of technical duplicates of the same enzyme batch but different immobilizations.

Table S8: Optimized reaction parameters tested for SrLDC-HaloTag reaction from L-lysine to cadaverine. Further information 
in SI Figure S39.

Parameter range tested optimal conditions

Buffer type HEPES HEPES

pH 7.0 - 8.0 7.0

Substrate concentration 0.1 M - 1.5M 0.1 M

PLP concentration 0.05 - 2 mM 2 mM

Temperature 25 °C – 35 °C 35 °C
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2.2.8 Production of putrescin, cadaverine, and (2S)-hydroxy-cadaverine by HaloTag®-

immobilized SrLDC 

 

For preparative lab scale experiments 15 mL of the reaction mixture containing 100 mM of the 

respective substrate (L-lysine, L-ornithine, (3S)-hydroxy-L-lysine), 1 mM PLP and 100 mM 

HEPES buffer, pH 7.0, were added to the immobilized enzyme (1 mg mL-1 for experiments 

with L-lysine, 1.5 mg mL-1 for experiments with L-ornithine, 2.5 mg mL-1 for experiments with 

(3S)-hydroxy-L-lysine). Reactions were performed in 50 mL falcon tubes in an overhead shaker 

at 35 °C under exclusion of light.  Samples were taken every 10 min over a period of 1-2 h. The 

reaction was quenched by incubation for 5 min at 80 °C. Substrate and product concentrations 

were measured by HPLC (Main paper, Materials and Methods, Section 3.6.). 

 

 

Figure S40: Preparative lab scale (15 mL) experiments with HaloTag® immobilized SrLDC and different substrates 
(L-lysine, L-Ornithine, (3S)-hydroxy-L-lysine. 
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2.2.9 HPLC  

2.2.9.1 HPLC analysis with Diode Array Detector  

 

All amino acid derivatives, diamines and (2S)-hydroxycadaverine were analyzed by amino acid 

HPLC on an Infinity Lab Poroshell HPH-C18, (4.6x100 mm, 2.7-micron) or Agilent Zorbax 

Eclipse Plus C18 (4.6x100 mm, 3.5 micron) and an UHPLC Guard Infinity lab Poroshell HPH-

C18 (4.6x5 mm 2.7-micron) or ZORBAX RRHD Eclipse Plus C18 (2.1 mm, 1.8 µm) guard 

column using an Agilent 1260 Infinity Quaternary LC system (Agilent Technologies) equipped 

with a 1260 Diode Array Detector (detection wavelength 338 nm). Prior to injection, samples 

were diluted 1:100 (v/v) in 50 mM HEPES buffer, pH 7.5 and 1 mM L-histidine as internal 

standard was added. For analysis, a pre-column derivatization step with 9 µl ortho-

phthaldialdehyde (OPA, Sigma-Aldrich) and 1 µl sample (6 mixing iterations) was performed. 

The mobile phase A was composed of 10 mM sodium borate buffer, pH 8.2, and the mobile 

phase B contained 45% (v/v) methanol, 45% (v/v) acetonitrile and 10% (v/v) water. For 

chromatographic separation, a gradient was applied with a flow of 1.5 mL min starting with 0% 

B, 1–6.8 min 0–47% B, 8.3-8.6 min 85% B, 8.8-10.5 min 100% B, 11.5-12 min 0% B.  

Approximate retention times were 5.6 min for L-histidine (internal standard), 8.8 min for 5-

hydroxy-D,L-lysine, 8.9 min for (4S)-hydroxy-L-lysine, 9.0 min for (3S)-hydroxy-L-lysine, 

9.1 min for L-lysine, 9.4 min for (2S)-hydroxy-cadaverine and 10.0 min for cadaverine. 

Concentrations were derived from the linear calibration of five reference solutions 

(0.1 mM-2.5 mM) containing L-histidine, 5-hydroxy-D,L-lysine, L-lysine and cadaverine. 

Calibration was performed at least once per week or prior to every HPLC run. In order to correct 

possible effects of the derivatization efficiency due to the two amine groups present in L-lysine 

and its derivatives, conversions were calculated as followed: 

 

 
 
       



Results

78

Figure S41: HPLC chromatograms of calibration. Approximate retention times were 5.6 min for L-histidine (internal standard), 
8.8 min for (R,S)-5-hydroxy-D,L-lysine, 9.1 min for L-lysine, and 10.0 min for cadaverine. 

An example of the conversion of L-lysine can be seen in Chapter 2.2.12.1.1 for (3S)-hydroxy-

L-lysine and Chapter 2.2.12.2.1 for (4R)-hydroxy-L-lysine. The conversion of (3S)-hydroxy-L-

lysine to (2S)-hydroxy-L-cadaverine in the cascade reaction with SrLDC-HaloTag® is shown 

in Chapter 2.2.12.4.1

2.2.9.2 HPLC analysis with fluorescence detector

The amino acids were separated and quantified as ortho-phthalaldehyde (OPA) derivatives by 

reverse phase chromatography using an Agilent 1290 Infinity I LC system Agilent Santa Clara 

USA© an ultra-high performance liquid chromatography system UHPLC© equipped with a 

fluorescence detector.

A gradient of sodium borate buffer A: 10 mM Na2HPO4 10 mM, Na2B4O7 pH 8.2 and B: 

methanol was used as eluent for the Kinetex 2.6 μm EVO C18 100 Å, 100 x 2.1 mm, which 

was equipped with a SecurityGuardTM ULTRA cartridge protective column (Phenomenex, 

Aschaffenburg, Germany). The initial parameter for the gradient was set to 90% A and the 

gradient was changed in 1 minute to 80%. In the next 6 minutes solvent A was set to 30%. At 

8 minutes the gradient was changed to 0% A and was hold for further 1.2 minutes. The re-

equilibration started at 9.3 min and was carried out until 11.2 min were reached.

The derivatives were detected at 340 nm excitation and 450 emission wavelengths at a flow 

rate of 0.4 mL min. The temperature was at constant hold at 40 °C.
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DAD versus FLD 

During method development, different detection strategies for amines and amino acids were 

tested, including measurement on an HPLC system with FLD detector and DAD detector. Since 

3- and 4-hydroxy-L-lysine derivatives are not commercially available, the HPLCs were 

calibrated with 5-hydroxy-D,L-lysine, as explained in the materials and method section of the 

main paper. The DAD method (main paper, Materials and Methods, Section 3.6.) was compared 

to the method using an FLD detector (Chapter 2.2.9.2). In both cases, samples were derivatized 

with OPA. We found significant differences in the concentration of (3S)-hydroxy-L-lysine and 

(4R)-hydroxy-L-lysine with the different detectors (Figure S42). Using the DAD detector, we 

could follow the depletion of substrate (L-lysine) concomitant with an increase of the respective 

products ((4R)-hydroxy-L-lysine and (3S)-hydroxy-L-lysine) during the course of the reaction 

(Chapters 2.2.12.1.1, 2.2.12.2.1, 2.2.12.4.1). However, in analogous measurements with the 

FLD detector the areas for the hydroxy-L-lysines were smaller than expected regarding the 

conversion of the substrate (L-lysine) (data not shown). Since L-lysine contains two amino 

groups, their derivatization can lead to the generation of three different isoindol derivatives. 

The di-substituted OPA-derivates of both amino groups can thereby lead to an inner-molecular 

quenching of the fluorescence signal [6]. We figured out that the hydroxy group of hydroxy-L-

lysines can enhance this quenching effect depending on the hydroxylation position (Figure 71). 

However, we do not know if this effect is concentration-dependent and if a calibration with the 

actual hydroxy-L-lysines can decrease this effect. Since the absorption of the OPA-derivatives 

is not impaired, we chose a DAD detector, although most previous publications dealing with 

the production of hydoxy-L-lysines analyzed the respective OPA-derivatives using an FLD 

detector [7,8]. 
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Figure S42: Comparison of respective substrate and product concentrations of samples following the conversion in preparative 
lab scale analyzed by HPLC with DAD detection and fluorescence detection, respectively.

2.2.10 NMR analysis

NMR spectra were measured on an Advance/DRX 600 MHz NMR Spektrometer (Bruker) with 

D2O (Eurisotop) at concentrations of approx. 30-55 mg mL-1.

After product purification of the respective hydroxy-L-lysines and the (2S)-hydroxy-

cadaverine, 2D HSQC and COSY NMR spectra were recorded that can be found in Chapter

2.2.12.1.4 for (3S)-hydroxy-L-lysine, Chapter 2.2.12.2.3 for (4R)-hydroxy-L-lysine, and

Chapter 2.2.12.4.3 for (2S)-hydroxy-cadaverine.

2.2.11 GC-ToF-MS analysis

Sample preparation as well as GC-TOF-MS measurements were carried out according to a 

previously described protocol [9]. 

Sample preparation

Prior to analysis 13 µL aliquots of the samples were shock frozen in liquid nitrogen, stored 

at -20 °C and then lyophilized overnight in a Christ LT-105 freeze drier (Martin Christ 

Gefriertrocknungsanlagen, Osterode am Harz, Germany) 
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Two step derivatization 

The dried samples were consecutively derivatized with 50 µL MeOX (20 mg mL-1 O-

methylhydroxylamine in pyridine) for 90 min at 30 °C and 600 rpm in an Eppendorf 

Thermomixer followed by incubation with additional 80 µL of MSTFA (N-acetyl-N-

(trimethylsilyl)-trifuoroacetamide) for 90 min at 40 °C and 600 rpm. 

MS Data Acquisition 

For the determination of the derivatized metabolites an Agilent 8890N double SSL gas 

chromatograph (Agilent, Waldbronn, Germany) equipped with a L-PAL3-S15 liquid 

autosampler was used, coupled to a LECO GCxGC HRT+ 4D high resolution time of flight 

mass spectrometer (LECO, Mönchengladbach, Germany). The system was controlled by the 

LECO ChromaToF software. 

1 µL sample was injected into a split/splitless injector at 280 °C at varying split modes. 

For 1D GC analysis the Back Injector was equipped with a 30 m Agilent EZ-Guard VF-5 ms + 

10 m guard column (Agilent, Waldbronn, Germany).  

For 2D GCxGC analysis the Front Injector was equipped with a 30 m HP 5-ms Ui column (HP) 

connected to a 2 m Rtxi17 (Restek) in a secondary oven. Constant helium flow was adjusted to 

1 mL m-1in for the active injector and column and to 0.5 mL min-1 for the passive injector. The 

GC temperature program started at 60 °C with a hold time of 2 min, followed by a temperature 

ramp of +12 °C/min up to the final temperature of 300 °C, hold time of 8 min. Total run time 

of 30 min. The secondary oven temperature offset was set to +15 °C above the first oven 

temperature. The transfer line temperature was set to 300 °C. The ToF MS was operated in 

positive electron impact [EI]+ mode at an electron energy of 70 eV. Ion source temperature was 

set to 250 °C. 

The MS was tuned and calibrated with the mass fragmentation pattern of PFTBA (Perfluoro-

tri-n-butylamine, heptacosafluorotributylamine). During analysis the accurate masses were 

corrected to a single point lockmass of PFTBA as an external reference at m/z 218,9856. 

1D data acquisition was done in stick mode with a scan rate of 200 scans/sec. 

Peak Identification 

For identification of known metabolites we used the comparison of the actual RI value 

(Retention time Index) and a baseline noise subtracted fragmentation pattern to our in house 

accurate m/z database JuPoD, and the commercial nominal database NIST20 (National Institute 

of Standards and Technology, USA).  
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Unknown peaks were identified by a comparison of actual fragmentation pattern and fragment 

elemental composition to known fragment masses from our in house JuPoD database and were 

verified by virtual derivatization and fragmentation of the predicted structure.  

 

For GC spectra of all products and the standard 5-hydroxy-D,L-lysine see Chapter 2.2.11.  

The mass fragment analyses and the product specific fragments can be found in Chapter 2.2.11 

The mass spectra of the respective products can be found in Chapter 2.2.12.1.2 for (3S)-

hydroxy-L-lysine, Chapter 2.2.12.2.2  for (4R)-hydroxy-L-lysine, Chapter 2.2.12.3.1 for the 

standard 5-hydroxy-D,L-lysine, and Chapter 2.2.12.4.22.2.12.4 for (2S)-hydroxy-cadaverine. 

Comparison of the (3S)-hydroxy-L-lysine produced in this work and a sample produced by 

Baud et al. can be found in Chapter 2.2.12.1.3. 
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2.2.11.1 GC-ToF-MS GC chromatogram of all products 

 

 

Figure S43: GC chromatogram of GC-ToF-MS analytics. blue: 5-hydroxy-D,L-lysine TMS species indicating the presence of 
diastereomers by double peaks, orange= (4R)-hydroxy-L-lysine TMS species, purple= (3S)-hydroxy-L-lysine TMS species, 
green= (2S)-hydroxy-cadaverine TMS species (second species more upstream of chromatogram). 

 

2.2.11.2 GC-ToF-MS fragment analysis 

 

Table S9: Table of MS fragments showing the common fragments of all spectra and the product specific fragments. 

common fragments (structure and formula)  [Mass]+ u (Da) 

C = 12,0000 

 

 C2H7Si• 

59,031153 

                 C3H9Si• 

73,046803 

             C3H8NSi• 

86,042052 

15.6 15.8 16 16.2 16.4 16.6 16.8 17

0

0.6e7

1.2e7

1.8e7

2.4e7

3.0e7

3.6e7

4.2e7

4.8e7

Time (min)

TIC 211020_1D_B_SS_3OHLys_13uL_s10 TIC 211020_1D_B_SS_4OHLys_13uL_s10 TIC 211020_1D_B_SS_5OHLys_13uL_s10 TIC 211020_1D_B_SS_2OHCad_13uL_s10
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              C4H10NSi• 

100,057702 

             C4H12NSi• 

102,073352 

  C7H16NSi• 

142,104652 

           C5H15OSi2• 

147,065595 

       C7H18NSi2•    

172,097229 

              C7H20NSi2• 

174,112879 

 C11H26NOSi2• 

244,154744 

 C9H26NOSi3• 

248,131670 

  



Results 

 

 

85 

Specific fragments of 3-HO-Lysine [Mass]+ u (Da) 

C = 12,0000 

          C6H14NSi• 

128,089002 

      C9H22NSi2• 

200,128529 

          C8H21NO2Si2• 

219,110533 

 
                                            C12H26NO3Si2• 

288,144573 

 C11H29NO2Si3 

291,150060 

                        

 
          C14H33N2O2Si3• 

345,184434 

    
          C17H45N2OSi4• 

405,260347 
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          C17H41N2O2Si4• 

417,223961 

 

Specific fragments of 4-HO-Lysine [Mass]+ u (Da) 

C = 12,0000 

 C8H22NSi2• 

188,128529 

 C10H24NSi2• 

214,144179 

 

Specific fragments of 5-HO-Lysine [Mass]+ u (Da) 

C = 12,0000 

            C8H21NO2Si2 

219,110533 

 C10H26NOSi2• 

232,154744 

        C11H26NOSi2• 

244,154744 
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 C12H26NO2Si2• 

272,149659 

 C14H32NO3Si3 

346,168450 

C15H36N2O2Si3 

360,207909 

C18H44N2O2Si4• 

432,247436 
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2.2.12 Instrumental analytics of products

2.2.12.1 Instrumental analysis of (3S)-hydroxy-L-lysine

2.2.12.1.1 HPLC

Figure S44: HPLC chromatograms of the monitoring of L-lysine hydroxylation by CaKDO-HaloTag®. Peaks: L-histidine 
(internal standard): 5.6 min, (3S)-hydroxy-L-lysine: 9.0 min, L-lysine: 9.1 min.
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2.2.12.1.2 GC-ToF-MS  

 

GC- Chromatogram 

 

 

 

Figure S45: GC chromatogram of the supernatant of a biotransformation towards (3S)-hydroxy-L-lysine. Besides the target 
product, the supernatant contains α-ketoglutarate, succinate, and traces of palmitate and stearate. 
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MS-Spectra

Figure S46: GC-ToF-MS spectrum of the (3S)-hydroxy-L-lysine-5 TMS derivative.

Figure S47: GC-ToF-MS spectrum of the (3S)-hydroxy-L-lysine-4 TMS derivative.
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2.2.12.1.3 Comparison of (3S)-hydroxy-L-lysine from Baud et al. [2,3] 

 

 

Figure S48: (3S)-hydroxy-L-lysine produced in this work. GC chromatogram from GC-ToF-MS analytics showing the two TMS 
species of the (3S)-hydroxy-L-lysine fragments. 

 

Figure S49: (3S)-hydroxy-L-lysine produced by Baud et al. [2,3].  GC chromatogram from GC-ToF-MS analytics showing the 
two TMS species of the (3S)-hydroxy-L-lysine fragments. 
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(3S)-hydroxy-L-lysine produced in this work: 

Table S10: Table of (3S)-hydroxy-L-lysine specific fragments and properties. 

fragment detected formula retention time 

(min) 

Lib. RI Expected Ion 

m/z 

similarity 

JuPoD_004_192 

(3S)-hydroxy-L-

Lysine (4 TMS) RI 

1984 

C18H46N2O3Si4 

 

16.06 1984 ｱ 0(1)  
 

450.258001 

 

951 

 

JuPoD_004_193 

(3S)-hydroxy-L-

Lysine (5 TMS) RI 

2000 

C21H54N2O3Si5 

 

16.19 2000 ｱ 0(1)  
 

522.297528 

 

950 

 

 

(3S)-hydroxy-L-lysine produced by Baud et al. [2,3]: 

Table S11: Table of (3S)-hydroxy-L-lysine specific fragments and properties. 

fragment detected formula retention time 

(min) 

Lib. RI Expected Ion m/z similarity 

JuPoD_004_192 3-

hydroxy-L-Lysine 

(4 TMS) RI 1984 

C18H46N2O3Si4 

 

16.05 1984 ｱ 0(1)  
 

450.258001 

 

919 

 

JuPoD_004_193 3-

hydroxy-L-Lysine 

(5 TMS) RI 2000 

C21H54N2O3Si5 

 

16.19 2000 ｱ 0(1)  
 

522.297528 

 

921 
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2.2.12.1.4 NMR 

 

  

Figure S50: COSY NMR of (3S)-hydroxy-L-lysine. Yellow rectangles show impurities still present after purification. 

 

Figure S51: 2D HSQC NMR of (3S)-hydroxy-L-lysine. Yellow rectangles show impurities still present after purification. 
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2.2.12.2 Instrumental analysis of (4R)-hydroxy-L-lysine

2.2.12.2.1 HPLC

Figure S52: HPLC chromatograms of the monitoring of L-lysine hydroxylation by CpKDO- or FjKDO-HaloTag®. Peaks: 
L-histidine (internal standard): 5.6 min, (4R)-hydroxy-L-lysine: 8.9 min, L-lysine: 9.1 min.
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2.2.12.2.2 GC-ToF-MS 

  

GC-Chromatogram 

 

 

 

Figure S53: GC chromatogram of the supernatant of a biotransformation towards (4R)-hydroxy-L-lysine. Besides the target 
product, the supernatant contains α-ketoglutarate, succinate and traces of palmitate and glycerol and hexanol. 
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MS-Spectra

Figure S54: GC-ToF-MS spectrum of 5 TMS (4R)-hydroxy-L-lysine.

Figure S55: GC-ToF-MS spectrum of 4 TMS (4R)-hydroxy-L-lysine.
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2.2.12.2.3 NMR 

  

Figure S56: COSY NMR of (4R)-hydroxy-L-lysine. Yellow rectangles show impurities still present after purification. 

 

Figure S57: 2D HSQC NMR spectrum of (4R)-hydroxy-L-lysine. 
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2.2.12.3 Instrumental analysis of the standard 5-hydroxy-D,L-lysine 

2.2.12.3.1 GC-ToF-MS  

 

GC-Chromatogram 

 

 

 

Figure S58: GC- chromatogram of 5-hydroxy-D,L-lysine. 
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MS-Spectra

Figure S59: GC-ToF-MS spectrum of 4 TMS 5-hydroxy-D,L-lysine.

Figure S60: GC-ToF-MS spectrum of 5 TMS 5-hydroxy-D,L-lysine.
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2.2.12.4 Instrumental analysis of (2S)-hydroxy-cadaverine

2.2.12.4.1 HPLC

Figure S61: HPLC chromatograms of the monitoring of (3S)-hydroxy-L-lysine decarboxylation to (2S)-hydroxy cadaverine by 
SrLDC -HaloTag®. Peaks: L-histidine (internal standard): 5.6 min, (3S)-hydroxy-L-lysine: 9.0 min, (2S)-hydroxy-cadaverine
L-lysine: 9.4 min.
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2.2.12.4.2 GC-ToF-MS 

 

GC-Chromatogram 

 

 

Figure S62: GC-chromatogram of (2S)-hydroxy-cadaverine. 
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MS-Spectra

Figure S63: GC-ToF-MS spectrum of 3 TMS (2S)-hydroxy-cadaverine.

Figure S64 GC-ToF-MS spectrum of 4 TMS (2S)-hydroxy-cadaverine.
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Figure S65: GC-ToF-MS spectrum of 5 TMS (2S)-hydroxy-cadaverine.

2.2.12.4.3 NMR

Figure S66: COSY NMR of (2S)-hydroxy-cadaverine.
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Figure S67: 2D HSQC NMR of (2S)-hydroxy-cadaverine. 
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2.2.13 Plasmid maps and sequences 

2.2.13.1 Free enzymes 

 

Plasmids of the free KDOs correspond to the plasmids used by Baud et al.[2,5,7]. 

 
CaKDO 
>sp|C7QJ42|LYS3O_CATAD L-lysine 3-hydroxylase OS=Catenulispora acidiphila (strain DSM 44928 / NRRL 

B-24433 / NBRC 102108 / JCM 14897) OX=479433 GN=Caci_0231 PE=1 SV=1 

MHHHHHHKNLSAYEVYESPKTSGESRTEAVSEAAFESDPEVSAILVLTSSEASTLERVADLVTAHALY

AAHDFCAQAQLAAAELPSRVVARLQEFAWGDMNEGHLLIKGLPQVRSLPPTPTSNVHAVAATTPMSR

YQALINECVGRMIAYEAEGHGHTFQDMVPSAMSAHSQTSLGSAVELELHTEQAFSPLRPDFVSLACLRG

DPRALTYLFSARQLVATLTTQEIAMLREPMWTTTVDESFLAEGRTFLLGFERGPIPILSGADDDPFIVFDQ

DLMRGISAPAQELQQTVIRAYYAERVSHCLAPGEMLLIDNRRAVHGRSIFAPRFDGADRFLSRSFIVADG

SRSRHARSSFGRVVSARFS 
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>C7QJ42 
ATGCATCATCACCATCACCATAAGAACCTGTCTGCGTATGAAGTGTATGAATCGCCGAAGACCAG

CGGAGAGTCACGTACCGAAGCCGTTTCGGAGGCCGCCTTCGAATCCGACCCCGAAGTGAGCGCAA

TCCTAGTCCTGACCTCCTCCGAAGCCTCGACGCTGGAGCGCGTCGCCGACCTCGTGACCGCGCACG

CGCTGTATGCCGCTCACGATTTCTGTGCCCAGGCCCAGCTGGCCGCCGCCGAACTGCCGTCGCGGG

TCGTTGCCCGGTTGCAGGAGTTCGCCTGGGGCGACATGAACGAGGGCCACCTTCTGATAAAAGGCC

TGCCGCAGGTCCGCTCCCTGCCACCGACACCGACGTCCAACGTGCACGCCGTCGCCGCGACGACGC

CGATGTCGCGCTACCAGGCCCTCATCAATGAGTGCGTGGGGCGCATGATTGCCTACGAGGCCGAGG

GGCACGGCCACACCTTCCAGGACATGGTCCCGAGCGCC 

ATGAGCGCGCACTCGCAGACCAGTCTCGGCTCGGCGGTTGAGCTCGAACTGCACACCGAGCAGGC

CTTCAGTCCGCTGCGTCCGGACTTCGTCAGCCTGGCCTGTCTTCGCGGCGATCCACGAGCCCTGACT

TACCTGTTCTCGGCCCGGCAACTGGTCGCGACGCTGACGACACAGGAAATCGCCATGCTGCGCGAG

CCCATGTGGACCACCACCGTCGACGAGTCCTTCCTGGCGGAGGGGCGTACGTTCCTGCTCGGCTTC

GAGCGCGGTCCGATCCCGATATTGAGCGGTGCCGACGACGATCCGTTCATCGTCTTCGACCAGGAT

CTGATGCGGGGGATCTCGGCGCCCGCGCAGGAACTCCAACAGACTGTGATCCGCGCCTACTATGCC

GAGCGCGTCAGCCACTGCCTCGCACCCGGTGAGATGCTCCTCATCGACAACCGGCGCGCCGTCCAC

GGCAGGTCGATCTTCGCCCCGCGTTTCGACGGCGCTGACCGGTTCCTTTCCAGAAGCTTCATCGTGG

CCGACGGATCGCGCAGTCGGCACGCGCGTTCTTCCTTCGGCCGCGTCGTCTCTGCGAGGTTCAGCT

AA 

 

CpKDO  
>sp|C7PLM6|LYS4O_CHIPD L-lysine 4-hydroxylase OS=Chitinophaga pinensis (strain ATCC 43595 / DSM 

2588 / NCIB 11800 / UQM 2034) OX=485918 GN=Cpin_2834 PE=1 SV=1 

MHHHHHHRPLDVTPTISPGAQDLPRTMHFAAEPPLQPLIIDITEEEKLEITYIGKKLKRKYKSYDDPGFIS

MLHLNAYTLLPERIAKVLSNFGTDFSDQQYGAVVLRGLIEIGQDELGPTPRSWQETDHEKIMEYGFISSL

LHGAVPSKPVEYFAQRKGGGLMHAIIPDENMSFTQTGSGSRTDLFVHTEDAFLHNAADFLSFLFLRNEE

RVPSTLYSIRSHGRPDAILQELFKPIYKCPKDANYASEEALGDDIRTSVLYGSRSAPFMRFDAAEQIYNED

ANQDPEALHNLKRFWEEARKLIYNDFVPESGDLIFVNNHLCAHGRNAFLAGFREENGQLVKCERRLML

RMMSKTSLINIREVTHPENPYLIMEEHYGKVYSAHLANL 

 

>C7PLM6 
ATGCATCATCACCATCACCATAGACCCTTAGACGTGACACCCACAATTAGCCCAGGAGCCCAGGA

CCTTCCGCGCACTATGCATTTTGCTGCTGAACCTCCTTTACAGCCTTTGATAATAGATATTACTGAA

GAAGAAAAACTGGAAATTACCTATATCGGGAAAAAGCTAAAAAGAAAGTATAAAAGCTATGATGA

TCCCGGTTTTATTTCAATGCTGCACTTAAATGCCTATACGCTGCTACCGGAGCGTATAGCAAAGGTG

CTGAGTAATTTCGGTACAGACTTTTCCGACCAGCAATACGGAGCTGTCGTATTGCGTGGACTGATA

GAAATAGGTCAGGATGAATTAGGCCCAACCCCACGTTCCTGGCAGGAAACCGACCATGAAAAGAT

TATGGAATATGGCTTCATTTCCTCCTTATTACATGGCGCTGTACCATCCAAACCCGTCGAGTATTTC

GCGCAGCGAAAAGGTGGTGGCTTAATGCACGCGATTATTCCTGATGAGAATATGAGCTTTACACAA

ACAGGCTCAGGTTCCCGTACAGATCTTTTTGTACATACAGAAGATGCTTTCCTGCATAATGCGGCTG
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ATTTTCTGAGTTTTCTTTTCCTGCGGAATGAAGAACGTGTGCCTTCCACCTTATATTCTATCCGCTCT

CATGGCAGACCGGATGCGATATTACAGGAGCTTTTCAAGCCTATCTATAAGTGTCCGAAGGATGCG

AACTATGCTTCCGAAGAAGCCCTGGGAGATGACATCCGTACTTCTGTTTTATATGGTAGCAGATCC

GCTCCCTTCATGCGCTTTGATGCTGCGGAACAGATTTATAATGAAGACGCCAATCAGGATCCTGAA

GCTTTACATAATCTGAAAAGATTCTGGGAAGAGGCGCGCAAACTGATATATAATGACTTCGTTCCT

GAGTCAGGTGACCTGATCTTTGTGAATAATCATCTTTGTGCCCATGGCCGGAATGCTTTCCTGGCAG

GCTTCAGAGAGGAAAATGGTCAGCTGGTAAAATGCGAACGCCGTCTTATGTTACGTATGATGAGCA

AAACCAGCCTGATTAACATCCGTGAAGTAACCCACCCCGAAAACCCTTATCTCATCATGGAAGAGC

ACTACGGAAAAGTATATAGCGCTCACCTGGCAAACCTTTAA 

 

FjKDO  
>sp|A5FF23|LYS4O_FLAJ1 L-lysine 4-hydroxylase OS=Flavobacterium johnsoniae (strain ATCC 17061 / DSM 

2064 / UW101) OX=376686 GN=Fjoh_3169 PE=1 SV=1 

MHHHHHHKSQSLIEDEIPVKENYAYQIPTSPLIVEVTPQERNILSNVGALLEKAFKSYENPDYIEALHLY

SFQLLPERIARILSRFGTDFSADQYGAIIFRGLLEVDQDHLGPTPANWQSADYSKLNKYGFICSLLHGAVP

SKPVQYYAQRKGGGILHAVIPDEKMAATQTGSGSKTNLYVHTEDAFLLHQADFLSFLYLRNEERVPSTL

YSVRSHGKVNKIMEKLFDPIYQCPKDANYQEEINDGPLASVLYGNKKLPFIRFDAAEQIFNENAGQTPE

ALYNLTEFWNEAKELINSDYIPDSGDVIFVNNHLCAHGRSAFTAGQKEENGKLVPCERRQMLRMMSKT

SLIHIRSMTHTDDPYFVMEEHLGKVFDQA 

 
>A5FF23 

ATGCATCATCACCATCACCATAAATCACAATCATTAATTGAAGATGAGATACCAGTAAAAGAAAA

CTATGCTTATCAAATTCCTACAAGCCCGCTGATAGTGGAGGTTACGCCTCAGGAAAGAAACATTTT

GTCTAATGTGGGCGCTCTGCTGGAAAAGGCATTTAAGAGCTATGAAAACCCAGATTATATAGAAGC

GCTTCATCTGTATTCTTTTCAGCTTCTTCCAGAAAGAATAGCCAGAATTTTAAGCCGTTTTGGAACA

GATTTCTCAGCTGATCAGTATGGCGCTATTATTTTTAGAGGTCTTCTTGAAGTTGATCAGGATCATC

TGGGACCAACTCCTGCGAATTGGCAGAGCGCTGATTACTCAAAACTC 

AATAAATACGGCTTTATTTGTTCCTTGCTGCATGGTGCAGTTCCTTCAAAACCAGTACAATATTATG

CGCAGAGAAAGGGCGGGGGAATTCTTCATGCTGTTATTCCAGATGAGAAAATGGCAGCTACGCAA

ACAGGTTCGGGATCAAAAACAAATTTGTATGTTCATACAGAAGATGCTTTTCTTTTACATCAGGCTG

ATTTTTTAAGTTTTCTATATCTGCGAAATGAAGAAAGAGTTCCTTCTACACTTTACTCAGTAAGGTC

GCATGGTAAGGTGAATAAGATAATGGAAAAGCTTTTTGATCCAATTTATCAATGTCCTAAAGATGC

TAATTATCAGGAAGAAATTAATGATGGTCCGCTGGCTTCTGTTTTATATGGAAATAAAAAGCTGCC

TTTTATTAGATTTGATGCAGCAGAGCAGATATTTAATGAAAACGCCGGACAGACTCCCGAAGCTCT

TTACAATTTAACTGAATTTTGGAATGAAGCTAAAGAGTTGATTAATAGTGATTATATCCCAGATTCT

GGTGATGTTATATTTGTAAATAATCATTTGTGTGCTCACGGAAGAAGTGCTTTTACAGCAGGGCAG

AAAGAGGAGAATGGTAAGCTTGTGCCATGTGAGAGACGACAAATGTTAAGAATGATGAGCAAAAC

CAGTCTAATTCATATAAGATCAATGACACATACCGATGATCCGTATTTTGTTATGGAAGAACATTTA

GGAAAAGTTTTTGATCAGGCTTAA 
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SrLDC 
O50657-like  
MHHHHHHKNFRLSEKEVKTLAERFPTPFLVASLDKVEENYQFMRRHLPRAGVFYAMKANPT

PEILSLLAGLGSHFDVASAGEMEILHELGVDGSQMIYANPVKDERGLKAAAAYNVRRFTFDD

PSEIDKMAKAVPGADVLVRIAVRNNKALVDLNTKFGAPVEEALDLLKAAQEAGLHAMGICF

HVGSQSLSTAAYEEALLVARKLFDEAEAMGMHLTDLDIGGGFPVPDAKGLNVDLAAMMEAI

NKQIDRLFPDTAVWTEPGRYMCGTAVNLVTSVIGTKTRGPQPWYILDEGIYGCFSGIMYDHW

TYPLHCFGKGTKKPSTFGGPSCDGIDVLYRDFMAPELKIGDKVLVTEMGSYTSVSATRFNGFY

LAPTIIFEDQPEYAARLTEDDVKKKAAV 

 

SrLDC pET22b+  
TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCG

TGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACG

TTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTAC

GGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGA

CGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAAC

AACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGT

TAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTT

CAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAA

TATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTAT

GAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCA

CCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCG

AACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGA

GCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCG

GTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTA

CGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCC

AACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGAT

CATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGA

CACCACGATGCCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCT

AGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTC

GGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTAT

CATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCA

GGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGT

AACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAG

GATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCAC

TGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCT

GCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAA

CTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCC

GTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTA
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CCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCG

GATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGAC

CTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAA

AGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGG

GGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTG

TGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTG

GCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTAT

TACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGA

GCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACC

GCATATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGC

TATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGAC

GGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTC

AGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGT

GAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAA

TGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCC

GTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGAT

ACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATG

GATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAG

GTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCT

GACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTC

GCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAG

TAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGG

GCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAG

GCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCA

GCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGAT

AAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTG

GGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAA

TTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGG

CCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGA

CGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGG

TTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTT

CGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGC

GCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCA

GCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTG

AATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTA

ATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCG

TACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACG

CCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGA

TCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTC

GTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAA
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TTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCC

GCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCC

GCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCG

GCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCG

GGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCT

CCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCC

GCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCAT

ACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTC

GGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGT

AGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATA

ACAATTCCCCTCTAGAAATAATTTTGTTTAATTCAAAGGAGATAGGAT  

ATGCATCATCACCATCACCATAAAAATTTCAGACTTAGCGAAAAAGAAGTAAAAACGCTTGCGGA

GCGTTTCCCAACGCCCTTTTTGGTGGCATCACTGGACAAAGTTGAGGAGAACTACCAGTTTATGCG

TCGTCATTTGCCGCGGGCGGGAGTGTTTTATGCGATGAAGGCGAACCCGACACCCGAGATTTTATC

TCTGCTGGCGGGCCTTGGTTCCCATTTTGATGTGGCCTCGGCCGGTGAGATGGAAATTCTCCATGAA

TTAGGCGTAGATGGTTCGCAGATGATATATGCCAATCCGGTAAAGGATGAGCGCGGGCTTAAGGCT

GCGGCTGCATATAATGTACGCCGTTTTACCTTTGATGACCCGTCGGAAATCGACAAGATGGCCAAG

GCTGTGCCTGGTGCGGATGTGCTCGTGCGTATTGCTGTGCGCAACAACAAGGCCTTGGTAGACCTC

AATACGAAGTTCGGCGCACCTGTGGAAGAGGCGCTGGATTTACTGAAAGCTGCGCAGGAGGCCGG

CCTTCATGCCATGGGCATCTGCTTCCATGTGGGCAGCCAGTCGTTGTCCACGGCGGCTTATGAGGA

AGCCCTGCTGGTGGCCCGCAAGCTTTTTGATGAAGCGGAAGCGATGGGTATGCACCTGACGGATTT

GGATATCGGTGGCGGTTTCCCCGTTCCCGATGCCAAGGGGTTGAATGTGGATTTGGCGGCCATGAT

GGAAGCCATCAACAAGCAGATTGACCGCTTGTTCCCCGATACGGCTGTTTGGACGGAGCCGGGGCG

CTATATGTGCGGTACGGCGGTGAACCTTGTGACCTCTGTTATCGGCACCAAGACCCGCGGCCCGCA

GCCCTGGTATATTTTGGATGAAGGTATCTATGGTTGCTTCTCTGGCATCATGTACGACCATTGGACG

TACCCTTTGCACTGCTTTGGCAAGGGCACCAAGAAGCCTTCGACCTTTGGCGGTCCCAGCTGCGAT

GGTATCGATGTGCTCTATCGCGACTTTATGGCGCCGGAGCTCAAAATCGGCGACAAGGTGCTCGTG

ACGGAAATGGGTTCTTATACCAGCGTCAGCGCTACCCGCTTCAATGGTTTCTATCTGGCACCCACCA

TTATCTTCGAGGACCAGCCGGAGTACGCGGCGCGGCTCACGGAGGATGATGTGAAGAAAAAGGCG

GCTGTATAAATCACTATCCATTACACGAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCAC

TGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATA

ACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTAT

ATCCGGAT 
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2.2.13.2 HaloTag® variants 

KDO HaloTag® plasmids contain an N-Terminal HaloTag® connected to the target enzyme 

via a peptide linker. Plasmids were codon optimized and produced by ThermoFisher Scientific. 

HaloTag®   = underlined, linker= italic, enzyme= bold 

 

 
CaKDO-HaloTag®   
GATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAAT

AATTTTGTTTAACTTTAAGAAGGAGATATACATATGCGGGGTTCTCATCATCATCATCATCATGGTA

TGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCGA

TGGGGATCCATGATTGGCACCGGTTTTCCGTTTGATCCGCATTATGTTGAAGTTCTGGGTGAACGTA

TGCATTATGTGGATGTTGGTCCGCGTGATGGTACACCGGTTCTGTTTCTGCATGGTAATCCGACCAG

CAGCTATGTTTGGCGTAACATTATTCCGCATGTTGCACCGACACATCGTTGTATTGCACCGGATCTG

ATTGGTATGGGTAAAAGCGATAAACCTGATCTGGGCTATTTTTTCGATGATCATGTGCGTTTTATGG

ACGCCTTTATTGAAGCACTGGGTTTAGAAGAAGTTGTGCTGGTTATTCATGATTGGGGTAGTGCCCT

GGGTTTTCATTGGGCAAAACGTAATCCGGAACGTGTTAAAGGTATTGCCTTCATGGAATTTATTCGT

CCGATTCCGACCTGGGATGAATGGCCTGAATTTGCACGTGAAACCTTTCAGGCATTTCGTACCACC

GATGTGGGTCGTAAACTGATTATTGATCAGAACGTTTTTATCGAAGGCACCCTGCCGATGGGTGTT

GTTCGTCCGCTGACCGAAGTTGAAATGGATCATTATCGTGAACCGTTTCTGAATCCGGTTGATCGCG

AACCGCTGTGGCGTTTTCCGAATGAACTGCCGATTGCCGGTGAACCTGCAAATATTGTTGCACTGG

TTGAAGAGTATATGGATTGGCTGCATCAGAGTCCGGTTCCGAAACTGCTGTTTTGGGGCACACCGG

GTGTTCTGATTCCGCCTGCAGAAGCAGCACGTCTGGCAAAAAGCCTGCCGAATTGTAAAGCAGTTGATAT

TGGTCCGGGTCTGAATCTGCTGCAAGAAGATAATCCAGATCTGATCGGTAGCGAAATTGCACGTTGGCTG

AGCACCCTGGAAATTAGCGGTCTGGCAGAAGCCGCAGCAAAAGAAGCAGCTGCCAAAGAAGCGGCAGCG

AAAGAGGCTGCAGCAAAGGCAGCAGCAGCCGAGTCGACAAAAAATCTGAGCGCATATGAAG

TTTATGAGAGCCCGAAAACCAGCGGTGAAAGCCGTACCGAAGCAGTTAGCGAAGCAGCATTT

GAAAGCGATCCGGAAGTTAGCGCAATTCTGGTTCTGACCAGCAGTGAAGCAAGTACCCTGGA
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ACGTGTGGCAGATCTGGTTACCGCACATGCACTGTATGCAGCACATGATTTTTGTGCACAGG

CACAGCTGGCAGCCGCAGAACTGCCGTCACGTGTTGTTGCACGTCTGCAAGAA 

TTTGCATGGGGTGATATGAATGAAGGTCATCTGCTGATTAAAGGTCTGCCGCAGGTTCGTAG

CCTGCCTCCGACACCGACCAGTAATGTTCATGCAGTTGCAGCAACCACACCGATGAGCCGTT

ATCAGGCACTGATTAATGAATGTGTTGGTCGCATGATTGCCTATGAAGCCGAAGGTCATGGT

CATACATTTCAGGATATGGTTCCGAGCGCAATGAGCGCACATAGCCAGACCAGCCTGGGTAG

CGCAGTTGAACTGGAACTGCATACCGAACAGGCATTTAGTCCGCTGCGTCCGGATTTTGTTA

GCCTGGCATGTCTGCGTGGTGATCCGCGTGCACTGACCTACCTGTTTAGCGCACGTCAGCTG

GTTGCGACCCTGACCACACAAGAAATTGCAATGCTGCGTGAACCTATGTGGACCACCACCGT

TGATGAAAGTTTTCTGGCGGAAGGTCGTACCTTTCTGCTGGGTTTTGAACGTGGTCCTATTCC

GATTCTGAGCGGTGCAGATGATGATCCGTTTATTGTTTTTGATCAGGATCTGATGCGTGGTAT

TAGCGCACCGGCACAAGAACTGCAGCAGACCGTTATTCGTGCATATTATGCAGAACGTGTGA

GCCATTGTCTGGCACCGGGTGAGATGCTGCTGATTGATAATCGTCGTGCAGTTCATGGTCGT

AGCATTTTTGCACCGCGTTTTGATGGTGCAGATCGTTTTCTGAGCCGTAGCTTTATTGTTGCC

GATGGTAGCCGTAGCCGTCATGCACGTAGCAGCTTTGGTCGTGTTGTGAGCGCACGTTTTAG

CTAAGAATTCGAAGCTTGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCC

ACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTG

AAAGGAGGAACTATATCCGGATCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAA

CAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGT

GGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTC

CCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGT

TCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTG

GGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACT

CTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTG

CCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAA

ATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATT

TTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATAT

TGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTT

GCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTG

CACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAG

AACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGC

CGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGT

CACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGA

GTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTT

TGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATAC

CAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACT

GGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCA

GGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGC

GTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCT

ACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCT  
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CACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACT

TCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAA

CGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCT

TTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGC

CGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATA

CTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCT

CGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGAC

TCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCC

CAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCA

CGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCG

CACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTG

ACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGC

GGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTG

ATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCG

AGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCG

CGTTGGCCGATTCATTAATGCAG  
 

CpKDO-HaloTag® 
GATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAAT

AATTTTGTTTAACTTTAAGAAGGAGATATACATATGCGGGGTTCTCATCATCATCATCATCATGGTA

TGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCGA

TGGGGATCCATGATTGGCACCGGTTTTCCGTTTGATCCGCATTATGTTGAAGTTCTGGGTGAACGTA

TGCATTATGTGGATGTTGGTCCGCGTGATGGTACACCGGTTCTGTTTCTGCATGGTAATCCGACCAG

CAGCTATGTTTGGCGTAACATTATTCCGCATGTTGCACCGACACATCGTTGTATTGCACCGGATCTG

ATTGGTATGGGTAAAAGCGATAAACCTGATCTGGGCTATTTTTTCGATGATCATGTGCGTTTTATGG

ACGCCTTTATTGAAGCACTGGGTTTAGAAGAAGTTGTGCTGGTTATTCATGATTGGGGTAGTGCCCT

GGGTTTTCATTGGGCAAAACGTAATCCGGAACGTGTTAAAGGTATTGCCTTCATGGAATTTATTCGT

CCGATTCCGACCTGGGATGAATGGCCTGAATTTGCACGTGAAACCTTTCAGGCATTTCGTACCACC

GATGTGGGTCGTAAACTGATTATTGATCAGAACGTTTTTATCGAAGGCACCCTGCCGATGGGTGTT

GTTCGTCCGCTGACCGAAGTTGAAATGGATCATTATCGTGAACCGTTTCTGAATCCGGTTGATCGCG

AACCGCTGTGGCGTTTTCCGAATGAACTGCCGATTGCCGGTGAACCTGCAAATATTGTTGCACTGG

TTGAAGAGTATATGGATTGGCTGCATCAGAGTCCGGTTCCGAAACTGCTGTTTTGGGGCACACCGG

GTGTTCTGATTCCGCCTGCAGAAGCAGCACGTCTGGCAAAAAGCCTGCCGAATTGTAAAGCAGTTGATAT

TGGTCCGGGTCTGAATCTGCTGCAAGAAGATAATCCAGATCTGATCGGTAGCGAAATTGCACGTTGGCTG

AGCACCCTGGAAATTAGCGGTCTGGCAGAAGCCGCAGCAAAAGAAGCAGCTGCCAAAGAAGCGGCAGC

GAAAGAGGCTGCAGCAAAGGCAGCAGCAGCCGAGTCGACAAAAAATCTGAGCGCATATGAA

GTTTATGAGAGCCCGAAAACCAGCGGTGAAAGCCGTACCGAAGCAGTTAGCGAAGCAGCATT

TGAAAGCGATCCGGAAGTTAGCGCAATTCTGGTTCTGACCAGCAGTGAAGCAAGTACCCTGG

AACGTGTGGCAGATCTGGTTACCGCACATGCACTGTATGCAGCACATGATTTTTGTGCACAG
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GCACAGCTGGCAGCCGCAGAACTGCCGTCACGTGTTGTTGCACGTCTGCAAGAATTTGCATG

GGGTGATATGAATGAAGGTCATCTGCTGATTAAAGGTCTGCCGCAGGTTCGTAGCCTGCCTC

CGACACCGACCAGTAATGTTCATGCAGTTGCAGCAACCACACCGATGAGCCGTTATCAGGCA

CTGATTAATGAATGTGTTGGTCGCATGATTGCCTATGAAGCCGAAGGTCATGGTCATACATTT

CAGGATATGGTTCCGAGCGCAATGAGCGCACATAGCCAGACCAGCCTGGGTAGCGCAGTTGA

ACTGGAACTGCATACCGAACAGGCATTTAGTCCGCTGCGTCCGGATTTTGTTAGCCTGGCAT

GTCTGCGTGGTGATCCGCGTGCACTGACCTACCTGTTTAGCGCACGTCAGCTGGTTGCGACC

CTGACCACACAAGAAATTGCAATGCTGCGTGAACCTATGTGGACCACCACCGTTGATGAAAG

TTTTCTGGCGGAAGGTCGTACCTTTCTGCTGGGTTTTGAACGTGGTCCTATTCCGATTCTGAG

CGGTGCAGATGATGATCCGTTTATTGTTTTTGATCAGGATCTGATGCGTGGTATTAGCGCACC

GGCACAAGAACTGCAGCAGACCGTTATTCGTGCATATTATGCAGAACGTGTGAGCCATTGTC

TGGCACCGGGTGAGATGCTGCTGATTGATAATCGTCGTGCAGTTCATGGTCGTAGCATTTTT

GCACCGCGTTTTGATGGTGCAGATCGTTTTCTGAGCCGTAGCTTTATTGTTGCCGATGGTAGC

CGTAGCCGTCATGCACGTAGCAGCTTTGGTCGTGTTGTGAGCGCACGTTTTAGCTAAGAATT

CGAAGCTTGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAG

CAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGA

ACTATATCCGGATCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCA

GCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACG

CGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCT

CGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGT

GCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCC

TGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAA

CTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGC

CTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCT

TACAATTTAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATAC

ATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGA

AGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTT

TTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGG

TTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCC

AATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGA

GCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAA

GCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACAC

TGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACAT

GGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACG

AGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTAC

TTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTC

TGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCG

CGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGG

GAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGC

ATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTT
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AAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGT

TCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGT

AATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCT

ACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTG

TAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCC

TGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGT

TACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGA

ACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGG

GAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTT

CCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGAT

TTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGT

TCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAAC

CGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGACGACCGAGCGCAGCGAGTCAG

TGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATT

AATGCAG  
 

FjKDO-HaloTag® 
GATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAAT

AATTTTGTTTAACTTTAAGAAGGAGATATACATATGCGGGGTTCTCATCATCATCATCATCATGGTA

TGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCGA

TGGGGATCCATGATTGGCACCGGTTTTCCGTTTGATCCGCATTATGTTGAAGTTCTGGGTGAACGTA

TGCATTATGTGGATGTTGGTCCGCGTGATGGTACACCGGTTCTGTTTCTGCATGGTAATCCGACCAG

CAGCTATGTTTGGCGTAACATTATTCCGCATGTTGCACCGACACATCGTTGTATTGCACCGGATCTG

ATTGGTATGGGTAAAAGCGATAAACCTGATCTGGGCTATTTTTTCGATGATCATGTGCGTTTTATGG

ACGCCTTTATTGAAGCACTGGGTTTAGAAGAAGTTGTGCTGGTTATTCATGATTGGGGTAGTGCCCT

GGGTTTTCATTGGGCAAAACGTAATCCGGAACGTGTTAAAGGTATTGCCTTCATGGAATTTATTCGT

CCGATTCCGACCTGGGATGAATGGCCTGAATTTGCACGTGAAACCTTTCAGGCATTTCGTACCACC

GATGTGGGTCGTAAACTGATTATTGATCAGAACGTTTTTATCGAAGGCACCCTGCCGATGGGTGTT

GTTCGTCCGCTGACCGAAGTTGAAATGGATCATTATCGTGAACCGTTTCTGAATCCGGTTGATCGCG

AACCGCTGTGGCGTTTTCCGAATGAACTGCCGATTGCCGGTGAACCTGCAAATATTGTTGCACTGG

TTGAAGAGTATATGGATTGGCTGCATCAGAGTCCGGTTCCGAAACTGCTGTTTTGGGGCACACCGGGT

GTTCTGATTCCGCCTGCAGAAGCAGCACGTCTGGCAAAAAGCCTGCCGAATTGTAAAGCAGTTGATATTG

GTCCGGGTCTGAATCTGCTGCAAGAAGATAATCCAGATCTGATCGGTAGCGAAATTGCACGTTGGCTGAG

CACCCTGGAAATTAGCGGTCTGGCAGAAGCCGCAGCAAAAGAAGCAGCTGCCAAAGAAGCGGCAGCGAA

AGAGGCTGCAGCAAAGGCAGCAGCAGCCGAGTCGACAAAAAGCCAGAGCCTGATTGAAGATGAA

ATTCCGGTGAAAGAAAACTATGCCTATCAGATTCCGACAAGTCCGCTGATTGTTGAAGTGAC

ACCGCAAGAACGTAATATTCTGAGCAATGTTGGTGCACTGCTGGAAAAAGCATTTAAAAGCT

ATGAGAACCCGGATTATATTGAAGCCCTGCATCTGTATAGCTTTCAGCTGCTGCCGGAACGT

ATTGCACGTATTCTGAGTCGTTTTGGTACAGATTTTAGCGCAGATCAGTATGGTGCAATTATC
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TTTCGTGGTCTGCTGGAAGTTGATCAGGATCATCTGGGTCCGACACCGGCAAATTGGCAGAG

CGCAGATTATAGCAAACTGAACAAATATGGCTTTATCTGCAGCCTGCTGCATGGTGCAGTTCC

GAGCAAACCGGTTCAGTATTATGCACAGCGTAAAGGTGGTGGTATTCTGCATGCCGTTATTC

CGGATGAAAAAATGGCAGCAACCCAGACCGGTAGCGGTAGCAAAACCAATCTGTATGTTCAT

ACCGAAGATGCCTTTCTGCTGCACCAGGCAGATTTTCTGAGCTTTCTGTATCTGCGTAATGAA

GAACGTGTGCCGAGCACACTGTATAGCGTTCGTAGCCATGGTAAAGTGAACAAGATTATGGA

AAAACTGTTCGACCCGATTTATCAGTGTCCGAAAGATGCCAATTATCAAGAAGAAATTAACGA

CGGTCCGCTGGCAAGCGTTCTGTATGGTAACAAAAAACTGCCGTTTATTCGTTTTGATGCAGC

GGAGCAGATTTTTAACGAAAATGCAGGTCAGACACCGGAAGCACTGTATAATCTGACCGAAT

TTTGGAACGAAGCCAAAGAACTGATCAACAGCGATTACATTCCGGATAGCGGTGATGTGATT

TTTGTGAATAATCATCTGTGTGCACATGGTCGTAGCGCATTTACCGCAGGCCAGAAAGAAGA

AAACGGTAAACTGGTTCCGTGTGAACGTCGTCAGATGCTGCGTATGATGAGCAAAACCTCAC

TGATTCATATTCGTAGCATGACCCATACCGATGATCCGTATTTCGTTATGGAAGAACATCTGG

GCAAAGTTTTTGATCAGGCCTAAGAATTCGAAGCTTGATCCGGCTGCTAACAAAGCCCGAAAGG

AAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGG

TCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATCTGGCGTAATAGCGAAGAGGCCCG

CACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGC

ATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCC

CGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATC

GGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGG

GTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCAC

GTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTT

GATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTA

ACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAATGTGCGCGG

AACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGA

TAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTC

CCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGC

TGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGA

GAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTA

TTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTG

GTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGT

GCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAG

GAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAG

CTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTT

GCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGA

GGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAA

ATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTC

CCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCG

CTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTA

GATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATG
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ACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGA

TCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAG

CGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAG

CGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAG

CACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTG

TCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGG

GTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAG

CTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGT

CGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCG

GGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGA

AAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTT

CCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCC

GCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAA

ACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAG 
 

SrLDC-HaloTag® 

 

 
 

 
GATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAAT

AATTTTGTTTAACTTTAAGAAGGAGATATACATATGCGGGGTTCTCATCATCATCATCATCATGGTA

TGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCGA

TGGGGATCCATGATTGGCACCGGTTTTCCGTTTGATCCGCATTATGTTGAAGTTCTGGGTGAACGTA

TGCATTATGTGGATGTTGGTCCGCGTGATGGTACACCGGTTCTGTTTCTGCATGGTAATCCGACCAG

CAGCTATGTTTGGCGTAACATTATTCCGCATGTTGCACCGACACATCGTTGTATTGCACCGGATCTG

ATTGGTATGGGTAAAAGCGATAAACCTGATCTGGGCTATTTTTTCGATGATCATGTGCGTTTTATGG

ACGCCTTTATTGAAGCACTGGGTTTAGAAGAAGTTGTGCTGGTTATTCATGATTGGGGTAGTGCCCT
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GGGTTTTCATTGGGCAAAACGTAATCCGGAACGTGTTAAAGGTATTGCCTTCATGGAATTTATTCGT

CCGATTCCGACCTGGGATGAATGGCCTGAATTTGCACGTGAAACCTTTCAGGCATTTCGTACCACC

GATGTGGGTCGTAAACTGATTATTGATCAGAACGTTTTTATCGAAGGCACCCTGCCGATGGGTGTT

GTTCGTCCGCTGACCGAAGTTGAAATGGATCATTATCGTGAACCGTTTCTGAATCCGGTTGATCGCG

AACCGCTGTGGCGTTTTCCGAATGAACTGCCGATTGCCGGTGAACCTGCAAATATTGTTGCACTGG

TTGAAGAGTATATGGATTGGCTGCATCAGAGTCCGGTTCCGAAACTGCTGTTTTGGGGCACACCGG

GTGTTCTGATTCCGCCTGCAGAAGCAGCACGTCTGGCAAAAAGCCTGCCGAATTGTAAAGCAGTTG

ATATTGGTCCGGGTCTGAATCTGCTGCAAGAAGATAATCCAGATCTGATCGGTAGCGAAATTGCAC

GTTGGCTGAGCACCCTGGAAATTAGCGGTCTGGCAGAAGCCGCAGCAAAAGAAGCAGCTGCCAAA

GAAGCGGCAGCGAAAGAGGCTGCAGCAAAGGCAGCAGCAGCCGAAGTCGACAAAAACTTTCGTCT

GAGCGAAAAAGAAGTTAAAACCCTGGCCAAACGTATTCCGACGCCGTTTCTGGTTGCAAGCCTGGA

TAAAGTTGAAGAGAACTATCAGTTTATGCGTCGTCATCTGCCTCGTGCCGGTGTTTTTTATGCAATG

AAAGCAAATCCGACACCGGAAATTCTGAGCCTGCTGGCAGGTCTGGGTAGCCATTTTGATGTTGCA

TCAGCCGGTGAAATGGAAATCCTGCATGAACTGGGTGTTGATGGTAGCCAGATGATTTATGCAAAT

CCGGTTAAAGATGCACGTGGTCTGAAAGCAGCCGCAGATTATAATGTTCGTCGTTTTACCTTTGATG

ATCCGAGCGAAATCGATAAAATGGCAAAAGCAGTTCCGGGTGCAGATGTTCTGGTTCGTATTGCAG

TTCGTAATAACAAAGCCCTGGTTGATCTGAATACGAAATTTGGTGCACCGGTGGAAGAAGCCCTGG

ATCTGCTGAAAGCCGCACAGGATGCAGGTCTGCATGCAATGGGTATTTGTTTTCATGTTGGTAGTC

AGAGCCTGAGCACCGCAGCATATGAAGAAGCACTGCTGGTTGCACGTCGTCTGTTTGATGAAGCCG

AAGAAATGGGTATGCATCTGACCGATCTGGATATTGGTGGTGGTTTTCCGGTTCCTGATGCAAAAG

GTCTGAATGTTGATCTGGCAGCAATGATGGAAGCCATTAATAAGCAGATTGATCGCCTGTTTCCGG

ATACCGCAGTTTGGACCGAACCGGGTCGTTATATGTGTGGCACCGCAGTTAATCTGGTTACCAGCG

TTATTGGTACAAAAACCCGTGGTGAACAGCCGTGGTATATTCTGGATGAAGGTATTTATGGTTGCTT

CAGCGGCATCATGTATGATCATTGGACCTATCCGCTGCATTGTTTTGGTAAAGGTAACAAAAAACC

GAGCACCTTTGGTGGTCCGAGTTGTGATGGTATTGATGTTCTGTATCGTGATTTTATGGCACCGGAA

CTGAAAATTGGTGATAAAGTTCTGGTGACCGAAATGGGTTCATATACCAGCGTGAGCGCAACCCGT

TTTAATGGTTTTTATCTGGCACCGACCATCATCTTTGAAGATCAGCCGGAATATGCAGCCCGTCTGA

CGGAAGATGATGATGTTAAAAAGAAAGCAGCGGTGTAAGAATTCGAAGCTTGATCCGGCTGCTAA

CAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTG

GGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATCTGGCGTAA

TAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACG

CGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTG

CCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCC

CGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCA

AAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTT

GACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATC

TCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGA

TTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGG

GGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGA

GACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCC
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GTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTG

AAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAG

CGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTG

CTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTAT

TCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTA

AGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACG

ATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGAT

CGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGC

AATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATT

AATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTG

GTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCC

AGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACG

AAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTA

CTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTT

TTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAG

AAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAA

ACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACT

GGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTC

AAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTG

GCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGG

GCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATAC

CTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGT

AAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTT

ATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCG

GAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCT

CACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTG

ATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCG

CCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAG 
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3 Discussion 
The biocatalytic (cascade) process employing KDOs and SrLDC is still in an early development 

stage. Therefore, further bottlenecks of the overall (cascade) process were identified, which will 

be discussed in detail together with the development of corresponding optimization strategies. 

To this end, the results presented in Chapter 2 are discussed in more detail and supplemented 

with additional unpublished results where appropriate. The discussion will address the 

following aspects: 

 

I. Biocatalyst production: Expression systems and suitable enzyme purification strategies. 

II. KDO reaction system: Optimization of the reaction system, including evaluation of 

suitable assays. 

III. Biocatalyst formulation: strategies including enzyme immobilization, reaction 

engineering, and process engineering.  

IV. Application of immobilized KDOs in analytical- and preparative scale 

biotransformations: Including repetitive batch studies, development of a KDO 

regeneration system, and KDO application in different preparative lab scales with different 

substrate concentrations. 

V. Cascade reaction towards (2S)-hydroxy-cadaverine: Development and evaluation of 

cascade reactions towards hydroxy-cadaverine using HaloTag® immobilized CaKDO and 

SrLDC in preparative lab scale. 

VI. SrLDC as an alternative enzyme for the production of biopolymer precursors: 

Evaluation of SrLDC as a suitable catalyst for the production of cadaverine, putrescine, 

and hydroxylated-cadaverine. 

VII. Product isolation and purification: Identification of bottlenecks and discussion of 

purification or reaction engineering strategies for the optimization of the purification of 

hydroxy-L-lysine and hydroxy-cadaverine 

VIII. Economic and ecological process evaluation 

 

  



Discussion 

 

 

122 

3.1 Biocatalyst Production 
3.1.1 Soluble KDO production 

 

KDOs are specifically complex enzymes. They require Fe(II) as a cofactor, which must be kept 

in the reduced state to enable activity. Further, α-ketoglutarate is required as a cosubstrate. Both 

additives are probably also needed for the stability of these enzymes and to enable proper 

folding. Additionally, CaKDO shows hydrophobic patches on its surface (Chapter 3.3.3). 

Taken together, the frequently observed formation of inactive inclusion bodies upon 

recombinant expression in E. coli [78] is not surprising. To improve the soluble production of 

these enzymes, even vertebrate expression systems in CHO cells were used for the human lysyl 

hydroxylase LH2 [165]. In this work, a screening of suitable production conditions in E. coli 

BL21 (DE3), but also in different E. coli strains like Tuner BL21 (DE3) for uniform IPTG 

distribution and Rosetta2 BL21 (DE3) to overcome E. coli's codon bias (Chapter 1.6.1), was 

performed (Table 12).  

Many other groups working with KDOs use different Rosetta strains (Chapter 1.6.1) for the 

production of diverse KDOs. This was demonstrated by Dann et al. [55] and Hara et al. 

[83,166,167] who produced an asparaginyl hydroxylase (FIH-1), different lysine hydroxylases 

[83], a proline hydroxylase (cis-3Hyp) [167], and an ectoin hydroxylase (EctD) [166] in 

different Rosetta strains, respectively. Although E. coli has a remarkable capacity to produce 

large quantities of recombinant protein, there are limits when the codon usage in the mRNA for 

the recombinant gene differs from that of the E. coli host, therefore Rosetta BL21 expression 

hosts contain extra copies of the E. coli tRNA genes with rare codons (Chapter 1.6.1) [121–

123]. However, in our case, expression in Rosetta2 BL21 (DE3) did not lead to an increase in 

soluble protein production, but we achieved an increase in soluble KDO production for all three 

KDOs when the genes were co-expressed with the GroEL/ES chaperones (Chapter 1.6.1) by 

applying a protocol from Zhang et al. [82] (SI, Chapter 2.2.1.1, Figure S24). Without co-

expression of chaperones, the KDOs were barely active and precipitated already from the cell-

free extract. Especially for FjKDO soluble enzyme production was significantly increased (SI, 

Chapter 2.2.1.1, Figure S24). The production protocol was also successfully applied to the 

KDO-HaloTag® fusion variants (SI, Chapter 2.2.1.1, Figure S25). 

During the course of this work also other groups successfully applied GroEL/ES for KDO co-

expression [79,89]. Rolf & Nerke developed a cell-free protein synthesis system including 

chaperones for the initial screening of different lysine hydroxylases [80]. Surprisingly, co-
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expression of chaperones showed an increase in enzyme concentration in only a few variants 

and a decrease in soluble protein production in others. Rolf & Nerke postulated that some 

chaperones (DnaJ, DnaK, and GrpE) can be inhibitory for the production of some proteins, 

probably due to enhanced proteolysis, as earlier published by Nishihara et al. [168]. This could 

also explain why in our case, co-expression of DnaK-DnaJ-GrpE-GroES-GroEL did not 

increase soluble protein production (Table 12). While oxygen supply is an important point 

during the biotransformation (Chapter 1.6.1), cultivation in the lab cultivation system 

(DASGIP) with controlled aeration did not increase soluble protein production. Also, 

supplementation of the cofactor, Fe(II), and reducing agent, L-ascorbic acid, which was crucial 

for the purification of active KDOs (Chapter 3.1.2), did not increase soluble protein production. 

The addition of α-ketoglutarate was not tested, because we assumed that sufficient α-

ketoglutarate was present in the cells. 

 

Table 12: Strategies tested to increase soluble KDO production. Some results are part of the bachelor thesis of Max Torkler 
[169]. 

Strategy Conditions* Enzyme 
Increase in soluble 

protein production 

Different production 

media 

Lb-medium 

CpKDO no 

AI-medium 

TB-medium 

TB-medium 

+ betaine & sorbitol 

Wilms-MOPS 

Brain Heart Broth 

Controlled Aeration 
DASGIP cultivation in 

Wilms-MOPS medium 
CpKDO no 

IPTG Concentration 0 - 0.5 mM CpKDO no 

Homogeneous IPTG 

distribution 
E. coli Tuner BL21 DE3 CpKDO no 

Induction 

temperature 

[169] 

20 °C, 30 °C, CpKDO no 
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Additional amount of 

tRNAs 

[169] 

E. coli Rosetta 2 BL21 

DE3 

CaKDO 

CpKDO 
no 

Addition of Cofactor/ 

Reducing Agent 

[169] 

Ammonium iron(II) 

sulfate (FeII), 

L-ascorbic acid, 

Dithiotreitol  

(in different 

concentrations) 

CpKDO no 

Co-expression of 

chaperones 

DnaK-DnaJ-GrpE 

GroES-GroEL 
CpKDO no 

GroEL/GroES 
CaKDO, 

CpKDO, 

FjKDO 

Yes 

*If not explicitly stated, production was performed in E. coli BL21 DE3 

 

3.1.2 Optimization of KDO purification 

 

Next, we investigated under which purification conditions KDOs were most stable and 

precipitation could be prevented. As earlier reported [29], we also observed the loss of activity 

after elution from IMAC, when we tried to purify CpKDO in TRIS buffer (SI, Figure S29). It 

is assumed that KDOs might lose the iron ion from the active site upon IMAC purification and 

therefore become instable [29]. Bastard et al. [66] reported that CaKDO likely lost its iron upon 

purification for crystallization studies [66], which might support this hypothesis. It is also likely 

that KDOs become instable due to oxidative damage upon loss of the cellular environment, as 

discussed in Chapter 3.2. We presumed a positive effect on the enzyme stability upon the 

addition of these cofactors since CaKDO and FsKDO showed a higher degree of ordered 

structure in structural investigations upon binding of Fe(II) and -ketoglutarate [66]. CaKDO 

was shown to be the most instable enzyme among the three tested KDOs in this work. 

Therefore, we first tested purification with additives on this enzyme. Purification was done in 

HEPES buffer, because the enzyme shows the highest activity in this buffer, but also sodium 

phosphate buffer was tested. Low concentrations of the cosubstrate -ketoglutarate (5 mM) and 



Discussion 

 

 

125 

dithiothreitol (DTT) (0.1 mM) as reducing agents were added to the equilibration, washing, and 

elution buffers. Directly after elution 2.5 mM L-ascorbic acid and 1 mM 

ammoniumiron(II)sulfate was added to the eluted enzyme and the desalting buffer, which 

successfully prevented precipitation during purification. While CaKDO purified in HEPES 

buffer with 10 vol% glycerol showed the highest activity directly after purification, enzyme 

activity was rapidly lost after a few days of storage at different temperatures (Figure 68). 

However, HEPES buffer and glycerol both prevent lyophilization of the enzyme. Purification 

with sodium phosphate buffer (SI, Chapter 2.2.2.1.2) prevented precipitation and inactivation 

of all three KDOs successfully and lyophilization was achieved, leading to slightly prolonged 

enzyme activity during storage (Figure 68). Purification of CaKDO produced with chaperones 

(SI, Chapter 2.2.1.1, Figure S27) yielded about 3.5 times more lyophilizate compared to 

expression without chaperones (Table 13), possibly, because more enzyme molecules were 

correctly folded when co-expressed with chaperones. SDS-PAGE demonstrates that after 

purification and immobilization, chaperones are still present (SI, Figure S24, and Figure S31), 

demonstrating the strong binding to the target enzyme, which was described previously for 

several other proteins [170]. 

However, as can be seen in Table 13, the enzyme yield is still low and purification of these 

enzymes is laborious and costly as well. In addition, all components from the desalting step 

accumulate in the lyophilizate, reducing the protein content to 10-40% (Table 13). This results 

in the need to use large amounts of lyophilizate, making the enzyme difficult to handle. In 

addition, precipitation of CaKDO during biotransformations remained an issue (SI, Figure 

S30).  
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Figure 68: Storage stability of CaKDO after purification in A) HEPES buffer+10 vol% glycerol and B) Phosphate buffer. 
Day 0 corresponds to the day of purification. Afterward, enzymes were stored at the corresponding temperatures for the given
time with the addition of 10 vol% glycerol. Enzymes purified in phosphate buffer were lyophilized on day 1 and tested after 
storage at -20 °C or 10 vol% glycerol was added for storage of the soluble enzyme at -80 °C. Reaction conditions for the 
determination of residual activity: 1 ml stock solution of 10 mM L-lysine, 15 mM α-ketoglutarate, 2.5 mM L-ascorbic acid, 
1 mM (NH4)2Fe(SO4)2 in 50 mM HEPES, pH 7.5, was transferred into a 2 ml reaction tube. The reaction was started with the 
corresponding amount of enzyme (0.08 mg ml-1 for purification in phosphate buffer or 0.06 mg ml-1for purification in HEPES 
buffer) at 300 rpm, room temperature, and an open lid for aeration. Samples were taken after 120 min, quenched at 80 °C for 
5 min, and transferred to HPLC analytics. Technical duplicates in A were measured only for storage of the lyophilizate after 
14 days. All the other data correspond to single measurements.

Table 13: Lyophilizate yield and protein content of different KDOs produced with and without chaperones after purification 
and lyophilization as described in the SI, Chapters 2.2.1.1 and 2.2.2.1.2.

Enzyme mg lyophilizate per g wet cells Protein content in lyophilizate [%]

CaKDO with chaperones 3.3 10

CaKDO without chaperones 11.4 20

CpKDO without chaperones 9.8 40

FjKDO without chaperones 5 37

3.2 KDO reaction system 

KDOs depend on Fe(II) for the activation of oxygen. At the same time, the free Fe(II) cofactor 

can easily be oxidized by molecular oxygen. Since both are available in the reaction mix, 

oxidation of the iron occurs, leading to the Fenton reaction [171,172] and thus to the formation 

of reactive oxygen species. Reactive oxygen species can affect the enzyme stability by attacking 

amino acids on the enzyme's surface [173], which in the worst case can lead to the loss of 
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quaternary structure and inactivation of the enzyme, and has a particularly large impact when 

working with isolated enzymes. Fe(II)/α-ketoglutarate dependent dioxygenases show an 

increased sensitivity towards oxygen and its radicals. Hassett et al. [174] investigated the 

sensitivity of catcheol-2,3-dioxygenase towards H2O2 and the underlying mechanism. Upon 

exposure to stoichiometric amounts of H2O2, the Fe(II) in the active site is oxidized. Thereby, 

it is either lost from the enzyme or the environment of the iron becomes highly disordered, 

resulting in a loss of enzyme activity [174]. To keep Fe(II) in its reduced state, L-ascorbic acid 

is added to the reaction mixture as an oxygen scavenger. Additionally, α-ketoglutarate can work 

as a ROS scavenger. Upon reaction of α-ketoglutarate with H2O2 and water, CO2 and succinate 

are formed [175]. This could be the reason why α-ketoglutarate is used in a 1.5 excess over the 

substrate in most KDO reactions. Indeed, in control reactions where no enzyme was present, 

we could always detect succinate in the background (data not shown). 

Because most studies employing KDOs use cell-free extracts, whole cells, or perform reactions 

in analytical scale, there is little literature available that examines or discusses the design of an 

in vitro KDO reaction system in terms of ROS generation, the influence of other redox-active 

small molecules or metal chelating compound. The generation of ROS in combination with the 

increased sensitivity of KDOs could be another reason why hardly any large-scale applications 

of KDOs are known so far, despite their potential for industrial applications [64]. However, an 

in-depth investigation of the reaction system was beyond the scope of this dissertation. 

Nevertheless, we investigated optimal reaction parameters and additives concerning ROS and 

iron-chelating effects, which are discussed below.  

Since CaKDO is the most unstable enzyme among the three tested KDOs, we suspected that 

optimization of the reaction parameters would have the greatest effect here. Because the 

detection of different ROS would have led to a high experimental effort, only the influence of 

different parameters on the total conversion was investigated. The influence of Fe(II) 

concentration, the pH, the buffer type, and the temperature was tested, followed by the addition 

of other ROS scavenging additives.  

While phosphate buffer was used for the purification of the enzymes (Chapter 3.1.2), HEPES 

buffer was found to be better suited for biotransformations (Figure 69). This is in line with 

previous findings where the amount of ROS formed correlates with the buffer used and is lower 

in HEPES buffer compared to other buffers [176–179]. Moreover, buffers such as HEPES and 

MOPS are more suitable for reaction systems containing metal ions due to their lower metal-

binding affinity compared to, for example, phosphate buffers [178]. Interestingly, in TRIS 
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buffer, which also has higher metal binding constants, CaKDO showed similar conversions at 

pH 7.0 to HEPES at 7.5 (Figure 69A). Since the buffer capacity of TRIS buffer ranges from 

7.0-9.2 and the reaction would occur in the lower buffer range, HEPES at pH 7.5 was chosen 

as the buffer for the reaction, which is consistent with the previous results of Baud et al. [90]. 

One way to eliminate potential ROS is to add catalase to the reaction [180]. Here, we also tested 

other components that can act on ROS scavenging and degradation (mannitol, sorbitol, BSA, 

catalase) (Figure 69B). Of all tested additives, catalase appeared to have the best effect on 

conversion and initial rate activity when applied in low concentrations of 0.1 mg mL-1 (Figure 

69B). When applied in the relatively high concentration of 1 mg ml-1 (Figure 69C/D) 

conversion could be further increased (Figure 69C). Considering that catalase is a very active 

enzyme and small amounts are usually sufficient to eliminate H2O2, the observed effects with 

1 mg ml-1 catalase hint towards further effects besides removal of H2O2. As will be discussed 

in the following chapters (Chapter 3.3.3) and was also previously discussed in the results part 

of this thesis (Chapter 2.1), CaKDO is an aggregation-sensitive enzyme. Foreign proteins like 

BSA or large-size subunit catalases can protect aggregation-prone enzymes similarly to 

chaperones or heat shock proteins when applied in sufficient concentrations [181,182]. We used 

the catalase from bovine liver, which does not have a large size subunit, and was not found to 

show effects on aggregation-prone enzymes before [182]. Nevertheless, it has to be considered, 

that working with aggregation-prone proteins is complex and while the catalase from bovine 

liver might not have shown chaperone like shielding effects on other enzymes, it might be an 

entirely different case for CaKDO [183]. Nonetheless, further research is needed to explain the 

protection mechanism of the catalase toward CaKDO. 

The optimal reaction temperature was found at 20 °C for CaKDO and 25 °C for FjKDO (Figure 

70), which is also in agreement with the results published by Baud et al. [90]. The low reaction 

temperature could be a result of higher stability of the enzyme at lower temperatures or the 

dissolved oxygen concentration, which is higher in aqueous solutions at a lower temperature.  

Overall, we identified the in vitro KDO reaction system as one of the most important but under-

researched elements for a successful application of KDOs in biotransformations, which 

urgently requires further mechanistic understanding for the application of isolated KDOs [64]. 
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Figure 69: Influence of different reaction parameters on CaKDO. A) pH and buffer, B) Additives for scavenging and 
degradation of ROS, C) Addition of catalase in different concentrations, D) specific activity with and without the addition of 
catalase (0.5-2 mg mL-1). Reaction conditions: 1 ml stock solution containing 10 mM L-lysine, 15 mM α-ketoglutarate, 2.5 mM 
L-ascorbic acid, 1 mM (NH4)2Fe(SO4)2 in 50 mM HEPES, pH 7.5 was transferred into a 2 ml reaction tube. The reaction was 
started with the corresponding amount of catalyst (0.03 mg ml-1 supplement screening and 0.05 mg ml-1 for initial rate activity 
measurements) at 300 rpm, room temperature, and an open lid for aeration. Additive concentrations: 5 mM mannitol, 5 mM 
sorbitol, 0.1 mg ml-1 catalase, 0.2 mg ml-1 BSA. Samples for additive screening and optimization of catalase concentration were 
taken after 24 h and quenched at 80 °C for 5 min. Samples for initial rate activity measurements were taken every 2 minutes 
over a total reaction time of 10 min. These samples were horizontally attached to a thermo shaker with a closed lid and shaken 
at 500 rpm. Samples were then analyzed by HPLC (Chapter 2.1, Section 3.6). Error bars correspond to data from two 
independent reactions, respectively.

Figure 70: Enzyme activity at different temperatures. A) free FjKDO and B) free CaKDO. Reaction conditions: 100 mM 
L-lysine, 150 mM α-ketoglutarate, 2.5 mM L-ascorbic acid, 1 mM (NH4)2Fe(SO4)2, 0.01 mM DTT, 200 mM HEPES, pH 7.5, 750 
rpm, 0.5 mg ml-1 free enzyme, 1 ml reaction volume, measured by HPLC (Chapter 2.1, Section 3.6). Reactions in A were 
performed as single reactions. Error bars in B correspond to data from two independent reactions.
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3.2.1 Evaluation of KDO activity assays 

 

There are several assays available to measure the activity of KDOs, but they all have certain 

limitations. Assays based on isotope detection of 14CO2 release during the reaction or detection 

of isotope labeled α-ketoglutarate and succinate [180,184] are tendinous because they contain 

radioactive reagents, laborious protocols, and are not easily adaptable to high throughput 

screenings [185]. Other assays include the spectrophotometric measurement of α-ketoglutarate, 

e.g. by fluorescent labeling [186]. Here, the cross-reactivity of the L-ascorbic acid with the 

reagent is disadvantageous [185]. Coupled enzyme assays detect the co-product succinate using 

either luciferase [165] or NAD(P)H-dependent enzymes [185]. However, none of these assays 

detects the main substrate L-lysine or the hydroxy-L-lysine products. As discussed above 

(Chapter 3.2), α-ketoglutarate can react with H2O2 to succinate also in absence of the enzyme. 

Further, succinate and α-ketoglutarate are also present in the metabolic background when 

working with cell-free extract or whole cells. Therefore, assays based on the detection of 

α-ketoglutarate and succinate should be used with caution. They are certainly useful for initial 

high throughput assays, but not for a detailed characterization of enzymes or 

biotransformations. 

In the case of lysine hydroxylases, substrate (L-lysine) and products (hydroxy-L-lysines) should 

be determined by LC/MS [80,82] or HPLC [83,90]. Analysis by HPLC after modification with 

o-phthalaldehyde (OPA) [83,101] or Fluorenylmethoxycarbonyl (FMOC) [69,90] is the most 

common application, using DAD detection [69,90] or fluorescence detection (FLD) [83,101]. 

Although HPLC-based methods are much more accurate than the previously mentioned assays, 

there are also some issues to consider regarding the detection of (hydroxylated) lysines: When 

L-lysine is quantified by FLD, the fluorescence signal is generally lower compared to other 

amino acids. This is due to the derivatization of the two amino groups and the proximity of the 

two OPA groups (Figure 71), which causes quenching of the fluorescence signal [187]. We, 

therefore, tested the detection of L-lysine, hydroxy-L-lysines, and cadaverine by DAD detection 

and FLD detection (SI, Chapter 2.2.9). Since (3S)-hydroxy-L-lysine and (4R)-hydroxy-L-lysine 

are not commercially available and also chemically difficult to synthesize, HPLC calibration 

was performed with 5-hydroxy-D, L-lysine, which is commercially available and has been used 

in other publications for LC/MS or HPLC calibrations [80,101]. However, in our case, DAD 

detection and FLD detection of the same samples gave different hydroxy-L-lysine 

concentrations (SI, Figure S42), most likely due to intermolecular quenching of the 
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fluorescence signal resulting from the position of the hydroxy group. Therefore, calibration 

with 5-hydroxy-DL-lysine will give different concentrations, because the OH group is at a 

different position compared to the actual products (3S)-hydroxy-L-lysine and (4R)-hydroxy-L-

lysine (Figure 71), which affects the extent of quenching. Unlike fluorescence measurements, 

quenching effects do not affect absorbance measurements with a DAD detector. Still, OPA-

modification of the α- and ε-amino groups (Figure 71) occurs with different reaction rates, most 

likely due to steric hindrance of the α-amino group by the carboxy group and different pKa 

values. Therefore, different concentrations of mono- or di-derivatized (hydroxy-) lysines are 

formed during each derivatization, leading to an error in the measured concentration. This 

generally occurs during OPA derivatization of L-lysine derivatives and is independent of the 

detection method [187]. By normalizing the substrate and product peaks to the weighed 

substrate concentrations and calculating the resulting conversion based on the product peak area 

(%), the conversion can be more accurately determined (SI, Chapter 2.2.9). Since selectively 

immobilized or isolated enzymes were used in this work, no side reactions were expected that 

could lead to a decrease of the L-lysine concentration by the formation of products other than 

the expected hydroxyl-L-lysine derivatives. Therefore, we chose OPA derivatization in 

combination with DAD detection for our studies. In our specific case, using the normalized 

values is more accurate than using actual measured concentrations based on a calibration with 

the product surrogate 5-hydroxy-D,L-lysine.

Figure 71: OPA derivatives of L-lysine and mono- and di-hydroxylated L-lysine derivatives.
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3.3 Biocatalyst formulation - KDO immobilization studies 
 

The enzyme is usually the most significant cost factor in enzyme-catalyzed syntheses [37]. 

Therefore, efficient immobilization techniques are critical to increase process economy, 

specifically for challenging enzymes such as KDOs that are difficult to produce and have low 

activity. We tested two in situ immobilization techniques: HaloTag® and EziG™ (Chapter 

1.6.2.1), to increase the enzymes' stability and avoid laborious purification. 

 

3.3.1 EziG™ vs HaloTag® - Binding capacities and specific activities 

 

To compare the different immobilization strategies, we compared the binding capacities and 

specific activities as shown and discussed in Chapter 2. While the amount of enzyme bound to 

the HaloLink™ resin was in line with the manufacturer notes of at least 7 mg protein per mL 

resin [188], EziG™ binding capacities of 3-16% were under or in the lower range of the 

manufacturers' notes of 15-60% w/w [189]. Similar low binding capacities for EziG™ beads 

were also found for different transaminases (unpublished results, Kevin Mack, Laura 

Grabowski, IBG-1, Forschungszentrum Jülich GmbH) and SrLDC (SI, Chapter 2.2.3.3.1, Table 

S7). Low binding capacities could be a result of a rapid binding of the enzyme to the carrier 

surface, thereby blocking further binding sites in the porous material. In addition, surface 

modifications of the carrier can act to attract or repel protons or polar interactions on the enzyme 

surface, thus reducing overall binding [155]. The amount of enzyme bound to the carrier also 

determines the process economy.  

Furthermore, when comparing the specific activities of the different immobilized enzymes to 

the purified enzyme (with His-tag), two of the three tested KDOs (CaKDO and CpKDO) 

showed higher activity upon HaloTag® immobilization compared to the EziG™ immobilizates 

(Chapter 2.1, Figure 17, see Section 2.2, for a detailed discussion of the results). Surprisingly, 

in the case of CaKDO, the initial rate activity increased upon immobilization (Chapter 2.1, 

Figure 17), which is most likely an artifact due to an increase in enzyme stability, as discussed 

in the next chapter (Chapter 3.3.2). Overall, these results demonstrate the different performance 

of immobilization methods again, even with highly similar enzymes.  

HaloTag®-immobilized enzymes were chosen for further investigation for the following 

reasons: Two out of three KDOs performed best with HaloTag®-based immobilization. 

Furthermore, HaloLink™ resin is commercially available and shows better binding capacities. 
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The HaloTag® fusion can be attached to any substrate carrying the specific HaloLinkerTM; 

consequently, this immobilization technique can be tailored to meet particular cost or 

sustainability demands (Chapter 3.8). Another advantage is covalent immobilization, which 

prevents enzyme leakage compared to non-covalent immobilization. Commonly, covalent 

immobilization involves crosslinking reagents like glutaraldehyde, which are supposed to link 

the functional groups of an enzyme and the functional groups of a carrier, which is often 

accompanied by a significant loss of activity. Such reactions typically lead to random 

immobilization sites of the enzyme with the carrier and additional intra- and intermolecular 

crosslinks on the enzyme surface. Consequently, such methods are difficult to reproduce. In 

contrast, site-specific immobilizations mediated by a fusion tag show increased reproducibility. 

The HaloTag® system is one of the few techniques that maintain high residual activity and 

require only short immobilization times (< 30 min) under gentle conditions [130]. Covalent 

immobilization is especially advantageous for KDO reactions. The demand for molecular 

oxygen requires proper aeration of the reaction, which can be achieved in open vessels like 

shaking flasks and fast orbital shaking (>150 rpm), open vessels using a stirrer, or closed vessels 

with aeration via spargers. These techniques lead to strong shear forces between the particles, 

making enzyme leakage more likely for non-covalent immobilizations. On the other hand, these 

shear forces might also destroy the Sepharose beads of the HaloLinkTM resin, while glass beads, 

as used with the EziG technology, might be more resistant. Nevertheless, the HaloTag® is also 

a solubility tag, which might also help prevent enzyme aggregation [151]. 

 

3.3.2 Stability and activity of CaKDO under reaction conditions upon HaloTag® 

immobilization 

 

As described in Chapter 2, HaloTag®-based immobilization enables conversions of  > 200 mM 

L-lysine in analytical scale reactions for all three KDOs (Chapter 2.1, Figure 19). Especially 

for CaKDO activity and stability were significantly improved upon HaloTag® immobilization 

(Figure 18). While an increase in stability is common for immobilized enzymes, specific 

activity usually decreases. In general, the fixation of an enzyme to a carrier can prevent 

aggregation, which increases operational stability [190]. Also, by creating a protective 

microenvironment for the enzyme, it is shielded from mechanical stress, oxygen, hydrogen 

peroxide, dissolved gases, and organic solvents [191–194]. In contrast to an immobilized 

enzyme, the free enzyme might not retain enzyme activity if it is sensitive to the reaction 
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conditions. Consequently, an increase in specific activity is usually an artifact caused by 

changes in the stability of the immobilized enzyme or incorrect protein determination of the 

immobilizate, compared to the free enzyme [191,194]. 

In case of the increase of initial rate activity of CaKDO, we propose that the increase in activity 

is most likely an artifact due to the low stability of the free enzyme. As soon as the protective 

cell environment is disrupted by cell lysis, the enzyme starts to aggregate, probably due to 

hydrophobic patches on the enzyme surface (Chapter 3.3.3, Figure 75, and Figure 

76). Although we could purify CaKDO successfully, without any visible precipitation, the 

application in biotransformation still led to rapid precipitation of the enzyme (SI, Figure S30). 

Upon IMAC purification, the enzyme is exposed to oxidative conditions for several hours, 

which might lead to a loss of active enzyme, consequently reducing the activity of the 

lyophilizate. In addition, loss of iron from the active site due to oxidation or enzyme 

inactivation might occur due to a ROS-induced loss of secondary structure. This theory is 

supported by the results of Bastard et al. who found that CaKDO lost its active site iron when 

purified for crystallization studies [66]. In the cell and the crude extract, protein concentrations 

are higher than in diluted solutions of the cell-free extract; on the IMAC and in the eluate, 

protein concentrations are even lower. In addition, foreign proteins can protect aggregation-

sensitive proteins (e.g., chaperones and heat shock proteins), but when they are removed e.g. 

by protein purification via IMAC, these “protein shields” no longer exist. In contrast, HaloTag® 

immobilization directly from the cell-free extract can be achieved in less than 40 minutes after 

cell lysis, which decreases exposure to oxygen and resulting inactivation. Likewise, the 

HaloTag immobilizes the KDO directly from the crude extract to the carrier. By keeping the 

enzyme molecules apart and stabilizing their conformation, they are prevented from 

aggregating via hydrophobic interactions (Chapter 3.3.3). Consequently, they are not left 

without the protecting environment of other proteins or, in this case, the immobilisate for as 

long as they are upon IMAC purification. Furthermore, the addition of catalase to a reaction 

with the immobilized CaKDO did not lead to an increase in turnover, whereas it led to a 1.7-

fold increase in activity for the soluble enzyme (Chapter 2.1, Figure 17B). This could indicate 

that the immobilized CaKDO is protected from ROS or aggregation by similar means as the 

free CaKDO by the addition of catalase, as discussed in Chapter 3.2. 

To summarize, increased activity and stability of immobilized CaKDO might be due to (i) 

shielding from enzyme aggregation, (ii) protection of the active site iron from oxidation, and 

(iii) protection of the enzyme against ROS.  
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3.3.3 Comparison of the stabilities of CaKDO, CpKDO, and FjKDO based on their 

structure 

 

As demonstrated in Chapter 2.1, Figure 18, the purified CpKDO and FjKDO show much higher 

stability under reaction conditions than CaKDO. As outlined above, CaKDO shows a 

comparatively strong tendency to precipitate in its free form (SI, Figure S30), which suggests 

a higher tendency towards aggregation compared to the other tested KDOs. One reason for the 

precipitation of proteins in aqueous media could be their isoelectric point (IP). As the net charge 

of a protein is zero at the IP, protein solubility reaches a minimum, due to the missing charge 

repulsion of the protein molecules. However, the IPs of KDOs investigated in this work are 

highly similar (CaKDO: 5.77, FjKDO: 5.82; CpKDO: 5.85) [195] thus, IP does not explain the 

observed differences. 

For further clarification, we compared the primary and quaternary structures concerning their 

quaternary structure in solution versus the crystal as well as concerning surface features such 

as exposed cysteine residues or hydrophobic patches, since these are the main factors 

contributing to enzyme aggregation. The sequence alignment in Figure S37 clearly shows that 

CpKDO, FjKDO, and FsKDO as members of the same subfamily and have high sequence 

similarity. In contrast, the sequence of CaKDO differs significantly [66]. The primary structures 

contain three (CpKDO) to four (CaKDO, FjKDO, FsKDO) cysteine residues, three of which 

are conserved between members of the same subfamily (CpKDO, FjKDO, and FsKDO), 

whereas there is no conserved cysteine to CaKDO. Since there are no crystal structures for 

CpKDO and FjKDO available, we used the structure of the related FsKDO for comparison with 

the crystal structure of CaKDO (Figure S37) [66]. The crystal structures show that one cysteine 

residue is accessible on the enzyme surface in both enzymes, respectively (Figure 72 and Figure 

73), which makes precipitation caused by intermolecular disulfide bonds in both cases similarly 

likely and does not explain the different behavior of CaKDO relative to CpKDO and FjKDO 

(Figure 18).  

Hydrophobic patches on the enzyme surface are a further indication of an increased aggregation 

tendency. In the unit cell of the crystal, both enzymes appear as tetramers (Figure 72 and 73CD) 

and the overall number of hydrophobic residues on the tetrameric enzyme surface does not 

differ between CaKDO and FsKDO (Figure 74). However, size-exclusion studies revealed that 

CaKDO is dimeric, whereas FsKDO retains its tetrameric structure also in solution (Figure 73 



Discussion

136

and Figure 75) [66]. These results hint toward a less stable dimer-dimer interface in CaKDO 

relative to FsKDO. A closer look at the CaKDO tetramer reveals its non-symmetrical structure, 

which is in contrast to the highly symmetric structure of FsKDO (Figure 75). Specifically, 

monomer 3 and 4 of dimer 2 have an interface only with one monomer in dimer 1 (Figure 75B). 

The interface of the single dimers contains hydrophobic patches, which are partly covered by 

the formation of the tetramer (Figure 76 and Figure 77). Of course, the enzyme concentration 

required for crystallization is far higher (CaKDO: 9.3 mg mL-1) than in biotransformations (0.5

mg mL-1, Figure 18), therefore this aggregation behavior might not be the same during 

biotransformations. As can be seen in Figure 77, further hydrophobic patches on the surface of 

the single dimer exist, which might lead to the formation of larger enzyme aggregates. These 

hydrophobic patches might be an indication of why CaKDO tends to rapidly precipitate in 

solution and why immobilization prevents said aggregation and leads to higher activities and 

stabilities, as explained in Chapter 3.3.2.  However, further studies are needed to prove that this 

is the reason for the higher stability of CaKDO compared to FjKDO and CpKDO.

Figure 72: Surface representation of the FsKDO tetramer. A) Front side. B) Rear side. Different colors indicate different 
monomers; yellow patches mark cysteine residues on the surface. Based on PDB code 6EUR [66].
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Figure 73: Surface representation of the CaKDO dimer (native structure in solution), and the tetramer (observed in crystals). 
A) Dimer front side. B) Dimer rear side. C) Tetramer front side. D) Tetramer rear side. Different colors indicate single 
monomers. Yellow patches mark cysteine residues on the enzyme's surface. Representation based on PDB code 6F2B [66].

Figure 74: Representation of surface areas in terms of polar (white), non-polar (yellow), negatively (red), and positively (blue) 
charged residues. A) CaKDO tetramer front side B) CaKDO tetramer rearview C) FsKDO tetramer front side D) FsKDO 
tetramer rear side. The picture was generated with PyMOL using a published Python script (YRB) from Hagemans et al. [196]
for the visualization of the respective residues. Described as followed: “Functional groups are colored according to the YRB 
highlighting scheme (hydrocarbon groups without polar substitutions, yellow; negatively charged oxygens of glutamate and 
aspartate, red; nitrogens of positively charged functional groups of lysine and arginine, blue; all remaining atoms including
the polar backbone, white)“ [196]. Structures according to PDB codes 6EUR and 6F2B [66].
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Figure 75: A) FsKDO Tetramer and B) CaKDO tetramer according to PDB codes 6EUR and 6F2B, respectively. Different 
colors represent the single monomers. In contrast to FsKDO, CaKDO tetramer is not formed via a dimer-dimer interface, but 
rather through hydrophobic patches between monomer 1 of dimer 1, and monomer 3 and 4 of dimer 2, indicated by yellow 
patches. Hydrophobic interfaces are presented in Figure 76 in detail. Structures according to PDB codes 6EUR and 6F2B  
[66].

Figure 76: CaKDO dimers. As can be seen, dimer interfaces indicated in yellow in Figure 75 are generated most likely by 
hydrophobic patches. Hydrophobic patches of the dimer interfaces were generated by PyMOL using Python script (YRB) from 
Hagemans et al. [196]. Described as followed: “Functional groups are colored according to the YRB highlighting scheme 
(hydrocarbon groups without polar substitutions, yellow; negatively charged oxygens of glutamate and aspartate, red; 
nitrogens of positively charged functional groups of lysine and arginine, blue; all remaining atoms including the polar 
backbone, white)“ [196]. Structures according to [66], PDB code 6F2B.
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Figure 77: CaKDO dimer with all hydrophobic patches. A) Front side. B) Rear side. C) Site view: left. D) Site view: right. 
Hydrophobic patches were generated by PyMOL using Python script (YRB) from Hagemans et al. [196]. Described as 
followed: “Functional groups are colored according to the YRB highlighting scheme (hydrocarbon groups without polar 
substitutions, yellow; negatively charged oxygens of glutamate and aspartate, red; nitrogens of positively charged functional 
groups of lysine and arginine, blue; all remaining atoms including the polar backbone, white)“ [196]. Structures according to 
[66], PDB code 6F2B .

3.4 Application of immobilized KDOs in biotransformations

3.4.1 Recyclability of immobilized KDOs

A significant advantage of immobilized enzymes is their recyclability [37]. At the analytical 

scale (1 mL), CpKDO- and FjKDO HaloTag® were recycled up to four times with 84% and 

100% conversion in 4 h, respectively. After seven batches, 27% conversion in 4 h was achieved 

with immobilized FjKDO (Chapter 2.1, Figure 20). Inactivation of the enzyme is most likely 

the result of constant shaking, friction between the beads, and partial loss of the immobilisate 

during the inter-batch wash steps. As discussed above, KDOs are sensitive to oxygen or ROS 

exposure, which might contribute to enzyme inactivation. Nevertheless, the little loss of activity 

after four batches for FjKDO-HaloTag® and after seven batches for CpKDO-HaloTag® was 

surprising, since KDO stability has always been a significant concern anyway. Previous 

experiments with SadA immobilized on EziG™ Amber by the Kourist group [81] showed only 

10% of the initial reaction rate after the first reaction cycle. Additionally, our experiments were 

performed over four days (CpKDO) or seven days (FjKDO), including storage of the enzyme 
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overnight at 4 °C, indicating that these KDOs are stable at least for several days in their 

immobilized form.  

Compared to the single reactions, the specific space-time yields could be increased almost 

threefold for the CpKDO-HaloTag®-catalyzed reaction and 4.4-fold for the FjKDO-

HaloTag®-catalyzed reaction, demonstrating that a recycling approach can effectively improve 

the reaction productivity (Table 14).  

 

Table 14: Comparison of specific space-time yields of single- and repetitive batch reactions catalyzed by three different KDOs 
in analytical scale (1 mL). For reaction conditions, see 2.1, Section 3.3.3. 

Enzyme 

Specific space-time-yields 

[gproduct L-1 h-1 per gimmobilized enzyme] 
   

Single reaction Repetitive batch 
Number of 

batches 

Conversion of 

last batch [%] 
STY increase 

CaKDO 1622 2219* 2  71 1.4 x 

CpKDO 795 2333 4 84 3 x 

FjKDO 1081 4803 7 27 4.4 x 

*Upon recycling with EDTA and dithionite 

 

Unfortunately, the recycling of CaKDO-HaloTag® was not as effective. As described and 

discussed in Chapter 2, the enzyme lost most of its activity after the first batch, which was 

accompanied by a blue color change of the reaction supernatant (Figure 20). Upon treatment 

with EDTA and dithionite, the enzyme could be reactivated at least once (SI, Chapter 2.2.4, 

Figure S35, Table 14). Similar results have also been observed for other KDOs and may be 

caused by oxidation of an active site residue, probably induced by iron or ROS [78]. The 

oxidation observed for some KDOs that show color shifts occurs at aromatic residues 

[49,197,198]; for CaKDO, however, there are no aromatic amino acids nearby. In other cases, 

other residues in the active site, like lysine, but further away from the iron were oxidized [199]. 

It is still not completely clear what causes this oxidation of active site residues, as well as how 

it affects KDOs in biotransformations [78].  

There could also be some unidentified interactions between reaction components since in our 

case not the immobilisate but the reaction supernatant turns blue (SI, Figure S34). However, 

the interaction of different components in the reaction, including the generation of ROS as well 

as CaKDO's intrinsic instability are poorly understood, as discussed in Chapter 3.2 and 

Chapter 3.3.3. Whatever the underlying mechanism, it is only found to this extent in CaKDO 

and not in CpKDO or FjKDO. A detailed mechanistic analysis is required to investigate these 
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phenomena, which was beyond the scope of this thesis. However, in case of CaKDO 

inactivation can be strongly reduced by applying a fed-batch mode. The reaction supernatant 

did not change color as long as L-lysine was present and conversion of 200 mM L-lysine was 

possible (Figure 78). 

Summarizing: As long as L-lysine is present in the reaction mixture, the immobilized CaKDO 

remains active. Therefore, instead of CaKDO regeneration, other reaction setups, like fed-batch 

or continuous mode, can be considered where the full conversion of L-lysine is prevented. It 

has to be tested, which minimal concentration of L-lysine would be sufficient to maintain the 

enzyme activity.

Figure 78: CaKDO-HaloTag®-catalyzed hydroxylation of L-lysine in a fed-batch mode. Reaction conditions:1 mL scale in 200 
mM HEPES, pH 7.5, with 5 mg mL−1 immobilized enzyme, 100 mM L-lysine, 150 mM α-ketoglutarate, 2.5 mM L-ascorbic acid, 
0.01 mM DTT, and 1 mM (NH4)2Fe(SO4)2 for 24 h at 25 °C in an overhead shaker. The arrows indicate the addition of 42.5 
mM L-lysine and 61.5 mM α-ketoglutarate. Error bars are the result of two independent immobilizations.

3.4.2 Application of immobilized KDOs in preparative lab scale

Most groups working on the synthesis of hydroxy-L-lysines by KDOs, use cell-free extracts or 

whole cells, except Baud et al. [69,90], who applied purified enzymes for some of their 

reactions. When working with isolated KDOs, low titers and yields (1.6 g L-1 or 0.016 g total 

yield) were observed [69,90]. A summary of published hydroxy-L-lysine syntheses with KDO 

is shown in Table 2 and was already discussed in chapter 2.1, Section 2.4. Application in a 15

mL scale, with the full conversion of 100 mM substrate and product titers of 16 g L-1 could be 
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demonstrated for CaKDO and FjKDO immobilized with HaloTag® (Chapter 2.1, Figure 21). 

Additionally, we demonstrated that a larger concentration of substrate (200 mM) or scale 

(50 mL) was in general feasible for the CaKDO-catalyzed reaction (Chapter 2.2.6, Figure S38). 

Still, there is little research on a preparative KDO reaction setup, especially for immobilized 

KDOs. Using immobilized KDOs, we found that aeration must be carefully balanced: Too 

much oxygen can oxidize the Fe(II) cofactor, rendering the cofactor unavailable for the enzyme 

and decreasing its stability by increasing ROS production. As long as adequate oxygen 

concentration is maintained, shaking flasks can be a simple and effective setting in many 

laboratory-scale experimental setups [69,90]. Our results show that an increase in scale and 

substrate concentration can be realized with immobilized enzymes in combination with an open 

reaction system for oxygenation. 

For KDO-catalyzed reactions up to 1 L, shaking flasks are easy to handle; however, for a larger 

scale, it is not sufficient, so further studies should focus on developing suitable reaction modes 

and reactor designs. Important factors to consider are sufficient mixing of the beads thereby 

avoiding strong shear forces and a controllable aeration system. Simultaneous mixing of the 

beads and aeration might be achieved by spargers, for example, by airlift reactors. However, 

even if ROS generation could be minimized, enzymes could be inactivated at the gas interface. 

Furthermore, continuous titration of the reaction mixture is obligatory, since the pH decreases 

during the reaction, due to the generation of CO2. We operated at high buffer concentrations 

(200 mM HEPES) to keep the pH constant, which was rather counterproductive for the 

purification of the hydroxy lysines. As explained in chapter 3.8., HEPES buffer does not only 

complicate product purification but is also much too expensive for a larger scale. In general, 

buffer systems can cause problems when used with KDOs since they interfere with product 

purification and require constant monitoring of metal complexation. For technical applications, 

buffers are generally disadvantageous because of the costs and wastewater contamination. By 

continuous titration, the pH can be controlled, and the buffer can be minimized or even 

eliminated. However, temporal pH hot spots could result during titration, which would 

negatively affect the enzyme. To avoid such hot spots, a vigorous stirring of the solution is 

mandatory, which is also a challenge for enzymes. For this case, a reaction set up with two 

reactors and a cyclic pumping of the reaction solution between both compartments could 

prevent enzyme inactivation by pH hot spots (Figure 79). The pH would be measured in the 

first compartment containing the enzyme, while the second is only used for titration and could 



Discussion 

 

 

143 

be vigorously stirred. A filter could retain the enzyme in the first vessel. Consequently, possible 

pH hot spots would occur only in the second vessel.  

 

 
Figure 79: Schematic representation of an alternative reaction setup aiming for easier product purification, by using a buffer-
free reaction system with continuous titration. By cyclic pumping of the reaction solution between two compartments, the 
inactivation of the enzyme by pH hot spots could be prevented. The pH is measured in the first compartment containing the 
enzyme that is retained there by a filter, while the second compartment is enzyme-free and only used for slow titration. 
Consequently, possible pH hot spots would occur only in the second vessel. Figure created with BioRender.com. 
 

Summarizing: The application of KDOs in preparative laboratory-scale reactions works best in 

simple open reaction setups with shaking flasks. To further increase the scale or reaction 

performance, it is vital to investigate further reaction engineering, reactor design, and reaction 

mode strategies. 

3.5 Cascade Reaction towards (2S)-hydroxy-cadaverine 
 

As previously shown by Baud et al. [69], a combination of the KDO reaction with a second step 

incorporating different (lysine) decarboxylases in an enzymatic cascade process provides 

access to valuable hydroxy-cadaverines (Figure 8). This two-step cascade reaction was limited 

to a substrate concentration of 10 mM at a 10 mL scale, with the KDO reaction being the 

limiting step [69]. Direct hydroxylation of cadaverine by KDOs is not possible, probably due 

to a conserved arginine residue in the active site. Upon interaction with the α-amino group of 

L-lysine with the arginine residue, the lid of the active site closes [66,69,90]. Because the 

chemical production of (2S)-hydroxy-cadaverine is more challenging compared to 3-hydroxy-

cadaverine, due to its chiral center, we concentrated on this cascade. Starting from 100 mM 
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L-lysine in a 15 mL scale we used CaKDO in the first step and lysine decarboxylase from 

Selenomonas ruminantium (SrLDC) in the second reaction step, both immobilized on 

HaloLink™ resin [69,96,106,200,201]. Before application in the cascade reaction, SrLDC 

immobilization studies [202], and optimization of the reaction in preparative lab-scale [203] 

were performed in the Bachelor thesis of Solange Wetzels [202] and the Master thesis of 

Mariela Bregu [203]. These studies used L-lysine as the substrate since hydroxy-L-lysines are 

not commercially available and difficult to synthesize chemically.  

The cascade reaction was successfully performed with 97% conversion within a total reaction 

time of 47 h (Chapter 2.1, Figure 23) without intermediate product purification, corresponding 

to a specific space-time yield of 6.5 gproduct L-1 h-1 per immobilized SrLDC and a product titer 

of 11.6 g L-1 (2S)-hydroxy cadaverine. Since SrLDCs natural substrate is L-lysine and SrLDC 

is more active towards L-lysine than (3S)-hydroxy-L-lysine, the reaction was performed in a 

sequential mode to avoid cross-reactivity. As both reaction steps use immobilized enzymes, 

recycling and reuse of the enzymes in a further reaction are principally possible upon CaKDO 

regeneration (Chapters 2.1, 2.2.4, and 3.4.1). For the decarboxylation of L-lysine to cadaverine 

in preparative lab-scale, SrLDC-HaloTag® could be recycled five times in 1 h batch reactions 

with 94% conversion (Chapter 2.1, Figure 23). Further research is required to determine 

whether similar recyclability approaches are feasible with (3S)-hydroxy-L-lysine as a substrate.  

It has already been shown that increasing the substrate concentration to at least 200 mM is 

possible for the CaKDO reaction (Chapter 2.1, Figure 19), suggesting that this could also apply 

to the cascade reaction. Nevertheless, previous studies suggest inhibition of  SrLDC by higher 

concentrations of L-lysine (SI, Figure S39). Although it has not been tested yet if substrate 

inhibition also occurs with (3S)-hydroxy-L-lysine, a fed-batch approach might be a suitable 

reaction mode for the second cascade step.  

Overall, our experiments represent a solid starting point for further optimization of the cascade 

reaction, e.g., for an increase in scale, recycling approaches, different reaction modes, and an 

increase in substrate concentration to optimize the specific space-time yields further. Previous 

studies revealed that CpDC, SrLDC, and EcLDC show activity towards (4R)-hydroxy-L-lysine, 

however, with different conversions in whole-cell systems [83,101]. A similar preparative 

reaction cascade with immobilized FjKDO or CpKDO to produce (4R)-hydroxy-L-lysine and 

subsequent decarboxylation catalyzed by EcLDC, CpDC, or SrLDC could also be suitable for 

the production of 3-hydroxy-cadaverine. 
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3.6 SrLDC as an alternative enzyme for the production of biopolymer precursors 
3.6.1 Process evaluation 

 

As our preliminary studies with SrLDC have demonstrated, this enzyme can also be used for 

the production of cadaverine, which is a precursor for (fully-) bio-based polyamides as outlined 

in Chapter 1.5.1. So far, cadaverine is produced by fermentation, whole-cell catalysis, or 

immobilized lysine decarboxylases [92]. To the best of my knowledge, SrLDC was never tested 

as an enzyme for cadaverine production at the preparative lab scale. 

Upon HaloTag® immobilization of SrLDC, we demonstrated the conversion of 100 mM 

L-lysine in a 15 mL repetitive batch within 1 h reaction time. After six batches, the conversion 

was only a little impaired, probably due to a loss of immobilisate during the washing steps 

between the reaction cycles (Chapter 2.1, Figure 23B). Surprisingly, recycling of HaloTag® 

immobilized SrLDC led to a high space-time yield of 15,680 gproduct L-1 d-1 gimmobilized SrLDC. 

Most processes employing immobilized enzymes use the constitutive (EcLDCc) or the 

inducible (CadA) LDCs from E. coli [92]. Thereby, these enzymes were applied as E. coli 

whole cells or immobilized on poly(3-hydroxybutyrate) (P(3HB)) biopolymers [204], chitin 

[205], via different carrier-free immobilization methods like catalytically active inclusion 

bodies (CatIBs) [136], and as cross-linked enzyme aggregates (CLEAS) [206].  

Parameters of different literature-known processes employing immobilized cells or enzymes 

are summarized in Table 15. Notably, most parameters were calculated based on the values 

given in the respective publications, which were often not complete. Therefore, only a general 

comparison was possible.  

Overall, cadaverine titers of 8.47-221 g L-1 and total yields of  2.65-540 g could be achieved, 

where the highest titers of 221 g L-1 correspond to an E. coli fed-batch process overexpressing 

CadA and CadB [207].  

Through a repetitive batch process of immobilized CadA on chitin [205], yields of 540 g 

cadaverine were obtained from a 4 L scale reaction by reusing the enzyme for 4 cycles. In 

comparison, immobilized SrLDC on HaloLink™resin gave access to product titers of 58.4 g L-1 

and total yields of 5.3 g cadaverine due to the smaller scale of 15 mL. Space-time yields ranged 

from 2.9-454.8 g L-1 d-1, where the highest value was reported by Bhatia et al. [208] using 

immobilized E. coli whole cells in barium alginate beads with overexpressed CadA. Among the 

processes compared in Table 15, our STY of 235.2 g L-1 d-1 is the third-highest. However, many 

other publications lack information on the amount of enzyme needed to calculate the specific 
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space-time yields. Other processes use (immobilized) whole cells, where the determination of 

the active LDC concentration is not possible. However, studies in which these values can be 

compared are the immobilization of LDCc as CatIBs [138] and the immobilization of CadA on 

chitin [205], which gave specific space-time yields ranging from 16-477 gproduct L-1 d-1 g-1enzyme 

(or CatIBs). Surprisingly, recycling of HaloTag®-immobilized SrLDC led to significantly higher 

specific space-time yields of 15,680 gproduct L-1 d-1 g-1immobilized SrLDC. The reason for this is 

probably the minimal loss of activity upon immobilization (Figure 22) [202,203] and during 

the six reaction cycles (Chapter 2.1, Figure 23B) [203]. Compared to other strategies employing 

whole cells, alginate beads, chitin, or CatIBs, the directed immobilization on the HaloLink™ 

resin scores with lower mass transfer limitations and a higher concentration of active enzyme 

molecules on the beads. In addition, SrLDC might have several advantages over the most 

commonly used CadA and LDCc from E. coli as discussed in the next chapter (Chapters 3.6.1 

and 0). 

Further process intensification of the SrLDC reaction from L-lysine to cadaverine should focus 

on reaction mode engineering. Because of the decarboxylation reaction, CO2 is produced 

causing the pH to become acidic. At the same time, protons are consumed from the medium 

during the reaction, and the diamine forms. Consequently, the pH will drift into the basic pH 

range. As we have shown, higher pH results in a decrease in activity for SrLDC (SI, Chapter 

2.2.7, Figure S39). Similar to the KDO reaction (Chapter 3.4.2) we used a high concentration 

of HEPES (100-200 mM), to keep the pH constant. As previously discussed, the downside is 

that HEPES is expensive and complicates downstream processing of the diamine (Chapter 3.7). 

As for the KDO reaction, changing to a different buffer or reducing buffer concentration is 

another objective. In contrast to the KDO reaction, SrLDC does not need oxygen or metal ion 

cofactors for the decarboxylation reaction. In this case, SrLDC activity in cheaper and less 

complicated buffers concerning downstream processing approaches should be tested. As 

previously discussed, phosphate buffer is a good alternative since it is cheap and is unlikely to 

interfere with downstream processing (Chapters 3.4.2 and 3.7.4). The reaction could be run by 

combining continuous titration with a fed-batch approach, to target the substrate inhibition and 

pH adjustment. Another approach would be an enzyme membrane reactor (EMR) or a plug-

flow reactor. The continuous mode of such approaches would be advantageous in overcoming 

substrate inhibition or potential product inhibition.  In an EMR, operating under continuous 

conditions, substrate concentrations are low, but the product concentrations are constantly high. 

This could create problems if the diamines have an inhibitory effect. In contrast to an EMR, the 
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substrate concentration and product concentration change over the length of a plug-flow reactor. 

However, pH control via titration in plug flow reactors is not possible, therefore high buffer 

concentration would need to be applied. Currently, we have not detected any signs of product 

inhibition. All the approaches have advantages and disadvantages; therefore, a further 

experimental investigation is necessary. 

Summarizing, recycling SrLDC immobilized on Halolink™resin is comparable to previously 

reported cadaverine production methods and is a good starting point for further investigation 

and process intensification. 
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Table 15: Productivity measures for the production of cadaverine in this thesis compared to literature values. Table adapted 
from [209]. (Specific) Space-time yields were calculated based on the parameters given in the respective publications. 
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3.6.2 Potential of SrLDC as a suitable enzyme for the production of polyamide 

precursors 

 

As previously mentioned, most published processes towards cadaverine with immobilized 

LDCs use the constitutive (EcLDCc) or inducible (CadA) LDCs, which belong to the aspartate 

amino-transferase superfamily [105,212]. While CadA is active in a pH range between 5.0-6.0, 

it is rapidly inhibited above pH 8.0 [213], and further by higher concentrations of L-lysine 

(> 6 mM) [214] and cadaverine [215]. In contrast, the constitutive EcLDCc is active in a 

broader pH range (pH 5.0-9.0) [216] and does not show substrate inhibition at substrate 

concentrations up to 10 mM L-lysine [214]. Both LDCs form identical homo-decameric 

structures, resolved for both enzymes by X-ray crystallography [217] and cryo-electron 

microscopy [218]. By association of five symmetric dimers, EcLDC oligomers are formed, 

which results in a homodecameric enzyme [217–219]. Upon dimerization, the active site is 

formed, which can be found between two dimers [217,218]. CadA forms decamers at a pH of 

5, and disintegrates into inactive dimers at pH > 7.5 [92,220].  

In contrast, SrLDC is active in a broader pH range between 5.0-8.0 [201] than CadA and is 

more stable upon pH shifts. Our studies indicate that SrLDC is a reasonably stable enzyme but 

probably inhibited by higher L-lysine concentrations (> 100 mM) [203] (SI, Figure S39), 

whereas there is currently no hint towards product inhibition by cadaverine. In this case, fed-

batch or repetitive batch processes and a continuous enzyme membrane reactor could be more 

efficient in gaining high product concentrations, as already discussed previously (Chapter 

3.6.1).  

Furthermore, all mentioned LDCs are PLP-dependent enzymes. PLP quickly degrades upon 

illumination to the main photoproducts, 4-pyridoxic acid-5`-phosphate, and a benzoin-like PLP 

dimer [221–223]. Degradation seems to be oxygen-dependent and can irreversibly inactivate 

enzymes. When bound as internal aldimine and exposed to light, PLP might act as a specific 

photosensitizer and destroy histidine residues in the active site [224]. Gerlach et al. [223] tested 

the sensitivity toward light for two LDCs. Compared to handling in the dark, illumination with 

blue light induced an activity loss of 85% for EcLDCc, whereas SrLDC lost only 45% of 

activity under the same conditions. It is, therefore, advisable to exclude light during handling 

and reaction to maintain the enzyme stability. Normal laboratory lighting conditions resulted in 

SrLDC being 50% more active and EcLDCc only 10% more active than when illuminated with 

blue light [223]. Therefore, SrLDC might be less prone to light-induced enzyme inactivation 
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than EcLDC, which might be due to its flexible binding site [103,109]. SrLDC exhibits a 

comparably low binding affinity towards PLP, which could facilitate the exchange of degraded 

PLP for fresh PLP from the reaction mixture [223]. Since SrLDC may remain active when fresh 

PLP is added, it could be an ideal enzyme for prolonged use over several days.  

Furthermore, SrLDC is a bifunctional lysine/ornithine decarboxylase [105], which is even more 

attractive as putrescin, the decarboxylation product of L-ornithine, is another building block for 

biopolymers. Indeed, the total conversion of 100 mM L-ornithine in a 15 mL preparative lab 

reaction was catalyzed with HaloTag®-immobilized SrLDC (SI, Figure S40), yielding 8.8 g L-1 

1,4-diaminobutane (putrescine). These results show that SrLDC should be considered as an 

alternative enzyme to produce cadaverine (and putrescin) either in its immobilized form or as 

a heterologously expressed enzyme in fermentative processes, employing e.g. Corynebacterium 

glutamicum or Escherichia coli.  

 

3.7 Downstream processing of hydroxy-L-lysine and hydroxy-cadaverine  
3.7.1 Purification of hydroxy-L-lysines and hydroxy-cadaverines from the reaction 

mixture 

 

When synthesis is accomplished by fermentation or whole cells with recombinant enzymes, the 

final product may contain a mixture of different components such as cell debris, metabolites, 

buffer salts, or fermentation media. Therefore, product purification can be expensive and 

complex. In particular, separating water-soluble products like amino acids (derivatives) and 

diamines from the fermentation broth can be challenging, and isolation of hydroxy-L-lysines 

and hydroxy-cadaverines is much easier from less complex reaction mixtures containing only 

the target product without residual substrate or by-products. Regarding the hydroxylation of 

L-lysine, the separation of hydroxy-L-lysines from the remaining L-lysines is a challenge, due 

to their chemical and physical similarity. By HPLC and GC-ToF-MS analyses, we 

demonstrated that L-lysine was completely converted to the respective hydroxy-L-lysine and 

contained no by-products other than α-ketoglutarate, succinate, and HEPES (Chapter 2.2.12). 

Nevertheless, the isolated product yields of (3S)-hydroxy-L-lysine, (4R)-hydroxy-L-lysine, and 

(2S)-hydroxy-cadaverine were low. (3S)-hydroxy-L-lysine and (2S)-hydroxy-cadaverine were 

purified by a two-step purification procedure according to a protocol of Fossey-Jouenne et al. 

[225] (Figure 80A). The first step employs a strong cation exchange resin. While Fossey-

Jouenne et al. used flash chromatography, we used a Büchner funnel with the cation exchange 
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resin to speed up the chromatographic procedure by applying vacuum. The second step is a 

solid-mixed mode (strong cation exchanger and reversed-phase separation) phase extraction 

using Oasis MCX6cc cartridges. This step is necessary to remove HEPES from the final 

product, as HEPES is chemically similar to the hydroxy-L-lysines and the 2-hydroxy-

cadaverine. Phosphate buffer or buffer-free systems would be beneficial to simplify the 

downstream processing, as discussed above (Chapters 3.4.2 and 3.6.1). By using a different 

buffer or a buffer-free system during the biotransformation, the second purification step could 

be omitted (Figure 80B).  

Another bottleneck of the purification is the elution of the products (hydroxy-L-lysines and 

hydroxy-cadaverines) from the cation exchange resin by large volumes of ammonia. The 

protocol [225] uses an ammonium hydroxide gradient ranging from 4% to 28%. However, most 

of the products (hydroxy-L-lysines and hydroxy-cadaverines) were found in the 4% or 10% 

fractions. Thus, optimizing the gradient could also reduce the amount of ammonium hydroxide 

used in the process. 

Therefore, optimizing the purification procedure along with changing the buffer system or using 

buffer-free systems during the biotransformation will most likely result in a higher isolated 

yield. 

 

In addition, succinate is also an interesting precursor for biopolymers or pharmaceuticals, so a 

simultaneous purification of succinate would be desirable. Succinate and α-ketoglutarate can 

be found in their uncharged state at acidic pH (pH 1-2) in the flow-through after the first cation 

exchange step, as the latter is supplied in 1.5-fold excess. Additionally, the flow-through 

contains residuals of ascorbic acid and ammonium iron(II) sulfate. By adding H2O2, the 

remaining α-ketoglutarate can be converted to succinate with the release of carbon dioxide and 

water. The succinate could then be isolated from a basic solution using an anion exchanger 

(Figure 80C).  

 



Discussion

152

Figure 80: A) Schematic representation of the modified product purification based on the protocol by Fossey-Jouenne [225].
B) Theoretically optimized purification protocol without HEPES. C) Schematic representation of simultaneous purification of 
succinate. Figure created in BioRender.com.

3.7.2 Alternative purification strategies for hydroxy-L-lysines

Considering there are no alternative strategies for hydroxy-L-lysines purification exists, a closer 

look at amino acid and in particular, L-lysine purification strategies, might provide some useful 
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insights. As amino acids dissociate in an aqueous solution and form different ionic species as a 

function of pH, their solubility in nonpolar solvents is very low. Therefore, the purification of 

amino acids is generally based on chromatographic purification using ion-exchange materials 

or crystallization at the isoelectric point. Liquid-liquid extraction of amino acids is only possible 

by adding extractants to the organic phase, like phosphoric acid derivatives, high molecular 

weight quaternary aliphatic amines, or crown-ethers [226], which would negatively influence 

step economy or at least increase the E-factor due to higher amounts of waste.  Reactive 

extraction of L-lysine was done with di-(2-ethylhexyl)phosphoric acid (D2EHPA); however, 

the separation yield was only 68% [226]. For the lack of alternatives, L-lysine is still commonly 

purified by chromatographic procedures with strong cation exchangers, followed by 

evaporation, crystallization, and (spray) drying [227–229]. To find effective alternative 

purification strategies for hydroxy-L-lysines, further research is needed. Nevertheless, as 

discussed above (Chapter 3.7.1), the existing protocol can be optimized and after the separation 

of the immobilized enzyme, the cation exchange resin could be easily applied to the supernatant, 

so that purification via a column can be eliminated. 

 

3.7.3 Alternative purification strategies for hydroxy-cadaverine 

 

Cadaverine is a colorless viscous fuming liquid with a boiling point of 178-180 °C. Isolation 

and purification methods include evaporation, distillation, and solvent extraction. The raw 

production mixture can include inorganic or organic impurities, which may interfere with 

evaporation or distillation and increase energy consumption as well as equipment costs. 

Therefore, solvent extraction has become the most popular and economic separation method 

and has mostly replaced distillation [92,230]. Yun-Gi Hong et al. used methyl ethyl ketone as 

an extractant with an extraction efficiency of more than 70% [231]. Krzyzaniak et al. 

screened di-2-ethylhexyl phosphoric acid (D2EHPA), 4-nonylphenol, 3,4-bis((2-

ethylhexyl)oxy) phenol, versatic acid 1019, 4-octylbenzaldehyde and di-nonyl- naphthalene-

sulfonic acid (DNNSA) as extractants, and found 4-nonylphenol to be the most efficient 

extractant for purification from aqueous media [232]. However, these organic solvents are 

highly toxic and can easily cause environmental pollution [230]. Meanwhile, Lui et al. 

developed a solvent extraction method consisting of deprotonation-evaporation, pH 

adjustment-deprotonation-evaporation, deprotonation-extraction-evaporation, and 
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deprotonation-extraction-rectification, with the latter being the most effective method enabling 

the recovery of 99% cadaverine [230] (Figure 80).  

 

 

Figure 81: Solvent extraction method for cadaverine developed by Liu et al. [230]. Figure reprinted with permission from John 
Wiley and Sons. 

  

Kind et al. found n-butanol as the best extractant for cadaverine [233]. A combination of 

different approaches, also including cation exchange resins, is also possible, as was reviewed 

by Huang et al. [92]. 

Similar extraction methods could also be possible for the purification of hydroxy-cadaverine. 

However, the additional hydroxy group could lower the solubility of the hydroxy-cadaverine in 

organic solvents; therefore, a solvent screening would be necessary to identify the best 

extractant.  

 

3.8 Economic and ecologic process evaluation 
 

While the current biocatalytic process is still far from a technical scale, an assessment of the 

sustainability or greenness of a process in the early development stage is necessary to identify 

further bottlenecks and optimization approaches. Some aspects have already been discussed in 

previous chapters, but are re-examined for an overall assessment of the process. Furthermore, 

it should be noted that the calculated values in the following discussion are based on scale-

independent values [162]. Obviously, costs can vary between a large-scale and small-scale 

process, as the environmental impact of different types of waste can vary with different scales. 

Additionally, evaluation of the industrial potential cannot seriously be reflected in an academic 

study. Since the presented process for the production of hydroxylated lysines and hydroxylated 
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cadaverine is still at an early development stage, no information about actual industrial product 

demands, product prices, process layouts, and labor costs are known. Furthermore, no 

information about an actual existing industrial process is available.  

At the actual early stage of process development it is not critical to discuss the details, including 

all the parameters, such as those mentioned by Tufvesson and Lima-Ramos [19,37,128,162], 

so only the atom economy and the E-factor (Chapter 1.6.5), two factors to predict process 

greenness, were selected. This first general assessment should guide further optimization 

strategies. 

 

Atom economy 

A significant advantage of KDOs is that they are self-sufficient and do not need expensive 

cofactors or cofactor regeneration systems. However, the overall atom economy of the process 

is at 50% and can thus can only be described as moderate. This is a consequence of 

α-ketoglutarate as a cosubstrate, which is decarboxylated to succinate. As mentioned by Busch 

et al., this will be similar for every reaction using KDOs. Therefore, Busch et al. have worked 

on strategies for a cosubstrate generation cascade [81]. However, succinate is interesting as 

well, because it can be used as a precursor for fully bio-based polymers or pharmaceuticals 

(Chapter 1.5.1) and could be purified instead. As discussed in chapter 3.7, succinate could be 

isolated from the reaction mixture by chromatographic purification. Isolation of both, the 

hydroxy-L-lysines and the succinate can increase the atom economy to 86.4%. Still, a higher 

atom economy cannot be reached as CO2 is released by the decarboxylation of α-ketoglutarate 

to succinate. Due to the additional CO2 released during the decarboxylation of the 

hydroxy-L-lysine (second reaction step) to hydroxy-cadaverine, the atom economy decreases 

to 72.9 % for the overall cascade process (Table 16). For the SrLDC-catalyzed production of 

cadaverine, the atom economy is even lower at 69.9%.  

 

E-factor 

The atom economy only considers mol% of the substrates and products, but not the step 

economy, which, amongst others, also impacts waste streams (Chapter 1.6.5). Therefore, the E-

factor was also calculated (Table 16). Notably, for the calculations, only the components for 

the biotransformation were included, since product purification is not yet optimized. The E-

factor of the KDO processes is at 4.44 without purification of succinate and at 1.56 including 

succinate isolation.  
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The cascade reaction to 2-hydroxy-cadaverine shows an E-factor of 1.95 with the inclusion of 

the isolation of succinate. If succinate is not isolated, the E-factor is 5.72. For the single reaction 

of L-lysine towards cadaverine, the E-factor is at 2.78. The E-factors of all processes would 

profit from a reduction or a replacement of the HEPES buffer (concentration) as proposed in 

Chapter 3.7.3. The E-factor of the SrLDC-catalyzed reaction could also profit from a reduced 

PLP concentration. Because PLP is unstable upon light exposure [223] (Chapter 0), the reaction 

should typically be carried out without light exposure, as was done in this thesis. Additionally, 

lower initial concentration and a supplementation strategy with fresh PLP could also reduce the 

overall PLP waste. It should also be noted that the produced (hydroxy) diamines are precursors 

not only for bulk chemicals like biopolymers but also for fine chemicals and potential active 

pharmaceutical ingredients. Here, the accepted E-factor and product values are higher than for 

bulk chemicals. While E-factors of 5 to 50 are acceptable for fine chemicals, E-factors tolerated 

for pharmaceutical precursors range between 25 to >100 (Table 1). 

 

E-factor calculation including wastewater 

However, considerable amounts of water are consumed, especially during biotransformations 

in aqueous media. The production of biocatalysts also accounts for a large part of wastewater 

generation. Wastewater treatment is energy-intensive and accounts for a large part of the 

process costs; the inclusion of water into the E-factor calculation leads to high values (Table 

16). Therefore, it can make a comparison of process parameters difficult. It should also be 

remembered that the E-factor does not take into account the environmental impact of waste. 

Therefore, the enzyme preparation itself and the water are often not considered waste, as 

enzymes are naturally biodegradable, and water is considered inheritately sustainable. In this 

regard, none of the substances used for the biocatalyst production or the biotransformation in 

this thesis is ecologically problematic. 

Furthermore, L-lysine, α-ketoglutarate, and L-ascorbic acid can theoretically even be obtained 

by fermentation from biomass, which is often more environmentally friendly than petroleum-

based raw materials. Nevertheless, the E-factor in Table 16 was calculated including the amount 

of water used for the cultivation process, immobilization, and biotransformation. It should be 

noted that additional waste generated during cell cultivation, e.g. from the medium components 

were ignored. Of course, the E-factor increases drastically with the amount of wastewater 

(Table 16). Notably, the values shown in Table 16 already represent the optimized process. In 

this thesis, several optimization steps lead to the reduction of wastewater in the overall process. 
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Especially, the water consumption for the preparation of the biocatalyst could be decreased by 

increasing soluble protein production through the co-expression of chaperones (Chapter 3.1.1). 

In addition, the use of an in-situ immobilization technique decreases the amount of water used 

compared to a chromatographic purification procedure (Chapter 3.3). In addition, the second 

step of the cascade process could be started directly from the reaction supernatant of the first 

step without intermediate product purification (Chapter 3.5), which decreases the E-factor 

further. Generally, the whole process and process alternatives up to the actual end product must 

be considered for a full assessment. As the chemical regio- and stereoselective C-H oxidation 

involves extensive protection group chemistry, and suffers from low yields, high amount of by-

products, and elaborate product purification, a biocatalytic approach might generally be 

competitive. 

Table 16: Ecologic benchmarks for the production of hydroxy-L-lysines, hydroxy-cadaverine, and cadaverine. 

Process 
Atom economy 

[%] 

E-factor w/o 

water 

[kg waste/kg 

product] 

E-factor w/ water**** 

kg waste/kg product] 

Production of hydroxy-L-lysines by KDOs 
50.0** 

86.4* 

1.56* 

4.44** 

CaKDO 
915.64*- 

1916.85** 

FjKDO 
1068.68*- 

2237.02** 

Production of hydroxy-cadaverine via 

cascade process*** 
72.86 

1.95* 

5.72** 

1959.71* 

4898.66** 

Production of cadaverine by SrLDC 69.9 2.78 1161.44 

*with succinate recovery 

** without succinate recovery 

*** values based on the overall cascade process, not the second reaction step 

**** Including fermentation, immobilization, and biotransformation 

 

CO2 generation 

The generation of CO2 in both the KDO reaction and the LDC reaction is an essential aspect 

related to this reaction. While CO2 generation can be neglected at the preparative laboratory 

scale, as the process scales up, CO2 becomes a concern for the process's environmental impact 

and will increase costs due to taxes on CO2. One way to deal with the produced CO2 is to look 

into the net CO2 production of these processes. Like L-lysine, which is a platform chemical 

produced from renewable resources (e.g. fermentation based on glucose or glycerin), 

α-ketoglutarate and L-ascorbic acid can also be obtained through fermentation. Since glucose 

and glycerol are produced plant-based, the overall CO2 release will be balanced by the CO2 
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consumption of said plants. Even though actual conventional processes probably release more 

CO2 than bio-based processes, future processes should preferably be CO2 neutral. In contrast to 

CO2 generated by many chemical processes, the CO2 from enzymatic or fermentation processes 

is often highly pure (99%). Hence, the carbon could easily be captured, compressed, and fed 

into (photo)-bioreactors, where microorganisms could produce value-added products by CO2 

assimilation. Other industrial-relevant products like ethanol, oils, or carotenoids can be 

generated by CO2 fixation using algae [234]. Also, succinic acid can be produced, e.g. by 

Actinobacillus succinogenes, which can also use CO2 as a C-source [235–237]. 

 

Influence of the enzyme formulation and -immobilization 

Finally, the enzyme formulation plays a crucial role in these processes. For the single KDO 

reaction, the cascade reaction, and the SrLDC reaction towards cadaverine, L-lysine is used as 

a substrate. In processes with whole cells, L-lysine is partly lost by competing pathways in the 

cells. As already pointed out earlier, clean product streams are necessary or at least 

advantageous for the efficient purification of hydroxy-L-lysine, hydroxy-cadaverine, and 

cadaverine (Chapter 3.7). In this regard, purified enzymes are most suitable. However, the 

production of purified enzymes is expensive due to the usual chromatographic purification. In 

situ HaloTag®-based immobilization is therefore advantageous as it requires little additional 

labor, time, and equipment. Especially for KDOs, which are difficult to prepare and purify and 

are unstable in their purified form, immobilization is essential for their application in 

biotransformations (Chapters 3.3 and 3.4). Immobilization facilitates easy concentration of the 

pure enzyme and enables enzyme recycling (Chapter 3.5). For cadaverine production with 

immobilized SrLDC, recycling of the enzyme for at least six batches is possible, thereby 

specific space-time yields are significantly increased (Chapter 3.6). Consequently, the carrier, 

which is sold by Promega, will mainly determine additional costs. A major application of the 

HaloTag® technology is cell imaging, the identification of protein-protein interactions [238], 

and laboratory-scale enzyme immobilization [130,149,150]. The result is a high price due to 

the relatively small market targeted. Still, product prices are correlated to scale [37], so a larger 

scale production might result in lower carrier costs.  The HaloTag® recognizes respective 

terminal chloroalkane residues on any carrier and forms a covalent ester bond. Consequently, 

binding to any carrier with this surface modification is possible. Different HaloTag® ligand 

building blocks are available, which enable the modification of any potential carrier, with 

activated carboxylic acids, sulfonyl halide, isocyanate, or amine groups on the surface [239]. 
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Therefore, any material can be modified with these ligands, meeting different sustainability 

demands or costs by choosing cheap and abundant materials. Reusing the carrier material when 

the enzyme is exhausted, which is possible with the EziG™ technology, would also be 

advantageous. However, with the current technology, process costs would strongly increase. 

The inactive enzyme can be cleaved from the HaloLink™resin upon saponification with SDS 

and NaOH, leaving a terminal hydroxyl group exposed on the HaloLink™resin, preventing 

carrier recycling. However, strategies to reinstall terminal chlorine without harming the carrier 

material is in principle possible. Yet, these modification reagents are expensive and the arising 

chemical waste must also be considered. On the other hand, Sepharose is biologically 

degradable; consequently discarding the carrier after use is not connected to challenging or 

hazardous disposal strategies. Therefore, carrier recycling is, at present, not a realistic option. 

Furthermore, the HaloTag® technology is patented by the Promega Corporation [240], which 

restricts its commercial application. Additional investments need to be taken into account to 

acquire respective licenses. Furthermore, the respective KDOs are also patented [76], and a 

commercial application would require respective licenses, too. 

 

In summary, it should be remembered that the biotransformations described in this thesis are 

still at an early stage of laboratory development. Nevertheless, for the preparative laboratory 

scale, the concepts described here provide a good solution for using individual KDOs. Whether 

the KDO-catalyzed reactions, in particular, have a chance of technical implementation 

ultimately depends on how high-priced the related products are, how high the demand is, and 

what alternative reactions are available to obtain these products [12]. 
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4 Conclusion, summary, and outlook 
 

In this thesis, the biocatalytic process for the production of hydroxy-L-lysines and hydroxy-

cadaverine [69,90] was developed for preparative application at a laboratory scale.  

KDOs are interesting enzymes because they catalyze the stereo- and regioselective 

hydroxylation of non-activated C-H bonds, a chemically challenging reaction. Especially, the 

stereoselective hydroxylation of amino acids can give access to many precursors for active 

pharmaceutical ingredients or fine chemicals. Compared to other enzymes that catalyze the 

hydroxylation of C-H bonds, such as P450 monooxygenases, there is little research on the 

identification of bottlenecks or optimizing KDOs for their application in biotransformations. 

Only a few preparative scale applications with these enzymes in their purified form are known, 

most likely because they are difficult to produce and unstable under reaction conditions. As a 

result, KDOs are difficult to handle and are only applicable in analytical scale reactions or 

laboratory preparative scale reactions up to now. This instability seems, at least partly, to be 

caused by the reaction system where reactive oxygen species impair enzyme stability and the 

oxidation of the iron cofactor leads to enzyme inactivation.  

In this thesis, the production of the KDOs (CaKDO, CpKDO, and FjKDO) as inactive inclusion 

bodies and their instability after purification and under reaction conditions were identified as 

significant bottlenecks. By co-expression of chaperones [82], the soluble protein production 

could be significantly improved. The HaloTag®-based immobilization of KDOs directly from 

the cell-free extract increased enzyme activity and stability for CaKDO, probably by protecting 

the enzyme from the reactive oxygen species and preventing enzyme aggregation. 

Immobilization enabled simple recyclability of CpKDO and FjKDO but not for CaKDO, which 

required a reactivation with dithionite and EDTA. The immobilized enzymes enabled the full 

conversion of 100 mM L-lysine to (3S)-hydroxy-L-lysine and (4R)-hydroxy-L-lysine, 

respectively, in a 15 mL scale reaction. An increase in substrate concentration to at least 

200 mM L-lysine upon further optimization of the reaction set-up is highly likely since we could 

not identify any substrate or product inhibition at these concentrations. 

In comparison to reactions using whole-cell biocatalysis or fermentative processes, for 

example, to produce amino acids, our reaction set-up with isolated, immobilized enzymes leads 

to much cleaner product streams, which simplifies product purification. However, purification 

of hydroxy-L-lysine from HEPES buffer used in the reaction via cation exchange resins was 

identified as another bottleneck of the overall process. Due to its high similarity to the 
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hydroxy-L-lysines and its high concentration in the reaction supernatant, HEPES impurities 

impair the purity of the final product. Therefore, further process intensification should aim for 

a cleaner product stream without HEPES and alternative buffers like phosphate buffers or 

buffer-free systems. 

After the bottlenecks of the first step of the cascade reaction towards hydroxy-cadaverine were 

solved, the decarboxylation of 100 mM (3S)-hydroxy-L-lysine catalyzed by SrLDC could easily 

be implemented. Likewise, SrLDC was immobilized via the HaloTag® for easier separation 

from the reaction supernatant. In addition, the catalyst for the reaction of 100 mM L-lysine to 

cadaverine could be recycled for at least six batches with minimal activity loss. Using 

immobilized enzymes, this process is also competitive with other cadaverine production 

processes; therefore, SrLDC might be an excellent alternative to commonly used LDCs from 

E. coli for cadaverine production. While the purification of 2-hydroxy-cadaverine could be 

successfully achieved by a two-step chromatographic purification, optimization of the 

purification might increase product yield and reduce product purification to one-step 

purification via cation exchange resins. Since removing HEPES is a challenge here, the factors 

that have the greatest impact are again the change to phosphate buffer or a buffer-free system. 

The development of integrated product purification strategies in further studies, e.g. 

development of organic phase extraction, might enhance the overall process economics and 

ecologic benchmarks.   

In conclusion, the major bottlenecks of the process were identified and eliminated, which 

enabled a preparative scale reaction. However, new bottlenecks like the KDO reaction system 

or product purification were identified, which should be addressed in additional studies.  

To explore the potential of KDOs in preparative applications further, additional research should 

focus on the characterization of the reaction system, aiming for a decrease of reactive oxygen 

species. Also, further knowledge about the oxidative inactivation of the enzyme by oxidation 

of active site residues or the Fe(II) and subsequent loss of Fe(III) from the active site is needed. 

With this knowledge, other strategies to prevent oxidative damage can be developed. Protein 

engineering for KDOs has received less attention than that for P450 monooxygenases. By 

improving the iron-binding in the active site or identifying and exchanging active site residues 

that are susceptible to oxidative damage, protein engineering could lead to variants with 

increased process stability. 

Furthermore, the investigation of alternative in situ immobilization techniques could help to 

develop KDO-catalyzed biotransformations further. Therefore, combining protein engineering 
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strategies with in-situ immobilization can result in robust processes with stable KDO variants 

and recycling methods. The strategies developed here enable the application of KDOs for 

L-lysine conversion up to concentrations of 200 mM at a preparative laboratory scale, allowing 

yields of up to 0.8 g (16-32 g L-1). Consequently, KDOs could now be used to develop new 

synthesis routes for bioorganic synthesis. With the implementation of further process 

intensification strategies robust preparative scale processes with the potential for industrial 

application would be possible even for these highly sensitive enzymes.
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