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Indole C-methyltransferases – creating an efficient platform 
for the enantioselective methylation of bioactive compounds

Diana-Alexandra Amariei

The biosynthesis of the acetylcholinesterase inhibitor physostigmine includes a stereoselective 
methylation step catalyzed by the SAM-dependent C-methyltransferase PsmD. A new indole  
C-methyltransferase was identified, originating from Streptomyces albulus (PsmD_Sa). The 
structure, mechanism, and biochemical properties of the enzyme were analyzed. This revealed 
the high stability of the enzyme and excellent stereoselectivity of the methylation. The crystal 
structure of PsmD was determined using X-ray spectroscopy. Site-directed mutagenesis was 
used to map the catalytic site and, together with in silico docking and molecular dynamics  
simulations, to clarify the mechanism of action and provide an overview of PsmD catalysis. 

Semi-rational engineering of PsmD_Sa enhanced its activity toward bulky indole-containing  
substrates. To generate and screen the resulting mutant libraries, a modular strategy was  
designed to automate the enzyme expression, methylation reactions and activity screening. For 
activity screening, a high-throughput colorimetric assay was developed to detect and quantify  
indoles in the presence of isolated enzymes and whole-cell biocatalysts. The alkylation capacity 
of PsmD_Sa was also expanded through reaction optimization and site-directed mutagenesis, 
using SAM cofactor derivatives, leading to a 7-fold improvement of ethylation activity. Finally, 
preparative enzymatic methylation by PsmD_Sa was successfully performed using lysates, 
whole cells, and immobilized enzymes with cofactor recycling, reaching scales of hundreds of 
milligrams. 

Overall, the study offers practical insights into methyltransferase biocatalysis and showcases 
PsmD_Sa as a promising tool for stereoselective methylation.
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Preface 

In my view, the primary goal of scientific research is to improve people's lives. In the face of 

challenges like drug resistance and the depletion of natural resources, it is important to adapt 

technologies for more sustainable industrial practices and to develop alternatives for producing 

new molecules. Biocatalysis has seen important advancements in recent years, but further 

research is essential to make this technology widely accessible. At the start of this project, 

methyltransferases were type of enzyme for biocatalytic applications. While 

the research in this study is centered around one enzyme, I aimed to tackle some of the general 

challenges related to methyltransferase biocatalysis. The core question guiding my research 

throughout this project has always been, "how can this be used?". As reflected in the title, the 

main objective of this work was to develop tools that can support the use of methyltransferases 

and be adaptable for other enzymatic methylations.  

Biocatalysis operates at the intersection of multiple scientific fields. Nowadays, its successful 

application relies on integrating biology, process engineering, computer science, and 

chemistry. This frequently requires collaboration among teams with a range of expertise, and 

the willingness to adopt a generalist approach. The interdisciplinary approach to biocatalysis 

will be apparent in this work, as collaborations within multiple fields were crucial for 

understanding and using the targeted enzymes to their full potential. The relevance of the 

results obtained in this project within the local economy and the community has been assessed 

and (re)evaluated by participating in scientific conferences, innovation courses, and industry 

meetings. This had an important influence on the type of scientific questions I pursued, as I 

tried to align my research goals with the needs and context of the present time.  

This work contains information and examples of methyltransferase applications from different 

perspectives: mechanistic, structural, biological and chemical. The importance of 

methyltransferase catalysis will be explored in the context of natural product diversification. I 

hope the data, techniques, and conclusions shared here can help establish a foundation for 

the broader use of methyltransferases as catalysts. 
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TFA  trifluoroacetic acid 
TFAA  trifluoroacetic acid anhydride 
THF  tetrahydrofolate 
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TLC  thin layer chromatography 
TMS  tetramethylsilane 
TRIS  tris(hydroxymethyl)aminomethane 
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Abstract 

The biosynthesis of the acetylcholinesterase (AChE) inhibitor physostigmine was described for 

the producing organism Streptomyces griseofuscus, and it was found to include a 

stereoselective methylation step catalyzed by the SAM-dependent methyltransferase PsmD, 

which determines the configuration of the final compound and triggers the formation of the 

specific pyrroloindole ring. Several PsmD product analogs have already demonstrated AChE 

inhibition, making the structural diversification of PsmD products an intriguing prospect, as it 

provides potential for identifying new drug candidates to treat related neurological disorders. 

A new PsmD-like indole C-methyltransferase was identified, originating from Streptomyces 

albulus (noursei) (PsmD_Sa). The enzyme was expressed and analyzed regarding structure, 

mechanism and biochemical properties. The biochemical analysis revealed a higher stability, 

compared to its previously characterized homolog from Streptomyces griseofuscus 

(PsmD_Sg), while maintaining the stereoselectivity of the methylation reaction. The crystal 

structure of PsmD_Sg was determined experimentally using X-ray spectroscopy in 

collaboration with Prof. Dr. Oliver Weiergräber (IBI-7: Structural biochemistry, 

Forschungszentrum Jülich) and used as a template for the precise in silico modeling of the 

PsmD_Sa structure. Site-directed mutagenesis was used to map the catalytic site and 

elucidate the mechanism of PsmD_Sa. The results were corroborated with molecular docking 

and molecular dynamic simulations performed by Dr. Benoit David (IBG-4: Bioinformatics, 

Forschungszentrum Jülich), offering an overview of the PsmD catalysis. A mobile N-terminal 

the substrate and the cofactor. A Glu-His-Tyr catalytic triad was found to activate the substrate 

through a proton shuttling action.  

The semi-rational engineering of PsmD_Sa led to the improvement of its activity towards bulky 

non-natural indole-containing substrates. Five positions in the catalytic site were targeted in a 

sequential manner through site saturation mutagenesis, producing focused mutant libraries. 

To generate and screen the resulting mutant libraries, the AutoBioTech integrated laboratory 

platform was utilized in collaboration with Dr. Julia Tenhaef (IBG-1: Biotechnology, 

Forschungszentrum Jülich). A modular approach was designed to automate the enzyme 

expression, enzymatic reactions and activity screening in 96-well microtiter plates. A new high-

throughput colorimetric assay for indole detection was developed for the efficient screening of 

the resulting mutant libraries. The assay allows the detection of the PsmD substrate 

concentration in the presence of the isolated enzyme, as well as using whole-cell biocatalysts. 

The engineering and screening of the PsmD_Sa variants led to the identification of new 



Abstract 

16 

mutants with significantly improved activity for the tested substrates, and the key position 166 

was found to play an important role in the productive binding of bulky substrate derivatives.  

The site-directed mutagenesis of PsmD_Sa aimed to expand its alkylation capacity using an 

ethylated SAM cofactor derivative (SAE). Two enzymatic SAE supply systems were used in 

cascade with PsmD_Sa and the new mutants. The coupled PsmD_SAE supply systems were 

optimized, leading to a 7-fold improvement of PsmD-catalyzed conversion to the ethylated 

product using the wild-type enzyme. Two mutants, A125G and F126L performed better than 

the wild type in the reactions using several SAM cofactor derivatives.  

Finally, the preparative enzymatic methylation catalyzed by PsmD_Sa was achieved using 

different enzyme formulations: lysates, whole cells and immobilized enzymes. The reactions 

were carried out in combination with a cofactor recycling system and the stereoselective 

methylation was successfully achieved using various substrates and enzyme variants, in 

scales up to hundreds of milligrams. Overall, this study aimed to provide new insights into the 

practical aspects of methyltransferase biocatalysis and showcase the potential of PsmD_Sa 

as a useful tool for the stereoselective C-methylation of indole derivatives.  
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Kurzzusammenfassung 

Die Biosynthese des Acetylcholinesterase (AChE)-Hemmers Physostigmin wurde für den 

produzierenden Organismus Streptomyces Griesofuscus beschrieben, und es wurde 

festgestellt, dass sie einen stereoselektiven Methylierungsschritt umfasst, der durch die SAM-

abhängige Methyltransferase PsmD katalysiert wird, die die Konfiguration der Endverbindung 

bestimmt und die Bildung des spezifischen Pyrroloindolrings auslöst. Mehrere Analoga von 

PsmD-Produkten haben bereits eine Hemmung von AChE gezeigt, was die strukturelle 

Diversifizierung von PsmD-Produkten zu einer interessanten Perspektive macht, da sie das 

Potenzial zur Identifizierung neuer Arzneimittelkandidaten zur Behandlung verwandter 

neurologischer Erkrankungen bietet. Es wurde eine neue PsmD-ähnliche Indol-

C-Methyltransferase identifiziert, die aus Streptomyces albulus (noursei) stammt (PsmD_Sa). 

Das Enzym wurde exprimiert und auf Struktur, Mechanismus und biochemische Eigenschaften 

hin analysiert. Die biochemische Analyse ergab eine höhere Stabilität im Vergleich zu seinem 

zuvor charakterisierten Homologen aus Streptomyces griseofuscus (PsmD_Sg), wobei die 

Stereoselektivität der Methylierungsreaktion erhalten blieb. Die Kristallstruktur von PsmD_Sg 

wurde in Zusammenarbeit mit Prof. Dr. Oliver Weiergräber (IBI-7: Strukturelle Biochemie, 

Forschungszentrum Jülich) experimentell mittels Röntgenspektroskopie bestimmt und als 

Vorlage für die präzise in silico Modellierung der PsmD_Sa Struktur verwendet. Mittels 

ortsgerichteter Mutagenese wurde die katalytische Stelle kartiert und der Mechanismus von 

PsmD_Sa aufgeklärt. Die Ergebnisse wurden durch molekulares Docking und 

molekulardynamische Simulationen von Dr. Benoit David (IBG-4: Bioinformatik, 

Forschungszentrum Jülich) untermauert, die einen Überblick über die PsmD-Katalyse bieten. 

Es wurde ein beweglicher N-

der Auslösung des katalytischen Prozesses nach der Bindung des Substrats und des 

Cofaktors spielt. Es wurde festgestellt, dass eine katalytische Glu-His-Tyr-Triade das Substrat 

durch eine Protonen-Shuttle-Aktion aktiviert.  

Das semi-rationale Engineering von PsmD_Sa führte zur Verbesserung seiner Aktivität 

gegenüber sperrigen, nicht-natürlichen indolhaltigen Substraten. Fünf Positionen in der 

katalytischen Stelle wurden nacheinander durch Sättigungsmutagenese angepeilt, wodurch 

gezielte Mutantenbibliotheken entstanden. Zur Generierung und zum Screening der 

resultierenden Mutantenbibliotheken wurde die integrierte Laborplattform AutoBioTech in 

Zusammenarbeit mit Dr. Julia Tenhaef (IBG-1: Biotechnologie, Forschungszentrum Jülich) 

eingesetzt. Ein modularer Ansatz wurde entwickelt, um die Enzymexpression, enzymatische 

Reaktionen und das Aktivitätsscreening in 96-Well-Mikrotiterplatten zu automatisieren. Für das 

effiziente Screening der resultierenden Mutantenbibliotheken wurde ein neuer kolorimetrischer 
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Hochdurchsatz-Assay zum Indol-Nachweis entwickelt. Der Assay ermöglicht den Nachweis 

der PsmD-Substratkonzentration in Gegenwart des isolierten Enzyms sowie unter 

Verwendung von Ganzzell-Biokatalysatoren. Das Engineering und Screening der PsmD_Sa-

Varianten führte zur Identifizierung neuer Mutanten mit deutlich verbesserter Aktivität für die 

getesteten Substrate, und es wurde festgestellt, dass die Schlüsselposition 166 eine wichtige 

Rolle bei der produktiven Bindung sperriger Substratderivate spielt.  

Die ortsgerichtete Mutagenese von PsmD_Sa zielte darauf ab, seine Alkylierungskapazität 

unter Verwendung eines ethylierten SAM-Cofaktor-Derivats (SAE) zu erweitern. Zwei 

enzymatische SAE-Versorgungssysteme wurden in Kaskade mit PsmD_Sa und den neuen 

Mutanten verwendet. Die gekoppelten PsmD_SAE-Versorgungssysteme wurden optimiert, 

was zu einer 7-fachen Verbesserung der PsmD-katalysierten Umwandlung zum ethylierten 

Produkt unter Verwendung des Wildtyp-Enzyms führte. Zwei Mutanten, A125G und F126L, 

schnitten bei den Reaktionen mit verschiedenen SAM-Cofaktor-Derivaten besser ab als der 

Wildtype. 

Schließlich wurde die von PsmD_Sa katalysierte präparative enzymatische Methylierung mit 

verschiedenen Enzymformulierungen durchgeführt: Lysate, ganze Zellen und immobilisierte 

Enzyme. Die Reaktionen wurden in Kombination mit einem Cofaktor-Recycling-System 

durchgeführt, und die stereoselektive Methylierung wurde erfolgreich mit verschiedenen 

Substraten und Enzymvarianten in Größenordnungen bis zu Hunderten von Milligramm 

erreicht. Insgesamt sollte diese Studie neue Erkenntnisse über die praktischen Aspekte der 

Methyltransferase-Biokatalyse liefern und das Potenzial von PsmD_Sa als nützliches 

Werkzeug für die stereoselektive C-Methylierung von Indolderivaten aufzeigen.  
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1. Introduction 

1.1 The role of biocatalysis 

In 2015, the United Nations adopted the 2030 Agenda for sustainable development, containing 

seventeen goals, as a plan of action for addressing the most pressing challenges of humanity, 

with the target [4] Climate and sustainability are the 

underlying themes of six of the seventeen targets, with a holistic approach recognized as 

necessary for solving one of the biggest challenges that humanity is currently facing. This 

implies that scientific and technological innovations are a critical necessity and that they must 

be combined with societal and political actions. The current realities require that new 

technologies are developed with sustainability as a key parameter.   

The chemical industry needs to be part of the transformation. According to a 2023 study, the 

12 largest chemical parks in Germany produced around 23 Mt CO2 in 2022, which corresponds 

to 14% of the emission from the entire industrial sector, and 3% of the overall national CO2 

emission.[5] The majority of emissions originate from energy production and can be lowered by 

shifting to sustainable energy sources. However, the impact of modifying the chemical 

processes themselves should not be understated, particularly in the production of bulk 

chemicals and building blocks, as they often rely on fossil-based raw materials and demand 

substantial energy in the first place. Chemical synthesis routes are continuously evolving, and 

the advent of green chemistry has produced important developments. Including biocatalysis in 

organic synthesis pathways holds significant potential for the development of a wider range of 

green chemistry solutions. 

The idea of using biological entities for the production of chemicals has been around for 

thousands of years, since humans discovered fermentation as a means of food production. 

The scientific study and use of enzymes as catalysts started in the 19th century and took off 

once the understanding of DNA structure and function was achieved in the 1950s. 
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Table 1. The UN 17 sustainable development goals. The goals related to the environment and 
sustainability are highlighted. 

1. No poverty 10. Reduced inequalities 
2. Zero hunger 11. Sustainable cities and communities 
3. Good health and well-being 12. Responsible consumption and 

production 
4. Quality education 13. Climate action 
5. Gender equality 14. Life below water 
6. Clean water and sanitation 15. Life on land 
7. Affordable and clean energy 16. Peace, justice and strong institutions 
8. Decent work and economic growth 17. Partnerships for the goals 
9. Industry, innovation and infrastructure  

 

The development of genetic engineering tools and recombinant DNA technology in the 1970s 

had a great impact on the field of biocatalysis, and companies started to use enzymes as part 

of their processes.[6] Currently, biocatalysis has become an effective solution for enabling 

selective and sustainable chemical transformations and has applications in industries such as 

pharmaceutical, agriculture, medicine, food chemistry or plastic production. Recent trends in 

the field involve the expansion of the biodiversity of known enzymes, the improvement through 

protein engineering and the integration of artificial intelligence for streamlining the discovery 

and modification of enzymes. Although the implementation of enzymes as catalysts has an 

almost two-century-long history, its large-scale application is still often side-lined, in favor of 

traditional synthetic routes. Enzymes offer excellent selectivity for synthesizing complex 

molecules. However, challenges such as low stability, high production costs, and long 

development times have limited the widespread use of biocatalysis. A notable issue that 

cannot be overlooked is also the reluctance to change already established processes. 

Nevertheless, the research and optimization of enzymatic processes hold great potential. The 

inherent milder functioning conditions of enzymes could offer an environmentally friendly 

alternative for many chemical processes. Besides their utility as selective catalysts for the 

production of valuable chemicals, enzyme technologies are being developed as potential 

solutions for other societal issues. Applications such as plastic recycling, carbon capture, or 

the development of new medicines are promising directions of this technology.   

Furthermore, biocatalysis can play an important role in drug development. As medical 

advancements continue to broaden the range of available treatments for various diseases, the 

demand for new therapeutics remains a constant focus of research. The elucidation of new 

disease mechanisms, combined with the development of drug resistance, drives a continuous 

need for new drugs. Diseases are evolving, and pharmaceutical and medical science needs 

to keep up. Enzymes play an important role in the development of new drugs from two different 

perspectives: as targets or as catalysts for the production of new biologically active molecules. 
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The pharmaceutical industry has been the leading adopter of biocatalysis in the research and 

production of new therapeutics.[6, 7] This is largely due to the industry's requirement for 

producing complex molecules, which greatly benefits from the high selectivity of enzymatic 

reactions. Additionally, many small-molecule drugs are derived from natural products. The use 

of nature's own methods for producing them can be a powerful strategy.[8] The role of natural 

products and biocatalysis in drug discovery will be explored in detail in Chapter 2.  

 

1.2 Topic introduction and objectives 

Methylation is an important synthetic tool in medicinal chemistry, due to the ability of the methyl 

group to modulate the pharmacological properties of small molecule drugs.[9] Late-stage 

methylation is difficult to achieve chemically in a selective fashion. This led to the recent 

emergence of enzymatic methylation options, offering an attractive alternative.[10] SAM-

dependent small molecule methyltransferases are involved in the biosynthesis of a plethora of 

secondary metabolites, displaying a wide range of target molecular scaffolds and superior 

chemo-, regio- and stereoselectivities. The use of methyltransferases as catalysts for natural 

product and drug production is currently limited by the low number of studied enzymes and the 

practical challenges of their implementation and scaling.[11, 12]  

The general objective of this project was the development and implementation of an enzymatic 

methylation toolbox that can address the structural diversification of the AChE inhibitor 

physostigmine, using the C-methyltransferase PsmD from Streptomyces albulus (Figure 1). 

The following topics were addressed: 

 

- Structural and mechanistic study  

As more methyltransferase structures are uncovered, shared properties become apparent. 

The discovery of common mechanistic features not only enhances our understanding of 

enzymatic methylation but also influences the practical use of these enzymes as catalysts. The 

elucidation of new structures and their connection to a diversity of functions is necessary for 

the broader application of this enzyme class. 

 

- Use of the structural knowledge for enzyme engineering 

Enzyme engineering is a powerful method for the optimization of biocatalysts. New techniques 

in molecular biology are still emerging, and the prerequisite for resource-efficient engineering 

is the understanding of the target biocatalyst and the characteristics of different mutagenesis 

approaches.    
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- Establishment of a time and cost-efficient process for the screening of mutant 

libraries 

The screening of large mutant libraries is a crucial part of enzyme engineering through directed 

evolution. Significant effort and optimization are usually necessary for an efficient screening 

process. Recent advancements in lab automation, analytical techniques and process design 

are useful for identifying and producing improved biocatalysts. 

 

- Expansion of the catalysis scope  

The high selectivity of enzymes is their greatest strength, but can also be an obstacle in the 

the way of many target transformations. Expanding the catalysis scope is one of the main 

targets of enzyme and reaction engineering efforts. For methyltransferases, this can mean 

either the expansion of the substrate scope or the modification of the transferred group by 

producing and incorporating cofactor analogs.  

 

- Optimization of the preparative enzymatic reaction 

The scalability of enzymatic processes is a prerequisite for their use as catalysts for the 

production of chemicals. There are specific challenges associated with the scaling of 

enzymatic reactions, such as the stability, substrate loading, and efficiency. Addressing these 

challenges often requires extensive optimization, tailored to each specific process type. 
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Figure 1. Overview of the topics covered in this project and their interconnection.
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2. State of the art 

 

2.1 Natural products and their role in drug discovery 

Natural products are molecules produced by living organisms, and include a large part of 

known bioactive compounds. Harnessing natural products for medical treatment is as old as 

human society. The first medical attempts in history involve the use of medicinal plants and 

their extract for the treatment of wounds or infectious diseases. The use of the willow plant 

(Salix sp.), containing salicylic acid, for its analgesic properties was documented in ancient 

Egypt.[13, 14] Some other early examples of natural products used as medicines include 

morphine (poppy juice, analgesic), penicillin (bread and cheese moulds, antibiotic), curcumin 

(turmeric, anti inflamatory) and tetracyclines (Steptomyces sp. growing on grains, antibiotic).[15-

19]   

Natural products often contain privileged structural motifs, which evolved to preferentially 

interact with various protein targets. In modern times, their diversity in structure and therapeutic 

effects make them an important source of inspiration for the design and optimization of 

pharmaceuticals.[20-23] Natural products and their derivatives correspond to approx. 31% of all 

the FDA (U.S. Food and Drug Administration) approved small molecule drugs between 1981 

and 2019, while another 35% are synthetic drugs, which mimic natural products or include a 

natural product pharmacophore (Figure 2). They are represented across all therapeutic 

groups, with the most significant occurence in antibacterial drugs, where they correspond to 

68% of FDA approved drugs up to 2019.[8]   

 

2.1.1 Secondary metabolites identification 

The search for natural products as drug candidates is challenging due to the complexity of the 

biological mixtures. After a peak in the 19  have lost popularity as inspiration for drug 

development, with the advent of combinatorial c

 for high-throughput screening.[24] Other reasons for this decline 

include the decreasing emphasis on the treatment of infectious diseases in the pharmaceutical 

industry, which was the main stronghold for natural products, and the difficulties in collecting 

biological samples, in the context of the international agreements for the movement of 

biomaterials.[25, 26] However, the blind screening of extensive combinatorial chemistry libraries 

did not yield the expected number of viable drug candidates, rekindling the interest in natural 
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products as scaffolds in recent years.[8, 24, 27] The need for new natural product scaffolds was 

met by the discovery and characterization of new biosynthetic gene clusters and the use of 

enzymes for their synthesis and diversification.[28, 29]  

 

Figure 2. Sources of small molecule drugs approved by the FDA between 1981 and 2019 and their 
distribution among several different therapeutic classes. The data was compiled from a 2020 review.[8] 
The percentages were calculated and depicted only for the small molecule drugs. Other drug classes 
such as vaccines and biological macromolecules are not shown. 

The large-scale isolation and synthesis of natural products and their derivatives is 

experimentally challenging due to their frequently complex structures. Computational tools can 

help reduce the experimental demands, while the development of machine learning and 

natural language processing tools help predicting the bioactivity of natural products, as well as 

their potential targets.[30, 31] Such tools are used for metabolome mining and the identification 
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of new biosynthetic routes (e.g. AntiSMASH,[32] PRISM,[33] ClusterFinder,[34] DeepBCG[35] and 

GECCO[36]), the elucidation of natural product structures out of analytical data from complex 

mixtures (e.g. SMART 2.0,[37] SMART-Miner[38] and COLMAR[39]) and for bioactivity prediction 

(e.g. SPiDER,[40] and RESFinder[41]). In some cases, these approaches also helped clarify the 

mechanism of action of bioactive natural products.[42] These tools can also help recognize 

molecular patterns and their role in biological interactions, streamlining the design of new 

derivatives inspired by natural products.[43-45]  

 

2.1.2 Privileged scaffolds 

Fragment-based drug discovery relies on the identification of small molecular frameworks, 

which can bind to target proteins and can then be optimized and combined for the development 

of new, more effective therapeutics. This strategy helped expanding the chemical space 

available in high-throughput compound screening, while reducing the synthetic efforts. It also 

helped circumvent some of the issues associated with traditional drug discovery from natural 

products, such as the high toxicity and low production efficiency.[46, 47] In order to reduce the 

size of screening libraries, structural and physico-

and functional groups of potential drug molecules on their bioavailablility and efficacy.[48-50] 

Although they are widely used in drug discovery and development, natural products with 

beneficial biological activities were also identified outside this space. For example, some 

antibiotics, antifungals, vitamins and cardiac glycosides tend to violate the rule of five.[51-53] 

The scaffolds present in natural products are often considered privileged for the construction 

of compound libraries for fragment discovery. One point of interest is that fragments of natural 

products are often rich in stereogenic centers, providing access to a structural diversity that 

synthetic molecules typically do not provide.[54] Th  term was introduced 

after observing that certain structural fragments appeared independently in hits of distinct drug 

discovery projects.[55-57] It is important to note that beyond biological activity, hits can also be 

attributed to phenomena such as unspecific activity, caused by reactive functional groups, the 

presence of multi-target promiscuous binders (such as tetrahydrofuran, pyrrolidine or 

benzene), or pan-assay interference leading to false positives.[28, 58-60] However, promiscuous 

ligands that can effectively bind to multiple macromolecular targets exist, and they occur 

frequently enough to earn special consideration as frameworks for compound library 

development. As such, they can serve as starting points for the design of new therapeutics 

and help streamline the drug development process. Heterocyclic scaffolds are common among 
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known privileged structures in drugs and natural products, with examples including quinoline, 

indole, purine, benzofuran, coumarin or benzothiophene. Other ring systems such as steroids 

or biphenyls are also common motifs in approved drugs. [61] 

Natural products can serve as an excellent inspiration for new privileged scaffolds due to their 

structural diversity and complexity.[28, 61] Biologically active natural products generally contain 

more sp3-hybridized atoms and stereogenic centers, compared to synthetic drugs, with fewer 

nitrogen but more oxygen atoms and a propensity for aliphatic rings, instead of aromatic.[62] A 

computational study from 2017 analyzed millions of bioactive compounds in order to assess 

the prevalence of certain structural trends and found that heterocyclic sp3-rich molecular 

scaffolds are particularly well suited for drug candidate library design.[55] As the importance of 

the three-dimensionality of ligands on biological activity became more apparent for lead library 

design, inspiration can be drawn from the variety of multi-ring systems found in natural 

products. [28, 63-66]  

 

2.1.3 Indoles as privileged scaffolds 

The indole ring is documented as a privileged structural building block in medicinal 

chemistry.[67] Many biologically active natural products contain indole as the main 

pharmacophore. Its accessible structural modifications and the variety of available side chains 

and functionalities make it adaptable for a diverse range of therapeutic targets. Due to the high 

-electron density and delocalization, it readily undergoes electrophilic substitution. In 

particular, the 3-position has the highest electron density and the highest tendency for 

electrophilic substitutions.[68] The structure-activity relationship (SAR) of drugs containing 

se, diabetes, 

hypertension, arrhytmia, migraine, tuberculosis, HIV infection and different types 

of cancer.[68, 69]   

The indole ring is a fundamental part of important biological building blocks and signal 

molecules, such as tryptophan, serotonin and melatonin. The biosynthesis of most natural 

indole alkaloids is based on the functionalization of L-tryptophan.[70, 71] In plants and 

microorganisms, tryptophan biosynthesis usually uses anthranilate (1) as a precursor. An 

anthranilate-phosphoribosyl transferase forms the N-(5-phosphoribosyl)-anthranilate (2), and 

an isomerase catalyzes the formation of 1-(2-carboxyphenylamino)-1-deoxy-D-ribulose-5-

phosphate (3). The indole ring is formed through the decarboxylation and intramolecular 

cyclization of 3 in a reaction catalyzed by indole-3-glycerol phosphate (IGP) synthase. The 

tryptophane synthase  subunit cleaves the 3-phosphoglyceraldehyde rest, forming simple 
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indole (5). Finally, a substitution of the 3-position with serine is catalyzed by the tryptophane 

synthase subunit L-tryptophan (6) (Scheme 1).[72] The industrial production of 

tryptophan from indole is often fermentative, using the biosynthetic pathways of production 

organisms such as Escherichia coli and Corynebacterium glutamicum.[73, 74]

Scheme 1. Indole formation as part of the tryptophan biosynthesis.

The indole ring is traditionally synthesized using the Fischer indole synthesis from aryl 

hydrazones, at high temperatures, in the presence of Brønsted or Lewis acids (Scheme 2).[75-

77] Newer methods for the synthesis of substituted indoles include the electrochemical 

intramolecular amination of 2-vinyl anilines,[78] the oxidative cyclization of 2-alkenyl anilines in 

the presence of phenyliodine bis(trifluoroacetate) PIFA,[79] the Pd-catalysed indole synthesis 

from cyclohexanones in the presence of ethylene and ammonium acetate,[80] and the Pd-

catalyzed annulation of anilines with bromoalkynes.[81]   

Scheme 2. Indole formation using the Fischer indole synthesis.  



2. State of the art 

30 

Alkaloids are heterocyclic secondary metabolites, containing one or more nitrogen atoms and 

are usually derived from amino acids. An analysis of the Dictionary of natural products  from 

2019 determined that alkaloids are one of the most represented classes of known natural 

products and are distributed across all kingdoms of life. They are about 20% of natural products 

of bacterial origin and approx. 15% of plant-derived natural products.[82] Within this structural 

family, indole alkaloids are a prominent class of biologically active natural products, displaying 

a wide range of bioactivity and structural diversity. New indole alkaloids are still identified and 

isolated from various species, displaying bioactivities such as antimicrobial, antioxidant, 

antimalarial, anti-inflammatory and antifungal.[83]  

 

5-HT receptor inhibitors 

A particularly interesting function of indole alkaloids is their involvement in neurological 

regulation. Serotonin is an indole-containing neurotransmitter, involved in regulating multiple 

biological processes such as sleep, mood, appetite, learning, sexual function, memory and 

anxiety. Serotonin receptors have been associated with neurological conditions such as 

psychosis, anxiety, schizophrenia, or depression, making them important targets for the 

development of new therapeutics.[84] In recent years, they were also proposed as therapeutic 

targets for autism,[85] epilepsy[86] [87] Many of the active serotonin 

receptor agonists and antagonists are serotonin derivatives. This showcases the value of 

further exploring the available structural diversity of these compounds, as potential new drug 

candidates.[88] An important class of serotonin-derived drugs are triptans, used mainly for the 

treatment of migraines (Figure 3).[89, 90] Other indole-containing approved drugs targeting the 

serotonin (5-HT) receptors display a variety of therapeutic actions, and include vilazodonefor 

for the treatment of depression,[91] pindolol for hypertension,[92] lisuride for the treatment of 
[93] alosetron - treating irritable bowel syndrome (IBS),[94] ondansetron 

against nausea induced by chemotherapy[95] and the antipsychotic sertindole (Figure 3).[96] In 

general, the effects of serotonin receptors and their interactions on the human organism are 

still not fully understood. Their structures and mechanisms of action, as well as the inhibitory 

mechanisms of 5-HT targeting drugs and drug candidates are currently an important subject 

of research and discovery, illustrated by the abundance of studies in recent years. Even within 

already approved drugs, overlapping biological effects are still occurring, mostly as side 

effects, but sometimes providing alternative therapeutic actions.[97] As serotonin plays a role in 

the modulation of many biological functions, the diversification of its molecular scaffold holds 

promise for the discovery of new bioactive compounds. 
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Figure 3. Structures of indole containing natural neurochemicals and examples of approved 5-HT 
receptor inhibitor drugs with their therapeutic uses.  
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2.1.4 Pyrroloindoles  

Pyrroloindoles are a special class of indole derivatives containing the 

hexahydropyrrolo[2,3-b]indole motif (Figure 4), and are present in a variety of biologically 

active natural products, including antibiotics, antitumor agents, or cholinesterase inhibitors.[98] 

They are usually biosynthesized starting from the amino acid tryptophan, in sequences 

including cleavage, oxidation and cyclization reactions, leading to a variety of pyrroloindoline 

analogs. Within these sequences, a key recurring step is an enzymatically catalyzed group 

transfer on the C3-indole position of tryptamine derivatives, which triggers the intramolecular 

cyclization driven by the nucleophilic attack of the amine side chain on the C2 of the indole.[99] 

Multiple enzyme classes are known to produce pyrroloindoles from indole substrates, including 

monooxygenases,[100-103] cytochromes P450,[104] methyltransferases[105, 106] and 

prenyltransferases.[107-109]  

 

Figure 4. Examples of compounds containing the pyrroloindole structural motif and their biological 
activity 

Based on the substituents on the C3 position, pyrroloindole-containing natural products 

(PiNPs) have been classified into five categories (Figure 5): type A (no substituent), type B 

(hydroxyl), type C (alkyl), type D (aryl) and type E (another pyrroloindole unit).[99] Type A PiNPs 

are relatively rare, compared to the other types. The representatives of this class belong to the 

newly explored class of ribosomally synthesized and post-translationally modified peptides 

(RiPPs). Although their intriguing structures have prompted the development of several total 
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synthesis routes, the scope of their biological activities remains largely unknown.[110] The 

biosynthetic pathway of crocagin A was identified, and it was proposed that the protonation in 

the C3-position occurs after or in parallel with the oxidation by the dioxygenase CgnC.[111, 112] 

Ultimately, at the time of this work it is still unclear what kind of enzymes are responsible for 

the pyrroloindole scaffold formation in the case of type A PiNPs. Consequently, uncovering the 

biosynthetic mechanism for pyrroloindole formation in this case is an exciting prospect for 

future research. 

 

Figure 5. The classification of pyrroloindole-based natural products: type A-E, based on their structure.  

There is more information about the enzymatic routes for the biosynthesis of types B, C, D and 

E, as the elucidation of the biosynthetic gene clusters (BGCs) of multiple pyrroloindole-

containing natural products was achieved in recent years. In type B okaramine,[113] 

himastatin,[104] and asperlicin E,[114] flavin-dependent monooxygenases or cytochromes P450 

catalyze the 2,3-epoxidation of the indole, which leads to the subsequent intramolecular 

cyclization. In the case of type C, the enzymatic transfer of methyl (physostigmine,[105] 

nocardioazine A[106, 115]), prenyl (acetylaszonalenin,[116] ardeemin[107]) or farnesyl 
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(drimentine[117]) triggers the pyrroloindole-forming intramolecular cyclization. Type D PiNPs 

can be divided into C3-indole substituted and C3-purine substituted. New information about 

the biosynthesis of naseseazine[118] and tetratryptomycin B[119] revealed that the pyrroloindole 

is formed through a radical mechanism in a reaction catalyzed by P450 enzymes. Similarly, 

the dimerization and pyrroloindole formation in type E compounds dibrevianamide[120] and 

-ditryptophenaline[120] is catalyzed by cytochromes P450 through the formation of indole 

radicals.  

The stereospecific synthesis of chiral pyroloindoles is challenging using chemical synthesis 

and is most often performed using transition metal catalysts and chiral ligands.[98] Biomimetic 

approaches were developed, focusing on the catalytic asymmetric dearomatization of indoles, 

comprising most of the synthetic pathways reported in the literature. In this case, the reactions 

start from tryptophan, tryptamine or their derivatives in the presence of various electrophiles. 

The pyrroloindole ring is formed after the transfer of functional groups on the 3-position of the 

indole ring, triggering the subsequent intramolecular cyclization (Scheme 3A). The formation 

of the pyrroloindoles can be achieved by chemical alkylation, allylation, arylation, amination, 

hydroxylation, or halogenation. Additionally, pyrroloindole synthesis can also be achieved 

through intramolecular dearomatization-cyclization cascades. The biomimetic approach allows 

for the incorporation of various electrophiles, expanding the chemical and structural diversity 

of the available pyrroloindoles.[121-123] Another path to the creation of the pyrroloindole ring 

includes the catalytic dearomative [2+3] cycloaddition of indoles in the presence of carbon-

carbon-nitrogen (CCN) 1,3-dipoles (Scheme 3A).[124] Substituted anilines, bearing an activated 

alkene, can also be used as substrates instead of indoles, using isocyanoacetates in addition-

cyclization reactions (Scheme 3B).[125] An alternative approach uses 3,3-disubstituted 

oxindoles as precursors in reductive cyclizations, yielding pyrroloindoles (Scheme 3C).[126, 127] 

Finally, a more recent synthesis route towards chiral pyrroloindoles uses indoline imines as 

substrates in a stereoselective iridium-catalyzed double allylation followed by a reduction 

(Scheme 3D).[121, 128, 129]  
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Scheme 3. Overview of several chemical synthetic paths for the stereoselective synthesis of 
pyrroloindoles. The mechanism for the formation of the pyrroloindole ring is illustrated for each case. A. 
Intramolecular cyclization of tryptamine derivatives after the addition of an electrophile or after the [3+2] 
cycloaddition of CCN dipoles to indoles. B. Formation and intramolecular cyclization of substituted 
anilines containing activated alkenes. C. Intramolecular reductive amination of 3-substituted oxindoles. 
Under acidic conditions, a water molecule is eliminated after the amination. D. The double allylation of 
indoline imines followed by a separate reduction step produces the pyrroloindoline scaffold. 
PG=protecting group.     

The rigid framework of the pyrroloindoles, combined with the availability of a variety of 

functionalization options, make this scaffold an attractive template for the development of new 

drug candidates. The prevalence of pyrroloindoles in natural products displaying biological 

activity is a promising hint towards the potential of these compounds as new therapeutic 

agents. Considerable efforts were dedicated to the stereoselective generation of this scaffold 
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through chemical synthesis. The enzymatic asymmetric synthesis of pyrroloindoles presents a 

potentially greener alternative, enabled by the ongoing advancements in the discovery, 

characterization, and application of pyrroloindole-forming enzymes. 

 

2.1.5 AChE inhibitors 

Acetylcholinesterase is a hydrolase with a crucial biological role in the nervous system of many 

organisms, regulating the quantity and effects of the acetylcholine neurotransmitter. The 

enzyme catalyzes the fast hydrolysis of acetylcholine at the synaptic junctions, terminating 

acetylcholine-mediated neurotransmission. Maintaining precise neuronal signals is essential 

for cognitive function and muscle contraction. The inhibition of acetylcholinesterase leads to 

an accumulation of acetylcholine in the synapses, resulting in an elongated stimulation of 

muscles and nerves. This can lead to cholinergic poisoning, with symptoms such as muscle 

twitching, respiratory issues, seizures and eventually death. The accumulation of acetylcholine 

in the nervous system can be caused by nerve agents or organophosphates and is usually 

treated using competitive reversible inhibitors.[130, 131] Butyrylcholinesterase is a similar, albeit 

less specific enzyme, which can also hydrolyze acetylcholine and can serve as a decoy target 

for natural anticholinergic compounds. While AChE is predominantly found in the synaptic cleft 

of neurons, BChE is more abundant in plasma, liver and lungs, and displays a broader 

substrate scope, detoxifying a variety of neurotoxins and contributing to drug metabolism and 

neuroprotection.[132] BChE is more resistant to inhibition by nerve agents and 

organophosphates, making it an important target in pharmacology due to its potential as a 

bioscavenger.[133, 134]  

The abnormal activity of AChE can contribute to neurodegenerative conditions, such as 

Alzhe  There is research suggesting other physiological roles of AChE in cell 

adhesion and neuronal development.[135] It was also found that AChE and BChE contribute to 
[136] While research on these two 

enzymes and their physiological and therapeutic roles is still ongoing, their potential as 

therapeutic targets is evident. 

From a structural standpoint, AChE belongs to the /  hydrolase family and contains a highly 

conserved Ser-His-Glu catalytic triad, responsible for the hydrolytic activity. The high specificity 

of AChE is influenced by the active site gorge, which is lined with hydrophobic aromatic 

residues. There is a peripheric anionic binding site at the outer periphery of the gorge, playing 

the main role in substrate recognition (Figure 6).[137, 138] Although mechanistically, the 
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hydrolysis takes place following a classic serin protease mechanism, the AChE catalysis still 

holds unanswered questions.  

 

Figure 6. A. Scheme of the catalytic site of AChE. B. Reaction scheme of the AChE reaction.  

Although the substrate needs to navigate a relatively long tunnel to the catalytic site, AChE is 

one of the fastest known enzymes, with an acetylcholine turnover number of 1.5*104 s-1.[139] A 

suggested reason for this high rate is the unusually strong electric field of the enzyme creating 

a gradient, which presumably pulls the substrate down the gorge.[140]  

Due to its role in neural communication, AChE is a target for the treatment of various 

disease, glaucoma and anticholinergic poisoning, 

with several therapeutic inhibitors on the market. Inhibitors such as donepezil, galantamine 

and rivastigmine help increase acetylcholine levels in the brain, compensating for the deficit of 

cholinergic neurons (Figure 7). However, more recent studies suggest that the benefit of these 

treatments might not be clinically significant. Moreover, because of the important side effects 

associated with these drugs, pharmacological studies are being conducted to improve their 

properties. The search for new inhibitors is ongoing.[141, 142] 
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Figure 7. Examples of commercially approved AChE inhibitors used in the treatment of neurological 
diseases. 

 

 

2.1.6 Physostigmine and its derivatives 

Physostigmine (also known as eserine) was the first identified pyrroloindole displaying a 

reversible AChE inhibitory effect (Figure 8). It was isolated from the Calabar bean 

(Physostigma venenosum), a plant species from West Africa, and initially described in 1864 

as an antidote for atropine poisoning. There are records of the past use of the calabar bean 

as an ordeal poison.[143] It is nowadays used as a treatment for glaucoma and myasthenia 

gravis as well as an antidote against anticholinergic poisoning. Other uses for physostigmine 

involve the reversal of the effects of overdoses of benzodiazepines, antipsychotics, 

antihistamines and tricyclic antidepressants. As it was found to improve short-term memory, it 

side effects, including tremors, nausea, vomiting, diarrhea, and loss of appetite. Combined 

with the development of other better-tolerated AChE inhibitors, these issues led to its 

abandonment as a potential treatment for Alzheimer's disease. [144]  

Phenserine is a synthetic physostigmine analog, containing a phenyl ring attached to the 

carbamate side-chain of the pyrroloindole core. Besides its AChE inhibitory effect, phenserine 

was found to reduce the synthesis of the amyloid  precursor protein (APP), which is 

associated with the formation of amyloid-beta plaques.[145] Although it was considered a 

, its mixed results in efficacity 

analyses and significant gastrointestinal side effects stand in the way of its clinical 



2. State of the art 
 

39 

applications.[146] The action of the (+)-enantiomer  posiphen was also investigated. Since it 

retains the ability to lower APP production without displaying AChE inhibition, it remained 

under investigation as a potential treatment for [147]  

 

Figure 8. AChE and BChE inhibitors including derivatives of the pyrroloindole scaffold or its derivatives, 
along with their determined IC50 for AChE and BChE. The framed compounds are natural products; the 
rest are synthetic derivatives.  

Physovenine is a less-known physostigmine natural analog, replacing the peripheral 

pyrrolidine ring with a tetrahydrofuran (Figure 8). It was also isolated from the Calabar bean, 

but no information about its biosynthesis has been acquired so far. Although its AChE and 

BChE inhibitory actions are known, the pharmacological profile and therapeutic potential of 

physovenine are largely unexplored.[148] Similarly, geneserine is another physostigmine analog 

found in the calabar bean. As its inhibitory effect is reduced compared to other similar 

compounds, geneserine has not found significant therapeutic applications.[149, 150] 
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The structure-activity relationship of physostigmine provides insight into its AChE inhibition 

mechanism. The carbamate group plays a crucial role: the carbamylation of the serine residue 

of the AChE catalytic triad temporarily inactivates the enzyme, preventing the entry and 

breakdown of acetylcholine. Pyrroloindoles are a structural feature present in a variety of 

compounds displaying AChE inhibitory activity. Their tricyclic core structure contributes to the 

affinity of AChE for physostigmine analogs, through the formation of hydrophobic interactions 

within the hydrophobic gorge of the enzyme.[151] Additional modifications on the pyrroloindole 

rings or the side chains were found to influence the target selectivity of physostigmine analogs. 

After developing and testing new physostigmine analogs, it was observed that longer 

carbamate or amide alkyl side chains increase the affinity towards BChE, while the presence 

of an ortho- or meta-substituted phenyl ring improves AChE selectivity (Figure 9).[152, 153] 

However, the modification of other sites remains elusive, due to the limited synthetic 

methodologies. Similarly, it might be interesting to evaluate the pharmacological effects of 

different alkylations on the chiral sites of the pyrroloindole or the two pyrroloindole nitrogen 

atoms. Given that the structural diversification of the physostigmine scaffold already produced 

new AChE and BChE inhibitors with various properties, the further diversification of this 

scaffold can be a promising strategy for developing more effective and selective inhibitors, 

while possibly reducing the associated side effects. 

 

Figure 9. SAR of physostigmine analogs. Observed effects of structural features of physostigmine 
derivatives on AChE and BChE activity. 

  



2. State of the art 
 

41 

2.2 Late-stage methylation in medicinal chemistry 

The late-stage modification of bioactive compounds is used in pharmaceutical research for the 

diversification and optimization of leads. Usually, small functional groups are attached to a 

lead, affecting properties that are relevant for the pharmacological performance, such as 

polarity, solubility, target selectivity, metabolic stability and potency. This approach allows 

researchers to access a wide range of structural modifications without repeating the synthesis 

of the entire molecule, accelerating the drug development process. Some of the most common 

late-stage functionalizations in medicinal chemistry include halogenation (most often 

fluorination), methylation, hydroxylation, amination, and amidation.[154]  

The small and mostly chemically inert methyl group is ideal for the fine-tuning of drug 

candidates without strongly affecting their chemical properties. According to a 2011 analysis 

of the 200 best-selling drugs, 67% contained methyl groups.[155] Methylation can significantly 

influence the pharmacokinetic and pharmacodynamic properties of therapeutic agents. This 

effect can be caused by multiple phenomena, and is prevalent enough to be included under 
[9, 156] The stereoelectronic effects of methyl groups can have a 

great impact on bioreceptor recognition, and the magic methyl effect can also be found in 

nature. The most important example is the difference between DNA and RNA, in which the 

presence of one methyl group on thymine influences the stability, conformation and 

interactions of the nucleic acid, with effects on biological processes such as transcription, 

translation and gene regulation (Figure 10).[157, 158] Other natural examples include secondary 

metabolites that change properties with methylation, such as caffeine and theobromine or 

morphine and codeine (Figure 10).  

The properties that can be influenced through methylation include: 

- Solubility: methyl groups increase the lipophilicity of compounds, generally increasing 

the logP values, leading to a reduction of water solubility and the enhancement of hydrophobic 

interactions. The increased lipophilicity will also often improve biomembrane permeability. 

However, counterintuitively, in some cases, methylation can lead to increased water solubility 

by disrupting intramolecular hydrogen bonds, changing the ionization states of functional 

groups, or disrupting the crystalline network.  

 

- Metabolic stability: me

heteroatoms can hinder the activity of metabolic enzymes, prolonging the half-life of the drug 

molecule in the organism, which helps decrease the necessary dose. 
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- Binding affinity: introducing a methyl group can improve the target affinity by 

increasing the hydrophobic and van der Waals interactions with the hydrophobic residues in 

the active site of the receptor. 

 

- Electronic effect: the inductive electronic effect of the methyl group can in some cases 

influence the charge distribution of the target molecule, affecting the acidity or the tautomeric 

state of the molecule. This can in turn alter the type of interactions the bioactive compound 

establishes with the target receptors. 

 

- Conformational effect: the most extreme activity improvements after methylation were 

often 

through methylation. This can significantly alter the target selectivity and affinity.[9] 

 

Figure 10. Natural examples of the methylation effect on bioactive compounds. 

The literature provides numerous examples of drug candidates significantly improving efficacy 

after methylation, typically due to a combination of multiple methyl effects, instead of one single 

factor (Figure 11).[159] A literature study from 2012 of published SAR reports revealed that a 

10-fold activity boost from methylation occurs in 8% of the cases, while a 100-fold increase in 

activity occurs with 0.4% frequency.[160] Several successful examples include the development 

of the FDA-approved anticancer drug tazemetostat, where the methylation of the lead 
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compound provided a dramatic increase in potency (Figure 11A).[161] The 4-methylated analog 

of a tetrahydroisoquinoline opioid receptor agonist led to an 18-fold increase in the affinity, 

compared to the non-methylated compound (Figure 11B).[162] An example of the methylation 

effect on water solubility comes from the development of N-acylhydrazones as histone 

deacetylase 6/8 (HDAC6/8) inhibitors for cancer treatment, where the conformational effect of 

an N-methylation leads to an increase in solubility (Figure 11C).[163] Finally, the metabolic 

optimization of a quinazoline derivative involved in phosphoinositide 3-kinase-  (PI3K ) 

metabolic  

increased the half-life in human liver microsomes (HLM), while maintaining similar efficacy 

(Figure 11D).[164]  

An illustrative example of the conformational effect of methylation is the development of biaryl 

mitogen-activated protein 3 (MAP3) kinase inhibitors by the drug discovery team of GSK. 

Adding a methyl group on the ortho position of one of the aryl units caused a 200-fold increase 

in target binding affinity (Figure 12). Computational analysis revealed that the dihedral angle 

of the methylated inhibitor resembles the conformation of the protein-bound parent 

compound.[165] 
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Figure 11. Examples of different effects of the methylation of lead compounds on their pharmacological 
properties. A. IC50 increase after the methylation of a lead compound in the development of 
tazemetostat.[161] B. Effect of methylation on the target affinity of K opioid receptor inhibitors.[162] C. 
Solubility change after the methylation of an HDAC6/8 inhibitor.[163] D. Effect of methylation on the 
metabolic stability of PI3K [164] 



2. State of the art 
 

45 

 

Figure 12. Example of a c
kinase, leading to a significant increase in affinity.  

 

The search for C-methylation options 

The traditional synthetic routes for late-stage C-methylation have generally been limited to the 

deprotonation of acidic C-H bonds, followed by methyl transfer from an electrophilic donor, 

such as methyl iodide. In the absence of acidic protons in the target position, the methyl group 

must be incorporated early in the synthetic sequence, dramatically increasing the experimental 

efforts for the structure diversification of lead compounds.[10] More recently, advances in C-C 

bond formation enabled new pathways for the chemical late-stage methylation. These 

advances often include the use of transition metal-catalyzed methylation of aromatic sp2 

carbons, usually in the presence of directing groups.[166-168] For the C-methylation of aromatic 

heterocycles, radical addition strategies stemming from the Minisci reaction provided a 

solution, with various radical-generating options being explored.[10, 169] An important 

achievement of the radical methylation field was the photocatalytic activation and use of 

methanol as a methylation agent.[170] However, the need for harsh oxidative conditions limits 

the use of this strategy for more sensitive heterocyclic compounds. Other options include the 

nucleophilic aromatic substitutions of electron-deficient N-activated heteroarenes,[171] 

Catellani-type reactions[172], or metal-catalyzed cross-coupling reactions.[10, 173]  

The methylation of sp3 carbon centers is more challenging due to the higher energy 

requirement for C-H activation, relying heavily on the presence of directing groups. 

Regioselective methylation can be directed by the presence of nitrogen-based directing groups 

in the presence of metal catalysts, while oxidative methylation of saturated heterocycles on the 

-position is possible using a combination of metal and photocatalysis.[174] The options 

presented so far require activated C-H bonds. The methylation of unactivated C(sp3)-H bonds, 

was reported using highly reactive carbenes adsorbed on GaN nanowires.[175]  
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Direct asymmetric C-methylation remains a challenge for many starting materials. Most often, 

diastereospecific methylations are achieved using directing groups, from chiral starting 

molecules.[176] When possible, the stereoselective methylation of prochiral molecules is usually 

performed using either metal catalysis and chiral ligands, or chiral organocatalysts.[177] Several 

strategies for the asymmetric late-stage methylation of saturated N-heterocycles or 

-stereogenic carbonyls were established, with various stereoselectivities.[178] However, the 

stereospecific late-stage attachment of methyl groups on prochiral molecules is so far out of 

reach for most targets.  

Although important progress was made in the past years in the C-H activation and the selective 

alkylation of carbon atoms, the vast majority of successful examples are limited to activated 

positions on the target molecules, requiring transition metal catalysts and/or complex organic 

ligands. Selective C-methylation remains a challenging endeavor for synthetic chemistry, but 

an important area of study, given the potential of late-stage methylation for drug development 

and the remarkable advancements achieved in recent times. In the past few years, biocatalytic 

methods using SAM-dependent methyltransferases have emerged as an alternative for the 

selective methylation of various molecular scaffolds. Although the research in this area is still 

in the relatively early stages, promising examples of highly selective methylations using 

methyltransferases can be found in the literature. The biocatalytic methylation options are 

discussed in detail in Chapter 2.4. 
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2.3 Biocatalysis as a synthetic tool 

Biocatalysis has been gaining ground as a state-of-the-art synthetic tool, mostly in the 

pharmaceutical and fine chemical industries. The high selectivities of enzymes, mild reaction 

conditions and natural variety have established them as tools for building complex molecules. 

In pharmaceutical research, the need for rapid development and high optical purity in complex 

compounds has driven the interest in biocatalytic methods. To ensure the economic viability 

of biocatalytic processes, the productivity must be comparable to chemical processes.[179] 

While achieving a high product yield per gram of catalyst is important for chemical production, 

it is most often not the focus of natural evolution. Therefore, innovations in process 

development and protein engineering are essential for the scaling of biocatalytic processes. 

The practical limitations of enzyme use, such as reduced productivity, stability and propensity 

to inhibition have not yet made biocatalysis a viable competition to fossil-based bulk chemical 

production. There are however several successful examples of ton-scale use of enzymes, such 

as the use of nitrile hydratases to produce acrylamide,[180] the production of high fructose corn 

syrup from starch and the use of hydrolases in detergents.[181] The option to modify catalyst 

properties through molecular biology, combined with the use of renewable catalysts and 

feedstocks, might drive a shift in the bulk chemical production strategies in the future. This is 

particularly important as climate change remains a major issue for humanity, with the reliance 

on fossil fuels requiring a drastic reduction in the near future.[182] However, to make 

biotechnological production economically feasible, ongoing efforts are required to enhance the 

efficiency and productivity of biocatalysts and microbial processes.  

Using recombinant DNA technology, scientists can expand the range of available biocatalysts 

and reaction types. All enzyme classes have been successfully used as biocatalysts for a large 

variety of reactions.[181, 183] One of the most prominent examples in the field is the application 

of transaminases to produce optically pure amines from ketones, particularly useful in the 

synthesis of active pharmaceutical ingredients (APIs).[184] Flavin-dependent monooxygenases 

have found many applications in the synthesis of natural products, due to their ability to perform 

highly selective oxidations.[185] Ketoreductases are widely used for the asymmetric synthesis 

of chiral alcohols from ketones, while lipases have long been utilized for the synthesis of chiral 

alcohols through kinetic resolution.[186, 187] Important developments were also achieved in the 

use of lyases and amino acid dehydrogenases for the stereoselective preparation of chiral 

amino acids.[188] Enzymatic late-stage functionalization is particularly important in API 

development, with many enzymes being identified and engineered to efficiently transfer 

functional groups such as hydroxyl, halogens, alkyl, or aryl with high selectivity.[189] The 

discovery of PETases, which can hydrolyze polyethylene terephthalate (PET) brought 
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important progress in plastic depolymerization and recycling, with ongoing efforts to optimize 

the activity through protein engineering.[190] Polyketides are a complex and varied class of 

natural products produced naturally by polyketide synthases from carboxylic acids. The 

engineering of extremely large polyketide enzymatic assembly lines has gained attention 

recently due to the polyketide diversity in terms of structures and biological activities.[191] Only 

several prominent examples from recent years have been presented here to illustrate the 

current trends and advancements in biocatalysis research. However, the scope of the 

research, enzyme and reaction types developed by the scientific community in the last years 

is much wider, with important advances across all the enzyme classes (Figure 13, Table 2).[183, 

192, 193]   

Figure 13. Examples of applications of biocatalysis in the production of industrially relevant chemicals.

One of the most notable uses for enzymes as biocatalysts is in the synthesis of complex 

pharmaceuticals and natural products.[7] Enzymatic cascades were proposed recently for the 

synthesis of the AIDS drug candidate islatravir,[194] for the diversification of cannabinoids,[195]
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the antibiotics ikarugamycin[196] and enterocin[197], and for hyoscyamine and scopolamine 

(treatments for neuromuscular disorders).[198] The development of new enzyme cascades has 

become easier with the use of computational retrosynthesis tools. Multiple computer-aided 

synthesis planning tools have been developed in the previous years for chemical 

retrosynthesis (ex. Chematica),[199] while other tools specialize in the identification of new 

metabolic routes for the production of target molecules (ex. RetroPath).[200] A targeted 

alternative tool for biocatalytic synthetic routes is RetroBioCat,[201] which  identifies potential 

routes for multistep biocatalytic reactions, considering factors such as commercial availability, 

cofactor requirements, and solvent tolerance. 

 

The supply and regeneration of cofactors 

Many enzymatic reactions require cofactors, which are organic or organometallic molecules 

(coenzymes) or inorganic metal ions. They play a critical role in the catalytic function of many 

enzymes, enabling the transfer of electrons (e.g. NAD(H), FMN, FAD) or acting as chemical 

group donors (e.g. ATP, SAM, coenzyme A, THF).[158] The supply and regeneration of 

cofactors is a critical aspect of industrial and pharmaceutical biocatalytic processes. As 

coenzymes are complex and often unstable molecules, the chemical synthesis for supply is 

not always economically viable. Innovations in enzymatic cofactor recycling systems have 

provided an elegant solution for achieving high conversions from cofactor-dependent enzymes 

in a more sustainable and cost-efficient manner. Examples include the developments in the 

regeneration of NAD(P)H using alcohol, glucose or formate dehydrogenases in the presence 

of a sacrificial substrate. This is now a well-established and widely used method in biocatalytic 

reactions with a variety of oxydoreductases.[202, 203] Acetate and pyruvate kinases are used to 

regenerate ATP, transferring a phosphate group from acetyl phosphate or 

phosphoenolpyruvate (PEP) to ADP.[204] For the regeneration of the reduced FADH2, reduction 

by flavin reductases is performed using NAD(P)H as an electron donor, usually in the presence 

of a NAD(P)H recycling system.[203, 205, 206] SAM can be recycled using halide 

methyltransferases in the presence of a methyl donor, such as methyl iodide.[207] Chemical and 

electrocatalytic cofactor recycling methods have also been developed as alternatives to 

enzymatic cascades, with varying efficacy levels.[203] Recycling strategies play an important 

role in enhancing the efficiency and sustainability of cofactor-dependent enzymatic processes. 
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Table 2. Examples of prominent biocatalysts from different enzyme classes and their applications.[11, 180, 

190, 208-212]

The development of new-to-nature biocatalytic functions

Nature provides a vast variety of enzyme activities that can be modified and combined to create 

artificial pathways. However, the range of chemical mechanisms available in natural enzymes 

is limited. As a result, the development of enzymatic transformations that have not evolved in 

nature took an important role in the recent biocatalysis research. This enables the use of new-

to-nature chemical mechanisms in the chiral enzymatic environments. The incorporation of 

non-canonical amino acids in the catalytic sites of enzymes using orthogonal translation 

systems has helped improve their stability, understand their mechanism and enable access to 

new reactions. This technique can improve the catalytic activity by changing the reactivity of 

residues in the catalytic site, creating new metal binding sites or enable new enzyme 

reactivities altogether.[213, 214] For example, new-to-nature hydrazine and oxyme formation was 

achieved by incorporating a 4-amino-phenylalanine residue into the structure of the multidrug 

transcriptional regulator LmrR from Lactococcus lactis (Figure 14A).[215] In another instance, 

the substrate selectivity of PikC P450 enzyme, involved in the biosynthesis of macrolide 
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antibiotics, was altered by the incorporation of 4-acetyl-phenylalanine in the catalytic pocket 

(Figure 14B).[216]  

Photobiocatalysis is a recent development in the creation of novel enzyme reactivities, where 

light is used to drive the selective conversion of small molecules through radical mechanisms, 

under mild conditions. This can be achieved through multiple routes: by using natural 

photoenzymes, enabling photoreactivity in enzymes containing photosensitive cofactors such 

as FMN, combining chemical photocatalysis with biocatalaysis in cascade, developing artificial 

photoenzymes containing covalently linked photocatalysts, or conjugating a photosensitizer 

within the protein scaffold.[217, 218] FMN-dependent ene-reductases have shown promiscuous 

reactivities in the presence of light irradiation, achieving the asymmetric reductive cyclization 

of lactams or the intermolecular hydroalkylation of olefins (Figure 14C).[219, 220] NADPH-

dependent ketoreductases were used for the radical dehalogenation of halolactones in the 

presence of light (Figure14D).[221] Finally, a de novo approach to enzyme design allowed the 

incorporation of unusual metal centres. This produced new enzyme functionalities by 

combining the advantages of metal catalysis with the selectivity of enzymes. For example, the 

photoredox radical C-C cleavage of 1,2-diols was enabled by a fully artificially designed cerium 

containing metalloenzyme (Figure 14E).[222]  

The adoption of biocatalytic methods for chemical production can produce significant economic 

and environmental benefits, by reducing energy consumption, lowering greenhouse gas 

emissions, and minimizing waste. The large-scale implementation of these methods still meets 

regulatory, market and financial barriers.[223] However, it is likely that the technology will be 

further developed and adopted as part of the global transition toward sustainability and greener 

chemistry practices.[224] 
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Figure 14. Examples of new enzymatic funtions enabled by the incorporation of non-natural amino acids 
(A and B) or by the use of photobiocatalysis (C, D and E). 
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2.3.1 Protein engineering  

The advances in molecular biology and emergence of recombinant DNA technology in the 

1970 s allowed an unprecedented capacity for altering the properties of biocatalysts and 

pushing them outside of their evolutionary boundaries. Through protein engineering, one can 

improve properties such as the activity, selectivity and stability, obtaining more effective 

catalysts.[192] Early efforts foscused on site-directed mutagenesis, in which rationally designed 

point mutations allowed scientists to begin altering the properties of enzymes. In the 1990s 

directed evolution emerged as a powerful approach, mimicking natural selection through 

iterative rounds of random mutagenesis and selection.[6] Today, protein engineering 

techniques continue to evolve and diversify, incorporating computational prediction tools.[225] 

Enzyme engineering has found significant applications in scientific research, industry, 

medicine and environmental protection, becoming a crucial part of the development of most of 

the industrial biocatalytic processes of today.[226] 

 

Site-specific mutagenesis 

The current practices for protein engineering range from a targeted site-specific approach (few 

variants) to semi-rational methods (specific mutation sites but randomized amino acids) and 

finally to full randomization (large number of variants and extensive selection) (Figure 15). 

Each of these methods have their own variations and specific strengths. The choice of strategy 

needs to be considered according to the circumstances of the engineering project. A rational 

design approach requires prior knowledge about the structure and mechanism of the enzyme 

of interest. It requires significant input from the scientist, as predictions need to be made about 

the effects of the changed amino acids. The major advantage of this method is that it requires 

minimal resources for enzyme production and screening, as it generates only a small number 

of variants. A disadvantage is the difficulty in making accurate predictions in the context of the 

dynamic nature of enzymes, as well as high chances of overlooking the cumulative effects of 

mutations. Recent successful examples of site-directed mutagenesis include the modulation 

of stereoselectivity of the polyketide synthase ketoreductase domain[227] and the improvement 

of catalytic efficiency and thermostability of a glucoamylase from Talaromyces leycettanus for 

industrial saccharification.[228]  
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Directed evolution 

The directed evolution strategy is found at the other end of the spectrum, requiring minimal 

prior structural and mechanistic information about the targeted protein. As a result-driven 

method, it helps eliminate bias and explore a much larger structural diversity. In a reverse 

conceptual order from site-directed mutagenesis, random mutations are applied to the whole 

gene sequence and the best fits are identified after a selection process targeting the desired 

property. After the hits are identified, the genetic information of the best mutants is determined 

by sequencing, which might explain the effects of the discovered mutations. The most common 

methods for in vitro gene randomization are error-prone PCR (epPCR) and DNA shuffling,[229, 

230]  but multiple strategies have been developed over the years. In vivo gene diversification can 

be achieved through recombination strategies, the use of mutator strains or plasmids, and 

using CRISPR-Cas9-assisted gene editing.[231] The directed evolution of enzymes is nowadays 

a key technique in industrial biocatalysis process development.[226] For example, the evolution 

of the monoamine oxidase MAO-N from Aspergillus niger significantly expanded the substrate 

scope for the deracemization of amines, maintaining high stereoselectivity.[232] Some notable 

successful examples of directed evolution include the development of PETase (Ideonella 

sakaiensis) variants with significantly improved its thermostability and activity for PET plastic 

depolymerization[233] or the improvement of a glucose dehydrogenase and a ketoreductase 

activity for their use in a 2-step biocatalytic synthesis of a key precursor of atorvastatin.[234] The 

evaluation of large mutant libraries requires high-throughput screening strategies. They need 

to be tailored for each enzymatic process, and are often the bottleneck of applying this 

technique, due to the high cost of development and implementation. However, the recent 

evolution of high-throughput screening technology (described in Chapter 2.3.2) has enabled 

the screening of extensive mutant libraries.  

 

Semi-rational design 

Semi-rational design can be considered a compromise between the site-directed and fully 

randomized mutagenesis approaches. Site-saturation mutagenesis is a powerful technique for 

exploiting the effects of amino acid modifications in a given position. The chosen residue is 

systematically replaced with all the 20 canonical amino acids using degenerate primers, 

allowing the identification of the effects of mutations on the enzyme properties in a focused 

manner. This leads to a significant reduction of the size of the mutant libraries, reducing the 

necessary production and screening efforts. In order to select relevant mutation sites, prior 

information about the target protein is required. To account for possible cooperative effects, 
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multiple sites can be mutated at the same time. The mutant library size can be reduced by the 

use of modified degenerate primers, coding for only a fraction of the 20 possible amino acids, 

chosen based on information such as the conservation trends in known homolog 

sequences.[235] A workaround for the saturation-based optimization of multiple sites while 

reducing the size of the mutant libraries is iterative saturation mutagenesis (ISM).[236] In this 

technique, multiple sites are mutated separately using saturation mutagenesis, in a sequential 

approach: the best performing single mutant from one round of mutagenesis is used as a 

template for subsequent rounds, allowing for the gradual accumulation of possible cooperative 

effects of mutations in different positions. The first successful example of the ISM strategy was 

the thermostability enhancement of the lipase LipA from Bacillus subtilis. In this case, 10 amino 

acid positions were initially targeted for saturation mutagenesis. After 5 rounds of mutagenesis 

and the screening of a total of 8000 variants, the T50 value was increased by 45 °C.[236] Other 

examples include the reversal of the enantioselectivity of alcohol dehydrogenase from 

Lactobacillus kefiri for the chemoenzymatic synthesis of enantiopure styrene oxide[237] and the 

engineering of a nitrilase from Pyrococcus abissy for the dynamic kinetic resolution of 

2-chloromandelic acid.[238]  

 

Combined methods 

Some strategies combine directed evolution with rational or semi-rational design. Methods 

such as ProSAR[239] or KnowVolution[240] integrate computational protein design and analysis 

with experimental directed evolution. This can help gain information about the causes of 

beneficial random substitutions and, in turn, make better predictions for rational design. These 

strategies typically start with directed evolution and screening of mutant libraries for the 

identification of beneficial positions, followed by site saturation mutagenesis and/or 

computational analysis, and finally, rational recombination of the beneficial mutations, for 

achieving the desired effect. ProSAR was used to improve the productivity of a halohydrin 

dehalogenase for the biocatalytic production of atorvastatin,[239] while the KnowVolution 

method was proven a powerful tool for enzyme evolution campaigns, leading to the 

improvement of a variety of biocatalysts. Several successful applications of KnowVolution 

include the 40-fold improvement of the catalytic efficiciency of the prodigiosin ligase PigC from 

Serratia marcescens,[241] a 7.7 °C increase in melting temperature for the GH5 cellulase from 

Penicillium verruculosum[242] and the improvement of the alkaline tolerance of the laccase from 

Melanocarpus albomyces.[243] The combined methods and the integration of computational 

analysis and prediction methods can help improve the efficiency of mutagenesis projects, while 

better understanding the underlying reasons for the beneficial screening results. 



2. State of the art 

56 

In vivo laboratory evolution 

Laboratory in vivo evolution can also produce significant improvements of biotechnological 

processes, particularly in strain development. In these cases, specific biocatalysts are not the 

direct targets, but the strains themselves are subjected to multiple continuous rounds of 

evolution under the desired growth conditions. After the desired strain is developed, the genetic 

changes are often reverse engineered, to identify the specific biocatalyst changes leading to 

the successful result. This strategy has been successful in developing new bacterial strains 

with important applications such as plastic degradation or the bioproduction of bulk chemicals 

from renewable sources.[244, 245]  

 

Figure 15. General schemes of the current main strategies for enyzme engineering.  

 

Computational tools for protein engineering 

To reduce the screening efforts and enhance the quality of mutant libraries, computational 

tools have been developed for in silico pre-screening. These tools help lower the mutant library 

size and identify potential promising targets and mutations. Based on the type of information 

utilized, they can be classified into several types: 
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- Sequence-based. These tools predict the effects of mutations based on amino acid 

sequence alignments with homologs from experimental databases. The andvantage of these 

methods is that they only require sequence information and they are computationally 

inexpensive. Examples include PoPMuSiC,[246] which predicts the effect of site mutations on 

protein stability, and PROVEAN, predicting the functional effect of mutations.[247] 

 

- Structure-based. They are particularly useful for identifying hot spots for engineering. 

Using 3D structural data as input, these tools make predictions analyzing properties such as 

surface features or interatomic interactions. Web tools such as CAVER 3.0,[248] Funclib,[249] or 

HotSpot Wizard 3.0[250] can predict relevant mutation targets and provide information about the 

function and mechanism of the target enzymes.  

 

- Molecular dynamics (MD). MD simulations calculate the movement of individual 

atoms within a biomolecule over time, offering valuable insights into the dynamic behavior of 

proteins, in contrast with the static structural information generally obtained through 

experimental methods.[251] This allows for more accurate identification of important targets for 

mutagenesis.  

 

- Machine learning. The rapid development of data science triggered the development 

of machine learning methods for protein engineering. Machine learning can identify patterns 

among enzyme sequences, properties or atom interactions and make predictions, reducing 

the library screening requirements. It is a powerful tool, which was already used for multiple 

enzyme engineering projects.[225, 252, 253] The development of the deep-learning AlphaFold tool 

for protein structure prediction has represented a paradigm shift for protein engineering, as 

accurate structural information became accessible to an unprecedented level.[254] Large 

language models (LLMs) have seen a rapid evolution in the recent years, and have also found 

applications in protein property prediction and the generation of novel proteins.[255]    

 

 

2.3.2 Mutant library screening 

Directed evolution and semi-rational design have enabled unprecedented possibilities for the 

optimization of biocatalysts. One of the crucial requirements for the implementation of these 

techniques is the mutant selection process, based on the desired effect of the mutagenesis. In 

order to identify hits out of thousands of variants, the development of high-throughput 

screening (HTS) has been crucial.[256, 257] Nowadays, the HTS method development is based 

on several important properties: 
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 High-throughput: a screening strategy needs to allow the analysis of a large 

number of samples in a short time. This requires a different experimental set-up, compared to 

regular biocatalyst laboratory characterization techniques. 

 Specific and reproducible: a HTS strategy should be specific for the desired 

tested property, assuring a strong differentiation from the background signal. 

 Automated (optional): while manual handling of large sample libraries is 

possible, it is not advisable, as it is time-consuming and labor-intensive, while carrying a high 

risk of errors. The automation of high-throughput library screening is the current state-of-the 

art for handling mutant libraries while maintaining high standards of precision and 

reproducibility.[256, 258, 259]  

 Quantitative (optional): quantitative assays are desirable for providing more 

information on the relative performance of potential hits. However, it is not an absolute 

requirement. In the case of ultra high-throughput screening methods this can often be 

impractical due to the experimental set-up. Initial screenings of large libraries are often 

performed with qualitative assays, for the efficient initial filtering of desirable variants.[260, 261]  

 Adaptable (optional): ideally, a high-throughput screening strategy should 

allow the adaptation for other (similar) biocatalysts and chemical transformations.[262]  

 Efficient analytic method: the analytic method is important for the overall cost 

of the screening process. While UV/Vis, mass and flurescence spectroscopy tend to assure 

lower costs, they are not feasible for all screening projects.[256] Although more cost and time 

intensive, chromatographic analysis is still sometimes used for large libraries, as it provides 

comprehensive information about the performance of the tested variants.[263, 264]  

High-throughput screening is also a key step in drug and target discovery in the pharmaceutical 

industry, benefitting from intensive technological advancements in the last decades 

(Figure 16). While the 96-well microplate has been the main sample handling format at the 

start of HTS development in the 1990 , there has been a strong push for the miniaturization 

of samples for an increase in productivity and cost efficiency. This triggered the development 

and adoption of 384 (30-100 µl) and 1536-well plate formats (2.5-10 µL), with many assays 

easily adaptable to smaller volume formats. This allowed for the significant improvement of 

efficiency. While 3456-well plate formats (1-2 µl) were also reported, the industrial trends 

favored the use of 384-well and low-volume 384-well formats (10-20 µL), as they could be 

handled using existing infrastructure.[265] Recent technological advances in liquid handling 

have enabled the analysis at volumes of nL and pL (microfluidics, acoustic liquid handling) or 

at the level of single cells (cell sorting techniques).  
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Fluorescence-activated cell sorting (FACS) is a technique used to sort and separate cells 

based on their fluorescence or light-scattering properties. The cells are labeled with fluorescent 

dyes or antibodies, which bind to targeted molecules on the cell surface. The labeled cells 

pass through a laser beam in a flow cytometer, where their fluorescence is detected and 

measured, providing information on cell characteristics such as size, shape, and molecular 

composition. The system can then apply an electric charge to droplets containing the hits, 

directing them into separate containers for further analysis. FACS can achieve ultra-high 

sorting speeds allowing the screening of up to 108 variants per day.[256] The limitation of FACS 

is the low range of available reactions, either limited by the cell survival or product retention in 

the cells. Nevertheless, due to their versatility and high efficiency, FACS systems have found 

applications in enzyme engineering, immunology and medical science.[266-269]   

Drop-based microfluidics allow the analysis of aqueous mixtures at picoliter volumes and rates 

of thousands of droplets per second. This leads to an increase in screening speed of orders of 

magnitudes, compared to usual high-throughput screening strategies. Microfluidic systems 

and FACS can be combined for the analysis of physically separated whole-cell reactions, 
[270] The 

detection is most often performed by optical methods, such as fluorescence, absorbance, or 

light scattering, but other analytical methods such as mass spectrometry, NMR, or 

electrochemical analysis have also been successfully employed.[271] The combination of 

ultrahigh-throughput droplet screening with next-generation sequencing and deep learning 

technologies has started to be implemented in protein engineering projects, showing great 

promise for the acceleration and cost reduction of biocatalyst development.[231, 272-274]  
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Figure 16. Achievable throughput for various screening strategies, their advantages and disadvantages.  

HTS strategies have known important advancements in the last decades, with a great range 

of adaptation options. The extensive diversity of biocatalytic processes requires high 

adaptability when it comes to the screening of mutant libraries. Due to the technological 

advancements in experimental handling, the sample processing time and costs were reduced 

considerably. Some of the main time-consuming steps of high-throughput screening today are 

the assay development, data analysis and hit validation.[265] Therefore, the development of new 

assays that can accommodate the vast diversity of biocatalytic reactions is essential, with 

significant benefits to be gained from creating "generalist" assays that are applicable across 

entire classes of enzymes or chemical transformations. 

 

 

2.3.3 Scaling biocatalytic processes 

Scaling biocatalytic reactions from laboratory to industrial levels presents opportunities for the 

development of more environmentally friendly chemical processes, as they typically require 

mild reaction conditions and fewer toxic reagents, compared to traditional chemical synthesis. 

Enzymes are attractive as catalysts as they often exhibit high specificity, lowering the need for 

protective groups and reducing the purification steps. However, scaling biocatalytic reactions 

poses several challenges, such as maintaining enzyme activity and stability over extended 

periods under harsher industrial conditions, the generally low productivity and the propensity 
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for inhibition.[182] Additionally, many enzymes require expensive cofactors in stoichiometric 

amounts. Mass transfer limitations may also arise in larger reactors, negatively impacting 

productivity. Besides the engineering of the biocatalyst itself, process engineering is important 

for providing solutions to these challenges, by optimizing the enzyme formulations, reaction 

parameters and reactor set-up.  

When scaling a biocatalytic process from laboratory to industrial scale, several considerations 

take the central stage. As in any commercial endeavor, the production costs must be reduced 

as much as possible. This can be achieved by the optimization of factors such as overall 

productivity, biocatalyst production strategy and downstream processing. The process 

efficiency and sustainability can further be increased by recycling the catalyst and the cofactor 

and using renewable feedstocks. Global guidelines and policies are driving the transition 

towards green chemistry practices, a necessary step towards reducing the reliance on fossil 

fuels and mitigating their impact on the climate.[275] 

 

Enzyme formulation 

The choice of the biocatalyst formulation is an important stage in the development of 

biocatalytic processes (Scheme 4). The enzyme can be used inside the host cell, in a cell-free 

mixture or isolated. If enzyme isolation is required, it is important to determine what degree of 

purity is needed, as isolation steps greatly increase the production price. A majority of 

industrially used biocatalysts are in whole-cell format (either free or immobilized).[276] Using 

whole cells, biocatalytic processes can take place through fermentation, usually starting from 

sugars and using the modified metabolic pathways of the host organism to produce the desired 

product. In this case, the production is tied to the growth curve of the production organism.[277] 

A wide range of chemicals are now produced in this way, including bulk chemicals such as 

succinic acid, lactic acid or isoprene, fine chemicals such as amino acids, vanillin or squalene, 

biopolymers such as polylactic acid (PLA), or biofuels including alcohols or fatty acids.[278] The 

other option includes pressed enzyme. When using 

resting cells, the fermentation phase required for cell growth and enzyme expression is 

separated from the production phase. Although the cells might still be metabolically active, 

they are separated from the growth media and simply used as catalysts. While this simplifies 

the downstream processing, the stability of the enzyme is an important factor, affecting the 

production yield. While whole-cell biocatalysts provide an important production cost 

advantage, issues regarding mass transfer, selectivity, membrane permeability, or competing 

metabolic processes can disqualify them from certain processes.[279] However, as the high 
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production costs are a major challenge for implementing biocatalytic processes in the chemical 

industry, whole-cell biocatalysis holds significant potential for reaction scaling and bulk 

chemical production, provided that productivity can be enhanced through improvements in the 

biocatalyst and expression levels.[275, 280]  

The use of isolated enzymes generally provides the highest catalyst productivity. However, the 

costs of enzyme purification through chromatography are too high for economically viable 

large-scale processes, due to the high cost of the resin materials and solvents.[208, 275] The 

crude enzyme solution obtained after the lysis of the cell membrane is sometimes used as a 

compromise.[281] However, a literature estimation shows that adding a cell disruption step after 

protein expression increases the catalyst production costs by approximately a factor of 2, while 

purifying the enzyme leads to about 10-fold higher costs, compared to whole cells.[275] This can 

be circumvented by developing extracellular protein production systems. Targeted protein 

secretion systems are in development and have found uses in biocatalyst production.[282, 283] 

Another option is enzyme immobilization, which can enable the catalyst separation and 

recycling after the reaction. However, the large-scale use of immobilized enzymes remains 

limited due to the high costs of immobilization materials.[284] Carrier-free immobilized enzymes 

are being explored as a more cost-efficient alternative.[285]  

The design of processes to include reagent, catalyst or cofactor recycling, and efficient heat 

exchange distribution can further improve the efficiency of the biocatalytic system and reduce 

costs. One of the major issues of chemical production in general is the downstream processing 

and product isolation.[275] This is an even more pressing problem in biocatalytic reactions, 

which tend to take place in an aqueous environment, with reduced substrate and product 

concentrations. In this case, the sustainability impact of the mild reaction conditions might be 

canceled by the necessity for large amounts of extraction solvents or complex purification 

steps. These issues can be addressed by attempting to improve the substrate tolerance and 

the productivity of the biocatalysts, both through enzyme and formulation optimization, as well 

as optimizing biocatalytic reactions in unusual environments, such as organic solvents or 

multiphase systems. Flow reactors can also help overcome some of the issues, through the 

continuous removal of side products and the recirculation of remaining or regenerated 

reactants.   
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Scheme 4. General process scheme for biocatalytic processes in which the fermentation is separated 
from the target biocatalytic reaction (A) or in which fermentation is coupled to the desired biocatalytic 
process (B). The enzyme preparation steps depend on the desired formulation. In case A, the catalyst 
can sometimes be separated and reused. 

The development of biocatalytic processes can help advance sustainable industrial practices, 

providing an alternative to traditional chemical synthesis. Large-scale implementation of 

biocatalysis has been adopted in various sectors such as pharmaceuticals, agriculture,

specialty chemicals, food chemistry, and biofuels.[179] It was estimated that the bioeconomy 

to 474 billion euro in 2009.[286] Within the bioeconomy umbrella, the manufacturing of bio-based 

pharmaceuticals and bio-based chemicals have registered significant positive trends since 

2009, with approx. 60 billion euro (bio-based pharmaceuticals) and 10 billion euros (bio-based 

chemicals, excepting bio-fuels) added value in 2021. Within this scenario, scaling biocatalytic 

processes could lead to more sustainable supply chains, lower environmental footprints, and 

reduced reliance on petrochemicals. In this context, addressing the challenges of scaling up 

enzymatic reactions remains a key development target in biocatalysis.
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2.4 Methyltransferases 

C-C bond formation is a fundamental process in chemical synthesis and the basis of many 

biochemical processes. In living organisms, the attachment of methyl groups to biomolecules 

is one of the most common reactions, with implications for a variety of biological processes, 

such as gene regulation, molecular signaling, or secondary metabolite synthesis.[287] 

S-Adenosyl-L-methionine (SAM)-dependent methyltransferases are found throughout all 

natural systems, targeting a wide range of biological molecules. They typically transfer a 

methyl group from the SAM cofactor to nucleophiles through an SN2-type mechanism. The 

enzymatic transfer of small alkyl units is becoming attractive in pharmaceutical and fine 

chemical industries due to the improved selectivity - when compared to most chemical 

methods.[12, 156] Small molecule methyltransferases can catalyze the methylation of various 

scaffolds with excellent chemo-, regio- and stereoselectivity. Besides the selectivity advantage, 

methyltransferases can provide greener synthetic paths to fine chemicals, by acting in aqueous 

solutions and mild conditions.[11] As illustrated in Chapter 2.2, methylation can significantly 

influence the biological and biophysical properties of a biologically active molecule, making 

efficient methylation strategies important for drug development. Stereo- and regioselective 

methylation poses a challenge for chemical synthesis, often requiring toxic reagents and 

complex catalysts. A shift toward biocatalytic methylation offers a promising approach to 

developing more effective synthetic strategies for methylated compounds.[10]  

Methyltransferases have evolved to fulfill various roles, contributing to many biological 

functions and the biosynthesis of a wide range of secondary metabolites. Consequently, 

various classifications can be established, based on different criteria. In regards to the type of 

target biomolecule, there are three main categories: 

 - Protein methyltransferases catalyze the transfer of methyl groups to specific amino 

acid residues in proteins, mostly lysine and arginine. Most known protein methyltransferases 

methylate histones, acting as key mediators for the regulation of gene transcription.[158] This 

makes these enzymes particularly attractive drug targets. The two major protein 

methyltransferase families involved in histone methylation are lysine methyltransferases 

(PKMTs) and protein arginine methyltransferases (PRMTs). Dysregulation of protein 

methyltransferase activity has been linked to various diseases, including cancer, neurological, 

inflammatory and metabolic disorders, highlighting their importance in maintaining cellular 

homeostasis.[288] 

 

- Nucleic acid methyltransferases catalyze the methylation of cytosine or adenine 

bases, leading to gene silencing and contributing to cellular differentiation, epigenetic 
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regulation, and cancer progression. DNA and RNA methylation are epigenetic markers present 

across species, at all developmental levels. In prokaryotes, it has the role of differentiating 

between self and foreign DNA, while in eukaryotes, it is used for DNA fragment silencing.[158] 

Due to their critical role in the development and survival of living organisms, DNA 

methyltransferases are intensely regulated through various inhibitory mechanisms. Some of 

these mechanisms, when dysregulated, have been associated with cancer proliferation.[289] 

This makes this class of enzymes a particularly important target for the development of new 

inhibitors as therapeutics, and extensive research is focusing on understanding their influence 

and mechanisms in epigenetic regulation.[290] 

 

- Small molecule methyltransferases are involved in metabolic pathways, usually 

playing a role in the functionalization of secondary metabolites. They are often involved in the 

biosynthesis of natural products with various biological activities. Due to their substrate 

diversity, they are attractive as catalysts for the late-stage modification of complex 

molecules.[287]  

Several SAM-dependent methyltransferases have been successfully utilized in the synthesis 

and diversification of clinically relevant natural products.[212, 291-298] However, engineering 

natural product methyltransferases is challenging due to the low reaction rates, limited 

substrate availability, and the relatively small number of characterized enzymes in this class. 

Additionally, the requirement for stoichiometric amounts of the SAM cofactor presents a 

significant obstacle, due to its high cost and chemical instability, hindering extensive screening 

efforts.[11] Nevertheless, the potential of biocatalytic methylation for the production of 

industrially relevant compounds is becoming more noticeable.[10-12] Late-stage enzymatic 

methylation for the synthesis of natural products and pharmaceuticals has seen an abundance 

of successful examples in the past years. Some of the latest examples of the successful 

enzymatic methylation of biologically or industrially relevant molecules will be discussed in 

detail in this chapter. 

 

 

2.4.1 Structural and mechanistic aspects of SAM-dependent methyltransferases 

Five main structural classes of SAM-dependent methyltransferases have been described.[299] 

However, within the same class, the amino acid sequences can differ greatly. Most known 

methyltransferases belong to the structural class I (Figure 17A), which is characterized by a 

Rossmann-like fold containing central parallel -sheets, flanked by -helices, and a 
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characteristic GXG motif allowing a loop bend that creates the cofactor binding domain. A 

strongly conserved position in class I methyltransferases is an acidic residue forming hydrogen 

bonds with both of the ribose hydroxyl groups of the cofactor (Figure 17C).[299] Catechol 

O-methyltransferase (COMT) is one of the smallest methyltransferases, showcasing the 

specific class I structural core (Figure 17A).[300] Class II methyltransferases contain a central 

long antiparallel β-sheet, with groups of helices at both ends, and was first identified in the 

cobalamin-dependent methionine synthase.[301] Class III structures are similar to class I, but 

contain two αβα domains, binding the cofactor between each other. Several protein 

methyltransferases are known to be part of this structural fold.[299] The SPOUT family of RNA 

methyltransferases are representatives of class IV, with the core structure containing a 

homodimer with the active site at the subunit interface.[302] Class V methyltransferases are the 

SET-domain proteins, which are best known to methylate lysine residues at the tails of 

histones, regulating chromatin function. The SET domain is a conserved region containing the 

catalytic site of these enzymes. The cofactor binds to a concave region on the enzyme surface 

in the vicinity of a conserved tyrosine residue, involved in the catalytic mechanism. [299, 303]  

 

Figure 17. A. A representative example of a class I small molecule methyltransferase, catechol 
O-methyltransferase (COMT) from Rattus norvegicus. The Rossmann fold-like domain is represented 
in blue (β-sheets) and orange (α-helices). The bound SAM cofactor is represented in light blue. B. 
Representation of the SAM cofactor structure. C. Hydrogen bonding between the SAM ribose and the 
highly conserved acidic residue (E90 in this case) in the catalytic site of COMT from Rattus norvegicus.  

Mechanisms of action 

Most methyltransferases use the SAM cofactor as a methyl donor (Figure 17B), methylating 

their targets through a nucleophilic SN2 substitution on N, O, C, S or halogen atoms of the 

target molecules. Several structural features are required for this reaction to take place. The 

methyl acceptor needs to be placed close to the cofactor methyl group, usually within 
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approximately 3 Å.[304] A compression motion within the catalytic site of methyltransferases has 

been proposed to promote the SN2-type enzymatic methylation by lowering the energy barrier 

to the transition state.[305-308] Class I methyltransferases often contain structural features such 

as N-terminal extensions and active site caps. Their roles have not been extensively explored 

so far, but studies have implied their importance for the dynamic activation of the methylation 

mechanism, with some also playing a role in substrate recognition.[304, 309] The acceptor 

molecule should serve as the most chemically reactive nucleophile in the vicinity, which often 

demands the enzymatic activation of the substrate. This can be achieved through several 

mechanisms: 

 

- Proximity and desolvation. This mechanism does not require the direct participation 

of amino acid residues, but the environment of the active site should assure close proximity to 

the cofactor, a suitable orientation of the substrate, and the exclusion of water molecules from 

the reaction site (desolvation). 

 

- Acid/base catalysis. Typically involves the presence of a catalytic residue acting as a 

base to deprotonate the methyl acceptor, activating it for the nucleophilic attack. Often, other 

residues adjacent to the catalytic base act in a concerted manner for the substrate activation, 

forming a proton shuttle system. The role of the primary base is most often fulfilled by a 

histidine or tyrosine residue, accompanied by an adjacent acidic amino acid, such as aspartate 

or glutamate.[310, 311]  

 

- Metal-dependent catalysis. Metal-dependent methyltransferases can either require a 

metal ion for the coordination of the substrate, with a nearby amino acid residue acting as a 

base for substrate activation or display a mechanism in which the metal ion contributes to the 

deprotonation of the substrate by perturbing the pKa of the targeted methyl acceptor group. 

The latter mechanism is specific to phenol O-methyltransferases from plants.[304]  

There are also several methyltransferases using radical mechanisms for methylation. They 

belong to the radical SAM superfamily and they use a [4Fe-4S] cluster for the generation of 

-deoxyadenosyl radical, which enables the methylation of various targets, such as 

rRNA,[312] chlorophyll[313] or secondary metabolites such as the chemotherapy agent 

bleomycin[314] and the antibiotic thiostrepton.[315, 316]  
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SAH inhibition 

The demethylated cofactor S-adenosyl-L-homocysteine (SAH) was shown to strongly inhibit 

many methyltransferases, as it binds to the SAM binding pocket with high affinity. Engineering 

methyltransferases to reduce SAH inhibition is difficult as this also impacts their affinity for 

SAM. A potent strategy for avoiding SAH inhibition is utilizing SAH-degrading enzymes from 

the natural methionine cycle, such as SAH hydrolase (SAHH) or nucleosidase (MTAN). 

Another strategy for reducing SAH inhibition is the use of SAM recycling systems, which 

consume the SAH formed after the methylation, regenerating the active cofactor.[317] 

Alternatively, the SAH inhibitory effect has been used as inspiration for the development of 

SAH analogs as therapeutical methyltransferase inhibitors.[318]      

 

 

2.4.2 Small molecule methyltransferases as catalysts 

This chapter will describe several examples of small molecule methyltransferases that have 

been successfully utilized in vitro for the synthesis of natural products, building blocks, 

pharmaceuticals, and other industrially relevant compounds (Figure 18).   

Catechol O-methyltransferases (COMTs) are some of the best-documented 

methyltransferases and have been successfully used in multiple biocatalytic or 

chemoenzymatic synthesis strategies. COMT from Rattus norvegicus was recently used for 

the regioselective structural diversification of tetrahydroisoquinoline alkaloids in cascade with 

the O-methyltransferases SafC from Myxococcus xanthus, 6-OMT from Coptis japonica and 

the N-methyltransferase CNMT from Coptis japonica.[298] The synthesis and diversification of 

protoberberine and tetrahydroprotoberberine natural product scaffolds were performed using 

an enzymatic cascade containing a pictet-spenglerase, COMT and chemical Pictet-Spengler 

reactions in a continuous sequential manner.[295] Rat COMT was also used in cascade with a 

tyrosinase for the post-translational modification of tyrosine residues from various peptides and 

proteins.[319] 

NovO and CouO C-methyltransferases are part of the biosynthesis of the novobiocin and 

coumermycin antibiotics and were shown to regioselectively methylate a range of non-natural 

substrates.[320] NovO was also used with a glycosyltransferase in a one-pot cascade to obtain 

aminocoumarin antibiotic derivatives.[293] Rebeccamycin O-methyltransferase (RebM) was 

used to generate a number of analogs of the anticancer agent rebeccamycin.[321]  
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The N-methyltransferase PsiM was used for the enzymatic synthesis of 6-methylpsylocibin, in 

a cascade sequence with a tryptophan synthase, a decarboxylase, a monooxygenase and a 

kinase.[296] Human nicotinamide N-methyltransferase (NNMT) was reported to possess a wide 

substrate scope containing substituted pyridines.[322] A library of NNMT analogs was obtained 

through enzyme engineering and the identification of natural homologs. Several of the selected 

variants exhibited activity in the methylation of various aromatic N-heterocycles.[323] 

The production of tryptophan-based diketopiperazines, which are a common structural feature 

of several bioactive natural products such as lansai B and nocardioazine B, was enabled by a 

stereoselective indole C-methyltransferase in the presence of a cofactor recycling system.[292] 

Furthermore, the radical C-methyltransferase TsrM was shown to possess unusual 

promiscuity. While it can methylate a range of tryptophan and tryptamine derivatives in the 

2-position on the indole ring, it was also reported to catalyze the C-methylation in the 4-position 

of the indole and the N-methylation of tryptamines.[324, 325] Multiple variants of the 

Cmethyltransferases SgvM and MarI were used for the stereoselective methylation of a variety 

of -ketoacids.[326] A generally promiscuous SgvM variant was engineered for more efficient 

promiscuous alkylation activity, while maintaining stereoselectivity.[327] SgvM and MarI were 

also used in cascade with transaminases for the stereoselective production of methylated non-

canonical amino acids.[328]  

While the methylation of thiols is unusual in nature, two catechol O-methyltransferases 

(COMT) from Myxococcus xanthus and Rattus norvegicus and a caffeate O-methyltransferase 

(CaOMT) from Prunus persica were used for the methylation of various aromatic thiols. The 

study also suggests a potential physiological function for these enzymes in the metabolism of 

thiol-containing drugs or other endogenous molecules.[294] 
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Figure 18. Structural scaffolds that can be alkylated using SAM-dependent small molecule 
methyltransferases. The position of the enzymatically installed methyl groups is highlighted on each 
molecule. The positions shaded in grey represent sites of methylation only, while those marked in 
orange indicate instances where other enzymatic alkylations were also achieved, using SAM cofactor 
analogs. 
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2.4.3 Cofactor supply and recycling 

The widespread use of methyltransferases as biocatalysts has been limited by the requirement 

of a stoichiometric amount of the SAM cofactor, for the enzymatic methylation to occur. The 

SAM molecule is unstable and difficult to produce chemically.[329] Because of its instability, an 

excess of SAM is often necessary, which can lead to high costs.[12] This prompted the recent 

development of multiple options for SAM in situ enzymatic supply or recycling systems. Despite 

the significant reduction in the cost of SAM in recent years, challenges such as the low stability, 

reduced atom economy, and the need to prevent SAH inhibition, have made enzymatic SAM 

supply and recycling systems essential tools for many biocatalytic methylations. Besides its 

role as the major natural methyl donor, SAM was found to enable the enzymatic transfer of 

other groups such as methylene, amino, ribosyl and aminopropyl, showcasing the chemical 

versatility of this cofactor.[330, 331] In this chapter, the different options for enzymatic SAM 

generation are discussed, along with their specific advantages, disadvantages and use cases. 

SAM enzymatic supply 

One of the first enzymatic SAM supply systems used the enzyme SalL, naturally involved in 

the biosynthesis of chloroethylmalonyl- -CIDA and L-methionine 

(Scheme 5). SalL was used in combination with the N-methyltransferase MtfA from 

Amycolatopsis orientalis for the methylation of the antibiotic teicoplanin and with NovO to 

produce methylated and ethylated coumarin compounds.[320, 332]  

 

Scheme 5. SAM enzymatic production using SalL. 

In nature, the formation of SAM from ATP and L-methionine is catalyzed by methionine 

adenosyltransferases (MAT) (Scheme 6). These enzymes were successfully used for the 

in-situ cofactor supply in several enzymatic methylations. MAT-COMT/SafC-MTAN cascades 

were used for the regioselective O-methylation of catechols.[333] MAT was also used for the 

cofactor supply in the RapM-catalyzed methylation of rapamycin precursors[291] and the 

RebM-catalyzed diversification of indolocarbazoles.[334]  
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This supply system has several drawbacks. ATP is required in stoichiometric amounts and is 

relatively expensive, while MATs are naturally selective for L-methionine, requiring either 

enantiopure amino acids or wasting half the quantity when using a racemic mixture. 

Furthermore, the accumulation of SAH after the reaction can lead to the inhibition of the 

methyltransferase, demanding a SAH removal strategy. However, a major strength of the 

MAT-based supply is the possibility to produce cofactor analogs by replacing the amino acid. 

The discovery and development of several promiscuous MATs have rendered this system a 

reliable source of SAM cofactor derivatives, which can otherwise be difficult to produce. The 

MAT-based cofactor analog production will be discussed in Chapter 2.4.4. Another advantage 

of the MAT supply system is the selectivity of the methylation, as no chemical methylating 

agents are required. This is especially important when the substrate molecule contains 

additional nucleophilic sites, as it helps prevent non-selective methylation.  

 

Scheme 6. Scheme of SAM production from ATP and methionine using MAT. 

The MAT SAM production system has also been coupled with in vitro ATP generation from 

adenosine, using the adenosine kinase (ADK) from Saccharomyces cerevisiae for the first 

phosphorylation and polyphosphate kinase 2 from Acinetobacter johnsonii (PPK2-I) and 

Sinorhizobium meliloti (PPK2-II) to phosphorylate AMP and ADP (Scheme 7).[335]  

 

Scheme 7. Scheme of the MAT cofactor supply system, coupled with enzymatic in situ ATP production.  
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SAM recycling 

The natural metabolic cycle of SAM is ATP-dependent and it involves six distinct enzymes. It 

has been successfully reconstituted in vitro and used as a SAM recycling strategy in parallel 

with methylations catalyzed by COMT from Rattus norvegicus, anthranilate 

N-methyltransferase (ANMT) from Ruta graveolens and SafC from Myxococcus xanthos 

(Scheme 8).[335] The biomimetic SAM recycling cascade achieved up to 25% conversions, 

corresponding to 10 cycles of SAM regeneration. Using an extensive enzyme cascade is not 

an ideal solution for an efficient methylation system, as it increases resource demands and the 

complexity of the process. Further modifications of the biomimetic recycling system were 

subsequently developed. The integration of homocysteine S-methyltransferase (HSMT) from 

Saccharomyces cerevisiae allowed the regeneration of L-methionine from L-homocysteine, 

increasing the efficiency of the system.[336] 

 

Scheme 8. The biomimetic SAM recycling cascade. 

A streamlined one-enzyme SAM recycling system was first reported in 2019, harnessing the 

capacity of halide methyltransferases (HMTs) to generate SAM from SAH in the presence of 

methyl iodide as a methyl donor (Scheme 9).[207] This system provided a useful tool for the 

scaling of enzymatic methylations, as it uses a low-price methyl donor and the SAH generated 

as a side product in the enzymatic methylation reactions. As such, only catalytic amounts of 

the cofactor need to be supplemented. The development of HMT-based SAM recycling 

generated significant progress in methyltransferase biocatalysis, and extensive efforts have 

since been dedicated to the discovery of new HMT variants and the engineering of the existing 

ones.   
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Scheme 9. The HMT cofactor recycling system. 

HMT from Chloracidobacterium thermophilum (CtHMT) was the first variant shown to perform 

the SAH methylation in the presence of methyl iodide and has since been used successfully 

in cascade with other methyltransferases.[207] Other active HMT homologs have since been 

identified, most notably from Arabidopsis thaliana, Aspergillus clavatus, Batis maritima, and 

Synechococcus elongates.[337] Enzyme sequence mining of Pseudomonas HMTs yielded 

several homologs displaying better methylation performance. The (so far) best HMT from 

Pseudomonas aeruginosa (PaHMT) performed better than the other previously described 

HMTs in the SAM production using MeI. PaHMT was used in cascade with SgvM for the 

C-methylation of -keto acids.[327]  

The main disadvantage of the HMT-based cofactor system is the requirement for methyl iodide 

as a methyl donor. Methyl iodide is highly toxic, and its low boiling point (42 °C) increases the 

risk of evaporation under standard enzymatic reaction conditions, requiring excess 

amounts.[338] Additionally, its low polarity causes it to dissolve in organic solvents, 

contaminating the extracted products. To counteract these problems, several HMT variants 

were explored using different methyl donors, with methyl-toluene sulfonate showing the most 

promise. Active homologs were identified, with the best performing originating from Ustilago 

maydis (umaHMT), Aspergillus clavatus (AcHMT) and Kordia algicida (kalHMT).[339]  

The development of enzymatic SAM supply and recycling systems has created new 

opportunities for the practical application of methyltransferase-catalyzed reactions. While the 

optimization of these systems is still underway, their progress has made the efficient scaling 

of methyltransferase biocatalysis an attainable goal. 
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2.4.4 Alkylation using small molecule methyltransferases 

Late-stage methylation is appealing due to the "magic methyl" effect, but other alkylations may 

also provide unexpected benefits when it comes to API diversification. With the advent of SAM 

analog production strategies, the use of methyltransferases for alternative functionalizations 

has emerged as a topic of growing interest. Natural SAM analogs were identified as general 

methyltransferase inhibitors displaying therapeutic applications, such as the antimicrobial 

agent sinefungin or the epigenetic regulator methylthioadenosine.[340] Multiple other analogs 

were since synthesized for the targeted inhibition of therapeutically relevant 

methyltransferases, such as COMT or PRMTs. Double-activated cofactors were also 

synthesized by replacing the methyl group with activated groups such as allyl or propargyl. 

This enabled the functionalization of methyltransferase substrates with a reactive tag for 

subsequent attachments, allowing the production of selective probes for imaging 

applications.[318] For biocatalytic applications, the use of enzyme cascades for the in-situ 

production of cofactor derivatives is attractive as a solution for the lack of accessibility and poor 

stability of SAM analogs. Additionally, the stereoselective nature of enzymatic SAM analog 

synthesis improves the atom economy of the process. All of the previously discussed 

enzymatic SAM production strategies have been successfully used for the production of SAM 

analogs (Figure 19).   

Alkylations using SalL 

SalL was used to produce SAM analogs starting from methionine analogs and -CIDA, and 

used in cascade with a range of small molecule (NovO, PRMT1) and DNA 

methyltransferases.[320, 332] The site-directed mutagenesis of SalL from Salinispora tropica and 

the fluorinase FDAS from Streptomyces cattleya yielded slight increases in their activities for 

the synthesis of SAM analogs. [341, 342] The modification of the cofactor nucleotide also provided 

an improvement in the efficiency and substrate scope of enzymatic alkylations using SalL and 

NovO.[343] 

Alkylations using MAT 

The screening of methionine analogs in the presence of ATP and MAT from humans, 

Escherichia coli (EcMAT) and Methanocaldococcus jannaschii (MjMAT) homologs revealed 

the capacity of MATs to produce a wide range of cofactor analogs.[344, 345] Furthermore, all 

studied enzymes were also able to use Se-Met analogs as substrates. The human MAT 

hMAT2 was successfully used in combination with RebM for the alkylation of indolocarbazole 

analogs.[334] The engineering of human MAT2A revealed mutant I117A with improved activity 

using bulky methionine analogs. This variant was used in combination with protein 
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methyltransferases G9a and GLP1 for the post-translational modification of chromatin.[346] 

Methionine analogs can however be difficult to produce chemically, and only the L-enantiomer 

is accepted by MATs as substrate.[347] In a recent study, ScOAHS, a PLP-dependent 

O-acetyl-L-homoserine sulfhydrolase from Saccharomyces cerevisiae, was used to produce 

methionine analogs in a cascade involving EcMAT for cofactor production, COMT or ANMT 

for alkylating the target aromatic substrates, and EcMTAN to degrade the resulting SAH, 

preventing methyltransferase inhibition.[348] MAT from Cryptosporidium hominis (ChMAT) was 

engineered for the generation of SAM analogs with aromatic photocaging groups. The best 

mutant, I122A/I330A was used for the photocaging of plasmid DNA.[349] Furthermore, the 

directed evolution of EcMAT revealed variant I303V/Q22R displaying a 2-fold increase in 

activity, compared to the wild type. 

Alkylations using HMT 

Driven by the goal of expanding the range of cofactor analogs available through HMT 

production and recycling, several promiscuous active HMT homologs have been identified, 

most notably from Arabidopsis thaliana, Aspergillus clavatus, Baris maritima and 

Synechococcus elongatus.[337] The substrate profiling of a range of anion methyltransferases 

revealed multiple promiscuous HMT homologs from various organisms. Out of the tested 

enzymes, AcHMT showed the highest promiscuity towards a wide range of halogenated alkyl, 

allyl and aryl donors and was used in casacades with engineered N-methyltransferases for the 

regioselective allylation of pyrazoles.[350] HMT from Burkholderia xenovorans was used for the 

generation of fluorinated SAM from SAH and fluoromethyl iodide and used in combination with 

several small molecule methyltransferases, generating fluoromethylated compounds.[351] 

Directed evolution of AtHMT resulted in the identification of the V140T mutant, which exhibited 

an approximately 6-fold increase in catalytic efficiency for producing S-adenosyl-L-ethionine 

(SAE) compared to the wild type, along with enhanced activity for other cofactor alkylations.[352] 

Later, a structure-based directed evolution of HMT from Aspergillus clavatus yielded mutant 

V27F/P8L/V265W, which improved the ethylation activity by 38-fold compared to the wild type, 

reaching up to 421.5 mU/mg ethylation activity, 16-fold higher than AtHMT(V140T).[353]  
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Figure 19. Enzymatically produced cofactor analogs reported in the literature so far using MATs (full 
line box) or HMTs (dashed line box). The overlapping derivatives have been produced using both MATs 
and HMTs. In addition to MAT and HMT, the highlighted cofactor derivatives were also synthesized 
using SalL.  

A comparative study evaluated AcHMT and MjMAT (mutant L147A/I351A) for cofactor analog 

supply in coupled reactions with NovO, for the regioselective alkylation of coumarins. While 

methylations occurred with similar efficiencies, the MAT system performed significantly better 

for all the other tested alkylations.[354] However, a direct comparison between the two systems 

cannot be reliably drawn based on the experimental conditions presented in the study. As the 

authors note, the cofactor is generated and regenerated in catalytic amounts in the HMT 

recycling system, creating a kinetic barrier due to the lower affinity of the target 

methyltransferase for the cofactor analogs. That is not the case for the MAT system, in which 

the cofactor was directly produced in excess from its precursors. Furthermore, the MAT setup 

used MTAN for the degradation of the spent cofactor SAH, mitigating its inhibitory effect. It is 

likely that the lower affinity of methyltransferases for cofactor analogs is a significant obstacle 
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to the HMT-based recycling of these analogs. Using them in catalytic amounts may not 

overcome the kinetic disadvantage, while higher concentrations result in increased levels of 

inhibitory SAH in the mixture. This would require either the development of faster HMTs or the 

increase of the target methyltransferase affinity for cofactor analogs.  

A variety of small molecule methyltransferases were successfully used for alkylations in 

combination with all of the enzymatic cofactor analog production systems presented in this 

chapter. The recombinant O-methyltransferase RapM, involved in the biosynthesis of the 

immunosuppressant rapamycin was used for the production of rapamycin analogs through the 

regioselective alkylation using cofactor derivatives produced in a coupled system with MAT.[291] 

NovO and CouO were used for the alkylation of coumarins with non-natural cofactors.[297] A 

range of new caffeate O-methyltransferases (CaOMTs) and anthranilate N-methyltransferases 

(ANMTs) were shown to provide promiscuous methylation activity for aminophenols, as well 

as an acceptance of multiple cofactor analogs, expanding the available product pool.[212] The 

C-methyltransferase SgvM from Streptomyces griseovidris has been the first documented 

application of a methyltransferase in the catalysis of stereoselective C-alkylation, using SAM 

cofactor analogs and -ketoacids as substrates.[355] Engineered nicotinamide, 

phenylethanolamine and histamine N-methyltransferases allowed the N-ethylation and 

propylation of pyrazoles.[356]     

Selective alkylation using SAM-dependent methyltransferases in the presence of cofactor 

analogs is a new and fast-growing opportunity in methyltransferase biocatalysis. Recent 

advances in cofactor analog production and cascade optimization led to the apparition of 

multiple successful examples of enzymatic alkylations using methyltransferases. Although the 

research on the topic is still in the initial stages, the benefits of enabling these transformations 

have been acknowledged. 
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2.5 The indole C-methyltransferase PsmD

Besides its original source - the Calabar bean, physostigmine was found to be naturally 

produced in several Streptomyces species.[357] The biosynthetic cluster responsible for 

physostigmine formation in Streptomyces griseofuscus was identified in 2013 (Scheme 10).[105]

The biosynthetic route originates from L-tryptophan (6), which is hydroxylated in the 5-position 

by a tryptophan hydroxylase, located outside of the biosynthetic gene cluster. The product 7

is decarboxylated by a PLP-dependent decarboxylase (PsmH), obtaining serotonin (8). An 

acetyltransferase (PsmF) performs the N-acetylation of serotonin, leading to normelatonin (9), 

which is further carbamoylated by the carbamoyltransferase PsmE. Then, the carbamoyl is 

N-methylated by the SAM-dependent methyltransferase PsmA, leading to 10. The installation 

of the stereogenic center and formation of the pyrroloindole ring is catalyzed by the 

SAM-dependent C-methyltransferase PsmD. 

Scheme 10. Physostigmine biosynthetic pathway.

PsmD catalyzes the stereoselective C-methylation in the 3-position of the indole ring, 

disrupting the conjugated indole ring and triggering a spontaneous intramolecular cyclization. 
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Finally, a deacetylation of P10 is catalyzed by the hydrolase PsmB and the remaining free 

nitrogens are methylated by the SAM-dependent N-methyltransferase PsmC. 

The C-methyltransferase PsmD has attracted attention as a biocatalyst due to its 

stereoselectivity and role in the construction of the pyrroloindole ring from indoles. In a previous 

study, PsmD from Streptomyces griseofuscus (PsmD_Sg) was heterologously expressed and 

characterized.[358] The enzyme was used in a chemo-enzymatic process for the diversification 

of the chiral pyrroloindole products. The stereoselectivity of the enzyme was confirmed by 

chiral HPLC analysis. A three-step chemical synthesis route was established for the production 

of the natural PsmD substrate and its analogs. The substrate scope of the enzyme was 

explored, and several trends were identified: while the enzyme accepts a range of substrates 

substituted on the amide and the carbamate, the activity decreased with a larger substituent 

size (Figure 20). Furthermore, it was observed that in the absence of the substrate carbamate, 

the enzyme activity is severely hindered. Finally, PsmD was used in parallel with an 

HMT-based cofactor recycling system for the preparative chemoenzymatic synthesis of the 

natural PsmD product and two other derivatives, using lysates for the biocatalysis. The 

obtained product derivatives were shown to display AChE and BChE inhibitory effects 

(Table 3).[358] This study demonstrated the potential of PsmD as an effective biocatalyst for 

stereospecific indole methylation and pyrroloindole production.  

The later steps of physostigmine biosynthesis (PsmD, PsmB and PsmC) were used for a 

mutasynthetic approach to produce physostigmine derivatives in Myxococcus xanthus, using 

chemically synthesized PsmD substrate analogs. The obtained pyrroloindoles were tested for 

AChE and BChE activities. The obtained IC50 values revealed a high selectivity of the 

ethyl-carbamate compounds for BChE, while the butyl-amide derivative provided lower IC50 

than physostigmine for both receptors (Table 3).[153]  
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Table 3. IC50 values towards AChE and BChE for the PsmD natural product and several analogs, as 
well as the known inhibitors physostigmine and rivastigmine.

Figure 20. Activity trends of PsmD_Sg as a function of substrate size. The relative conversions are 
represented as percentages. 

Furthermore, a PsmD analog was identified in Streptomyces albulus (PsmD_Sa) and 

heterologously expressed in E. coli. Initial analysis showed a significant boost in the enzyme 

time and temperature stability, compared to PsmD_Sg, while maintaining the same 

stereoselectivity of the methylation. This provided a promising candidate for the further 
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development of this type of enzymes as efficient biocatalytic tools for the stereoselective 

late-stage methylation of indoles.[359] The analysis and development of PsmD_Sa enters the 

scope of the present work and will be detailed in the following chapters. 
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3. Results and discussion 

3.1 Characterization of a PsmD homolog from S. albulus 

PsmD from S. griseofuscus (PsmD_Sg) displayed biocatalytic activity for the stereoselective 

C-methylation of various substrate analogs (Scheme 11). However, its limited stability can 

hinder its use, especially in preparative applications. A protein sequence BLAST (NCBI 

database) revealed a protein with high sequence similarity (90% identity, Figure 21), 

originating from Streptomyces albulus (PsmD_Sa). This organism was not previously known 

to produce physostigmine. The Streptomyces albulus strain has been reclassified as 

Streptomyces noursei since the time of this study.[360] However, it will be referred to as 

Streptomyces albulus throughout this work to maintain clarity and consistency with the 

published data. 

 

Scheme 11. The reaction catalyzed by PsmD_Sg and PsmD_Sa in the presence of the SAM cofactor. 

 

Figure 21. Protein sequence alignment for PsmD_Sa and and PsmD_Sg. Alignment visualization was 
performed using Jalview Desktop App.  
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3.1.1 PsmD substrate synthesis 

According to the information gained from the biosynthetic pathway elucidation, the natural 

substrate of PsmD_Sg and its homolog PsmD_Sa is 3-(2-acetamidoethyl)-1H-indol-5-yl 

methylcarbamate (10). A three-step synthetic route was established for its production, starting 

from 2-[5-(benzyloxy)-1H-indol-3-yl]acetonitrile (13).[358] In the first step, the nitrile group is 

reduced to amine in the presence of a NaBH4, after which the acylation with acetic anhydride 

takes place, in the presence of NiCl2, to obtain 14. The second step is a Pd-catalyzed 

deprotection of the phenol, leading to N-acetylserotonin (9). Finally, in the third step, the phenol 

is deprotonated using triethylamine, and the carbamate group is attached using 

methylcarbamoyl chloride in the presence of DMAP. The substrate used for the 

characterization and mechanistic analysis of PsmD_Sa was synthesized directly from 

N-acetylserotonin (9), using the last step from the described sequence, with a 47% yield 

(Scheme 12). N-acetylserotonin was synthesized according to the procedure described in 

literature[358] and kindly provided by Pascal Schneider (Institute of Bioorganic Chemistry, 

Heinrich Heine University Düsseldorf). 

 

Scheme 12. Synthetic sequence for the production of the PsmD natural substrate 10, used for 
PsmD_Sa characterization. N-acetylserotonin (9) was produced by Pascal Schneider for [358]. The final 
carbamoylation step was performed in this work, according to the literature procedure.[358]  
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3.1.2 Expression and purification of PsmD_Sa 

The synthetic gene for the wild-type PsmD from Streptomyces albulus (PsmD_Sa) was 

purchased from a chemical vendor and was flanked with the recognition sites for the NdeI and 

XhoI commercial restriction enzymes. The gene was introduced into the pET21a(+) vector by 

restriction/ligation, introducing a C-terminal His6-tag into the sequence and using a T7 

promoter system and a lac operator. The expression was performed in the E. coli BL21 Gold 

(DE3) strain (Agilent Technologies, USA), which allows simple genetic manipulation as well as 

increased efficiency for protein T7 expression due to protease deficiency and the presence of 

the phage T7 polymerase.[361-363] The Gold-type strains are engineered to improve 

transformation efficiency due to the Hte (high transformation efficiency) phenotype and reduce 

plasmid degradation due to the inactivation of the gene coding for the endonuclease I 

(endA).[364-367] The initial cloning and expression of PsmD_Sa were performed by Nadiia 

Pozhydaieva (Institute of Bioorganic Chemistry, Heinrich Heine University, Düsseldorf) 

The E. coli BL21 Gold (DE3) cells were cultured in TB medium, in the presence of ampicillin 

for plasmid uptake selection. The pET21a(+) vector contains the AmpR gene coding for 

beta-lactamase, leading to the ampicillin resistance of the successfully transformed cells. 

Heterologous protein expression in IPTG-induced systems relies on the Lac repressor to inhibit 

the gene expression before induction. The expression was triggered by the addition of 100 µM 

IPTG in the exponential growth phase, corresponding to an optical density (OD600) of 0.5-0.8 

(Figure 22). The OD600 at induction as well as the increase of the IPTG concentration did not 

significantly influence the expression efficiency. Furthermore, glucose supplementation 

(0.2% w/v) did not improve the expression. The isolation of PsmD_Sa was performed by affinity 

chromatography on Ni-NTA resin-packed columns, using an imidazole gradient for elution. 

This method yielded the target protein with high purity, typically producing about 3-4 mg of 

pure protein per gram of cells.  
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Figure 22. SDS gel showing the steps in the purification of PsmD_Sa by Ni-NTA affinity 
chromatography. Legend: Cells E. coli cells containing the expressed PsmD_Sa; Lys cell-free extract 
after lysis; W - column washing fractions at 50 mM imidazole; E elution fraction at 150 mM imidazole; 
P column purging fraction, at 1 M imidazole; Conc final concentrated protein solution.

3.1.3 Biochemical characterization of PsmD_Sa

The most prominent feature of PsmD_Sa is its increased stability, compared to its homolog, 

PsmD_Sg. This became most obvious when it was observed that the methylation activity of 

PsmD_Sa remained constant after the incubation of the enzyme at 35 °C for 24 h (Figure 23a). 

In contrast, PsmD_Sg started becoming inactivated after 4 h of incubation, with a complete 

loss of activity after 24 h. A temperature screening was performed, showing that PsmD_Sa

performs better than its homolog at higher temperatures, with an optimal temperature of 45 °C

(Figure 23c). This tendency is also visible in the thermostability study, revealing a melting 

temperature of 58.6 °C, compared to 55.3 °C for PsmD_Sg (Figure 23b). The conversion was 

assessed under different pH conditions. The enzyme maintains most of its activity in the 6-8 

pH range, with an optimum at pH 7.5 (Figure 24).
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Figure 23. Biochemical characterization of PsmD_Sa (red) and PsmD_Sg (blue). a. Activity over time 
at 35 °C. b. Thermal inactivation. c. Conversion as a function of temperature. d. Chiral HPLC 
chromatogram showing substrate 10 (blue), racemic standard P10 (grey) and the P10 enantiomer 
obtained from the PsmD_Sa reaction (red). The stability in time and melting temperature experiments 
were performed by Nadiia Pozhydaieva (Institute for Bioorganic Chemistry, Heinrich Heine University 
Düsseldorf). The figure was produced for [1] and used here with the agreement of the American Chemical 
Society.   

 

Figure 24. pH screening of PsmD_Sa activity. The conversions were determined via normal-phase 
high-pressure liquid chromatography (NP-HPLC). The figure was produced by the author for [1] and used 
in this work with the agreement of the American Chemical Society.   

 

 

3.1.4 Substrate scope and selectivity 

PsmD_Sa was shown to perform the C3 methylation in a stereoselective manner, similarly to 

PsmD_Sg. HPLC analysis of the reaction mixture, using a chiral stationary phase, shows that 
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the same enantiomer was exclusively formed as in the case of the S. griseofuscus homolog. 

Although the exact configuration of the enantiomer could not be determined experimentally, 

the S-enantiomer of physostigmine is naturally produced by S. griseofuscus.[105, 368] It is then 

reasonable to conclude that the methylation catalyzed by both PsmD homologs results in the 

S-enantiomer of P10 (Figure 23d).  

The substrate scope of PsmD_Sa was evaluated by comparing the specific activities 

calculated from the conversion of SAM to SAH, which was measured using the commercially 

available MTase-Glo  assay. The MTase-Glo  assay measures the SAH concentration 

based on luminescence measurements. The SAH formed after a methyltransferase-catalyzed 

methylation is converted enzymatically to ADP, and then to ATP. Finally, a luciferase catalyzes 

the conversion of luciferin to oxyluciferin using the previously obtained ATP, leading to 

measurable luminescence (Scheme 13).[369] The assay is highly sensitive, allowing the analysis 

of methyltransferase reactions in analytical scale. However, due to the multiple preparation 

and incubation steps and the prohibitive cost, it is not suitable for high-throughput analysis. 

 

Scheme 13. MTase-Glo  assay steps and functioning principle. 

PsmD_Sa was tested in reaction with a variety of substrates bearing substituents either on the 

amide or the carbamate, as well as substrates substituted in the 5-position, lacking the 

carbamate (Figure 25). This included natural products such as melatonin (25) and 

N-acetylserotonin (9). The overall trends are consistent with those observed in the case of 

PsmD_Sg.[358] Although PsmD_Sa displays a relatively broad substrate scope, the activity 

profile shows a decrease in activity with the increase of the substituent volume. Furthermore, 

the carbamate appears to be an important structural feature of the substrate, its removal 

leading to a significant reduction of activity (compounds 9, 25-30). Unexpectedly, substrates 

halogenated at the 7-position are methylated at a relatively high rate. In particular, the enzyme 

retains 63% relative activity towards the 7-chlorinated substrate 31. Overall, despite, the high 

sequence similarity, PsmD_Sa displays slightly higher activities for the less favored substrates, 

indicating a higher flexibility of the catalytic site. 
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Figure 25. Substrate scope and relative activities of PsmD_Sg and PsmD_Sa. The conversion of SAM 
to SAH was determined using the MTase- on a 20 µL scale, 
using 1 µg enzyme, 20 µM substrate and 30 µM SAM. The mixtures were incubated for 15 min at 35 °C. 
This experiment was realized in collaboration with Nadiia Pozhydaieva (Institute of Bioorganic 
Chemistry, Heinrich Heine University Düsseldorf). 
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3.1.5 Kinetic parameters of PsmD_Sa

The analysis of the kinetic parameters at 45 °C revealed a few differences between PsmD_Sa

and its homolog. PsmD_Sg displays a slightly higher turn-over number and catalytic efficiency, 

as well as a higher affinity for both the natural substrate and the SAM cofactor (Figure 26, 

Table 4). However, PsmD_Sa exhibits better performance with longer reaction times due to its 

higher stability. This compensates for the kinetic disadvantage, resulting in overall higher yields 

across different substrates. For the sake of data completeness, the missing kinetic analysis as 

a function of the cofactor concentration for PsmD_Sg (at 35 °C) was also performed 

(Figure 27). 

Figure 26. A. Michaelis-Menten kinetic model for PsmD_Sa and substrate 10. Michaelis-Menten model 
was used as the fit function: v=vmax*[S]/(KM+[S]). Fit parameters: R2: 0.982; Adj. R2: 0.979; Reduced 
Chi2: 1.751. B. Michaelis-Menten kinetic model for PsmD_Sa and SAM. Michaelis-Menten model was 
used as the fit function: v=vmax*[S]/(KM+[S]). Fit parameters: R2: 0.993; Adj. R2: 0.991; Reduced Chi2:
1.209.

Figure 27. Michaelis-Menten kinetic model for PsmD_Sg and SAM. Michaelis-Menten model was used 
as the fit function: v=vmax*[S]/(KM+[S]). Fit parameters: R2: 0.984; Adj. R2: 0.982; Reduced Chi2: 0.790.
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Table 4. Kinetic parameters of PsmD_Sa and PsmD_Sg.  

Enzyme Substr. 
vmax 

(µmol * min-1 * genz
-1)a 

KM (µM)a 
kcat 

(min-1)b 

kcat/KM 

(µM-1 * min-1)b 
Ref. 

PsmD_Sa 10 6.1 ± 0.4 14.5 ± 3.1 0.19 ± 0.01 (13 ± 3.7) * 10-3 This work 

 SAM 5.5 ± 0.2 16.8 ± 2.2 0.18 ± 0.01 (10 ± 1.8) * 10-3 This work 

PsmD_Sg 10 18.3 ± 0.4 11.3 ± 1.1 0.54 ± 0,01 (93 ± 14.9) * 10-3 [358] 

 SAM 11.2 ± 0.4 6.6 ± 0.6 0.36 ± 0.01 (54 ± 7.0) * 10-3 This work 

a errors from least square fitting including replicates, b errors result from error propagation 
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3.1.6 Chapter summary 

 A new homolog of PsmD from Streptomyces griseofuscus (PsmD_Sg) 

was identified, originating from Streptomyces albulus (PsmD_Sa). The 

new enzyme was successfully expressed and isolated, exhibiting similar 

activity and stereoselectivity to its homolog. 

 Despite the high sequence similarity, PsmD_Sa displays markedly higher 

overall stability. 

 Biochemical characterization revealed that the optimal reaction conditions 

of PsmD_Sa include a neutral pH and a preference for higher 

temperatures, compared to its homolog. 

 PsmD_Sa accepts a variety of substrates, but its activity decreases with 

the increasing volume of the substituents on the amide and the 

carbamate. The presence of the carbamate in the 5-position on the indole 

ring is important for the activity. Overall, PsmD_Sa displays a slightly 

higher activity towards the less favored substrates compared to 

PsmD_Sg. 

 The kinetic parameters of PsmD_Sa were determined and revealed lower 

affinity to the natural substrate and the cofactor, as well as lower catalytic 

efficiency, compared to PsmD_Sg, when used under the same conditions. 

However, the higher stability and greater substrate promiscuity outweigh 

the kinetic differences, leading to higher conversions using PsmD_Sa.  
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3.2 The structural study of PsmD 

3.2.1 Quaternary structure determination 

Mass photometry and size exclusion chromatography revealed that PsmD_Sg and PsmD_Sa 

are dimers under usual reaction conditions (Figures 28 and 29). Dynamic light scattering (DLS) 

revealed a monodisperse distribution consistent with a dimeric species of PsmD_Sa, while 

PsmD_Sg formed aggregates under the same conditions. The observed differences in protein 

surface amino acid residues may explain the observed disparity in the stability and 

crystallization patterns. 

 

Figure 28. Size-exclusion chromatograms of PsmD_Sg (black) and PsmD_Sa (red), with the positions 
of standard calibration proteins, and their molecular weight. The expected size of the PsmD dimer is 61 
kDa. The figure was produced by the author for [1] and used here with the agreement of the American 
Chemical Society 

 

Figure 29. Mass photometry of PsmD_Sa (a) and PsmD_Sg (b). The figure was produced for [1] and 
used here with the agreement of the American Chemical Society. 
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3.2.2 Crystallization and structure determination of PsmD_Sg 

In order to analyze the structural and mechanistic features of PsmD, the crystallization of both 

S. albulus and S. griseofuscus variants was attempted, in the presence of the cofactor and the 

natural substrate. Crystals were obtained for both variants in the apo form and in combination 

with SAH. However, despite extensive optimization efforts, PsmD_Sa crystals of a productive 

size and shape for high-resolution diffraction could not be obtained within the scope of this 

study. Two crystal forms were observed in the case of PsmD_Sg, and three crystal structures 

were determined: crystal form 1  apo (PDB: 7ZGT, resolution 2.05 Å), crystal form 1  

containing SAH (PDB: 7ZKH, resolution: 1.40 Å) and crystal form 2  containing SAH (PDB: 

7ZKG, resolution 2.30 Å). The crystallization optimization experiments were performed in 

collaboration with Dr. Oliver Weiergräber (IBI-7, Forschungszentrum Jülich) and Nadiia 

Pozhydaieva (Institute of Bioorganic Chemistry, Heinrich Heine University Düsseldorf).[359] The 

X-ray diffraction experiments were performed at the DESY synchrotron (Hamburg, Germany), 

and the crystal structure determination and refinement were performed by Dr. Oliver 

Weiergräber (IBI-7, Forschungszentrum Jülich) and provided for this work. 

 

3.2.3 Structural features of PsmD_Sg 

Unless specified otherwise, the structural discussion refers to the crystal form 1 of PsmD_Sg, 

in the presence of SAH. The crystal structure of PsmD_Sg reveals two major domains: a 

Rossmann fold, characteristic to class I methyltransferases, involved in the cofactor binding, 

and a substrate binding domain, containing the catalytic site of the enzyme and likely the 

principal contributor to the substrate specificity (Figure 30a).[299, 370] 

The substrate binding domain displays several noteworthy features. The first is the presence 

of a four-stranded -sheet surface (strands ) between 

-cap domain and directly flanks 

the catalytic pocket, as well as forming the dimerization domain. The -sheets of the two 

monomers intersect at an approximately right angle, forming a square area of overlapping 

nonpolar residues which are inaccessible to the solvent (Figure 30b). The dimeric complex is 

-stacking of the central F201 residues, further hydrophobic interactions in 

the middle (I182), and a multitude of hydrogen bonds and salt bridges at the periphery, 

involving D175, T199, Y211, Y213 and R215 (Figure 30c).  

Similar to other Rossmann-fold protein families, the nucleotide cofactor binding site contains a 

GTG motif at the positions 66-68 in the - , accommodating the SAM molecule, while 
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an aspartic acid residue (D85) stabilizes the cofactor position by forming hydrogen bonds with 

the ribose hydroxyl groups (Figure 31a, 31b). The homocysteine portion of SAH forms a salt 

bridge with R39 and hydrogen bonds with hydroxyl groups of Y23 and T123 and the main chain 

carbonyl of C64. The adenine ring is positioned in a hydrophobic pocket between the side 

chain of C64, the aliphatic chains of R86, and L109. A Glu-His-Tyr triad is present in the 

catalytic pocket of PsmD (Figure 31c). The amino acids are in close vicinity to each other and 

likely take part in an acido-basic mechanism of substrate activation, commonly found in other 

SAM-dependent methyltransferases (Chapter 2.4.1). 

 

Figure 30. X-ray structure of PsmD_Sg in complex with SAH (crystal form 1, “closed” conformation). a. 
Ribbon representation showing the two main structural domains: the Rossmann-type α/β fold - the 
cofactor binding domain (red/beige) and the β-cap dimerization domain (blue). The N-terminal loop (lid) 
is marked in gold. The helices and strands are labeled by upper-case letters and numbers, using a prime 
symbol for elements outside the core Rossmann fold. The active center, as indicated by the cofactor 
(ball-and-stick, dark grey), is located at the interface between the two domains. b. Dimeric quaternary 
structure (apo) – the monomers are connected by the β-cap domain, as found in all PsmD_Sg crystal 
forms. c. Close-up view of the dimerization interface. The amino acid residues are represented in two 
colors (tan or blue), corresponding to the respective monomer of origin. For clarity, the residues are only 
labeled once. The correspondent for each amino acid, belonging to the other protein monomer, has an 
identical position. The X-ray crystal structure was solved by Dr. Oliver Weiergräber and published in the 
RCSB PDB database (PDB: 7ZKH, 7ZGT) and in [1]. The structural analysis was performed by the author 
in collaboration with Dr. Oliver Weiergräber. The figure was produced by the author.  
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An unusual structural feature of PsmD is a tryptophan cluster at the end of the catalytic pocket, 

formed by W34, W167, W172 and W183, which interact with each other primarily through 

-stacking (Figure 31d). This cluster could presumably be involved in maintaining the folding 

of the substrate binding domain. However, multiple natural product methyltransferases display 

a similar protein fold containing different amino acids in the same positions (Chapter 5.1). 

When performing a sequence alignment with structurally similar methyltransferases, it 

becomes apparent that these tryptophan residues are generally not conserved, except for 

W34. Considering that introducing tryptophan in the sequence of proteins has a high metabolic 

cost, the presence of four residues in close proximity to each other in the catalytic pocket is 

likely to play a role in substrate binding and selectivity.[371] Furthermore, at least two of these 

residues (W34 and W167) appear to influence the dynamic motion driving PsmD catalysis, 

being involved in the product egress (discussed in Chapter 3.3).  

Finally, the N-terminal segment was disordered in the apo form but ordered in the crystal form 

1 in complex with SAH. This section acts as a lid, covering the entrance of the catalytic site in 

crystal form 

e position of the N-terminal lid in relation to the catalytic pocket. The 

lid closure corresponds to a conformational change of the cofactor, leading to a more favorable 

orientation of the methyl group toward the substrate methylation site (discussed in 

Chapter 3.3). As such, the closed conformation of PsmD likely corresponds to the catalytic 

activity. Tyrosines 16 and 23 also suffer a significant conformational shift between the open 

and the closed states. In the closed conformation, both orient their hydroxyl groups towards 

the homocysteine segment of the cofactor, forming a tyrosine cluster with Y129 closely 

surrounding the cofactor (Figure 31c). The role of this cluster is unclear but it can be presumed 

that the high local electron density has a stabilizing effect on the positive charge of the SAM 

cofactor, contributing to its productive conformation.  
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Figure 31. The active site of PsmD from S. griseofuscus (crystal form 1, in complex with SAH). a. The 
overview, featuring (from bottom to top) the docked SAH cofactor (dark gray), a tyrosine cluster (light 
beige) a presumed proton shuttle system (olive), and a tryptophan cluster (blue). Lowercase letters refer 
to the close-up views in subsequent panels. b. The cofactor binding site. The tyrosine cluster residues 
are light beige. The other main residues involved in the binding of SAH are displayed in gray. c. The 
Glu-His-Tyr proton shuttle triad (olive) and their position relative to the cofactor and the tyrosine cluster. 
Residue Y129 is part of both the catalytic triad and the tyrosine cluster. d. The tryptophan cluster (blue), 
positioned at the far end of the catalytic pocket. The X-ray crystal structure was solved by Dr. Oliver 
Weiergräber and published in the RCSB PDB database (PDB: 7ZKH)  and in [1]. The structural analysis 
was performed by the author in collaboration with Dr. Oliver Weiergräber. The figure was produced by 
the author.
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3.2.4 Homology modelling of PsmD_Sa 

Considering that the efforts for experimental crystal structure determination of PsmD_Sa were 

unsuccessful, a homology model was generated, using the PsmD_Sg crystal form 1 (closed) 

as template. Due to the high sequence similarity and the shared catalytic function, it was 

reasonable to assume that the two enzymes share similar folding and structural features. The 

homology model was obtained by Dr. Benoit David (IBG-4, Forschungszentrum Jülich) using 

Modeller.[372] The results of the modeling show a high structural identity between the two 

homologs, sharing all the important features discussed in Chapter 3.2.3 (Figure 32a). The 

analysis of the sequence differences in relation to the protein structure reveals that most of the 

variations appear at the surface of the protein (Figure 32b). This can be expected when 

considering the differences in stability, as surface residues generally play a crucial role in 

protein solubility and intermolecular interactions. These factors influence the tendency to 

aggregate, which was observed for PsmD_Sg in our DLS experiments, but not for PsmD_Sa. 

Ultimately, identifying a surface modification pattern that could explain the stability boost is 

challenging and would likely require extensive mutagenesis efforts. 

 

Figure 32. a. Overlap of the crystal form 1 of PsmD_Sg in complex with SAH (blue) and the homology 
model of PsmD_Sa containing docked SAM (red). The main amino acid residues in the catalytic pocket 
were highlighted and overlap to a high degree. The cofactor was marked in dark grey. b. Homology 
model of PsmD_Sa. The amino acids differing from the PsmD_Sg homolog were highlighted. The 
PsmD_Sg mutations corresponding to the PsmD_Sa structure are: D28A, E33Q, C37S, Q41R, V46I, 
A51K, H55Q, Q73E, Q96K, H105R, D115G, G116D, A117T, A131S, R134H, R141H, V171M, D184N, 
E188Q, H204S, A208P, A210T, V214T, Q239R, T254A, R256H, V261F, R267S. 
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3.2.5 Chapter summary 

 DLS, MS and size exclusion chromatography indicate that PsmD_Sg and 

PsmD_Sa are dimers under regular reaction conditions. 

 The crystal structure of PsmD_Sg was determined by X-ray diffraction in 

the apo form and in complex with SAH. 

 X-ray diffraction revealed two crystal forms, likely corresponding to two 

conformational states of the enzyme: open and closed. The N-terminal 

loop acts as a lid, determining the conformational state of PsmD. 

 Similar to other class I methyltransferases, PsmD possesses a 

Rossmann-fold domain involved in the binding of the cofactor. The 

substrate binding domain contains several noteworthy features such as a 

- and a 

tryptophan cluster closing the catalytic pocket. 

 The homology model of PsmD_Sa was obtained, using the PsmD_Sg 

crystal structure as template. Although the sequences of the two enzymes 

overlap to a high degree, most of the differences in the amino acids are 

found at the surface of the protein. 
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3.3 The mechanistic study of PsmD 

After the structural analysis of PsmD, the next step was an assessment of the importance of 

the amino acid residues lining the catalytic pocket. To achieve this, each amino acid was 

replaced with alanine, with the focus on the PsmD_Sa homolog, as the intended working 

biocatalyst. However, the conclusions can be also reasonably attributed to PsmD_Sg, due to 

the high similarity in structure and catalyzed reactions. Therefore, the mentioned residues are 

similarly found in PsmD_Sg, with the numbering offset by +1. Unless mentioned otherwise, all 

further discussions will refer to PsmD_Sa. The conversion to the methylated product P10 was 

tested for all mutants, to observe the effects of the substitutions on the enzymatic activity. This 

served a double role: better understanding the catalytic process of PsmD, as well as identifying 

potential mutagenesis targets for future enzyme engineering.  

To further elucidate the catalytic mechanism, molecular docking and molecular dynamics 

simulations of the natural substrate within the active pocket of PsmD revealed the probable 

substrate position and substrate-enzyme interactions involved in the PsmD catalysis. The 

computational and experimental steps presented in this chapter made it possible to shape an 

overall picture of the PsmD catalysis.  

 

 

3.3.1 Site-specific mutagenesis for catalytic site mapping 

The genes bearing the desired mutations for the alanine scan were produced by site-directed 

mutagenesis of the pET21a(+) plasmid containing the wild-type (WT) PsmD_Sa gene. The 

QuikChange strategy (Stratagene, USA) was initially selected for the primer design, but a 

-the- approach was necessary for later mutants, 

to achieve consistent positive amplification results (Figure 33). The QuikChange approach 

uses two complementary primers containing the mutation of interest. The amplification is 

linear, only takes place on the template, and leads to blunt-end products that can hinder 

transformation efficiency.[373] In the case of inverse PCR, the primers are phosphorylated at 

 and sticky-end products are obtained after the amplification. The inverse PCR 

strategy includes a subsequent intramolecular ligation step before the transformation of the 

competent cells with the obtained plasmid, requiring the obtained PCR products to be 

post-PCR using a kinase, or by using phosphorylated primers from the start. The use of circular 

plasmids substantially improves transformation efficiency. Most importantly, within the inverse 
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PCR method, the plasmid amplification is exponential, leading to significantly higher yields.[374, 

375] This is also particularly important for the production of mutant libraries with randomized 

mutations.  

 

Figure 33. Comparison between the QuikChange and inverse PCR strategies for site-directed 
mutagenesis.  

 

 

3.3.2 Alanine scan of the catalytic site 

The mutated alanine scan PsmD variants were expressed in E. coli BL21 Gold (DE3), and 

used as whole-cell biocatalysts in reaction with the natural substrate 10, in the presence of 

SAM. The conversion was measured after 16 h, allowing an evaluation of the importance of 

each amino acid for catalysis. For the validation of the whole-cell reaction results, several 

variants were isolated and their specific activity was also determined using the commercial 

MTase-Glo™ assay.  

This allowed the mapping of the catalytic pocket of PsmD_Sa, revealing some of the functions 

of the amino acid residues present in the catalytic pocket (Table 5, Figure 34). The alanine 

scan revealed that the Glu-His-Tyr triad plays an essential role in catalysis. Replacing H215 

and Y128 with alanine eliminated the activity, while Y128F led to a 10% conversion to the 

methylated product. In this case, it can be assumed that H217 or a water molecule could 

deprotonate the substrate indole instead of Y128, although at a much lower rate, while the 

phenyl ring could still fulfil a steric role in the catalytic pocket. H217A and E215A also lost most 

of the activity, leading to 6.8% and 18.9% conversion of 10. E215 was also replaced by 

aspartate, which achieved 36.4% conversion (Table 5).  
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Figure 34. Amino acid residues in the catalytic pocket of PsmD_Sa, which were targeted for the alanine 
screen, in the presence of SAM (blue) and the natural substrate in pose 1 (green, pose described in 
Chapter 3.3.3). Their color corresponds to the enzymatic activity loss upon replacement with alanine: 
red = most or all activity lost; orange = some activity lost; yellow = minor loss of activity. The residues 
colored in orange and yellow can be considered appropriate targets for enzyme engineering. 

The complete loss of activity in Y15A and Y22A highlights their importance. The significant 

shift of their position between the open and closed conformational states of the enzyme 

suggests an important role of these residues. It is unclear if this role is related to the motion of 

the lid or the activation of the cofactor. Interestingly, mutants Y22F and Y15F achieved high 

conversions (66.5% and 99%), suggesting that the steric effects of the phenyl rings play a 

major role in the catalytic action of these residues, rather than the hydroxyl groups. The 

position of Y22 and Y15 in the closed state of the enzyme, in contact with the cofactor, 

correlated to its favorable conformation. 

Mutants W33A, E35A, R38A and D84A also lost most if not all of their activity. The role of W33 

is not obvious when analyzing the docking poses, but it could be important for protein folding, 

due to its π-stacking within the local tryptophan cluster. Likewise, due to its position in close 

proximity to the substrate, it might play a significant role in shaping the steric environment of 

the catalytic pocket. The carboxylate of E35 likely forms a hydrogen bond with the substrate. 

The hypothesis regarding the importance of the interaction between the protein and the 

carbamate was supported by the substrate scope analysis, which showed that removing the 

carbamate significantly hinders the enzymatic activity. Mutant E35D lost all activity despite 

containing a carboxylate. Presumably, the shorter carbon chain might prevent the interaction 
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with the substrate altogether. R38 and D84 are involved in the binding of the cofactor, with 

R38 forming a hydrogen bond with the homocysteine rest and D84 forming hydrogen bonds 

with the cofactor ribose.  

Table 5. Determined conversion for PsmD_Sa variants after 16 h of reaction, and specific activity for 
selected variants for method validation. The conversion was determined using whole cells and RP-
HPLC analysis. The cells were incubated at 35 °C, in the presence of 1 mM 10 and 1.5 mM SAM in KPi 
buffer (50 mM, pH 7.5). The specific activity was determined for isolated enzymes, using the 
MTase-Glo  assay. 1 µg enzyme was incubated with 20 µM 1 and 30 µM SAM in MTase-Glo  1X 
buffer (20 µL final volume) for 15 min at 35 °C.  

Variant Conversion (%) Specific activity 
(U/mg) 

Proposed function of the original amino 
acid 

Y15A - n/a Lid closure, cofactor activation 
Y15F >99% n/a  
T18A 73.5 ± 2.2 n/a  
Y22A - n/a Lid closure, cofactor activation 
Y22F 66.5 ± 3.5 n/a  
Y22E - n/a  
L25A >99% n/a  

W33A 14.8 ± 5.32 n/a Protein folding, substrate binding 
E35A 5.3 ± 0.1 n/a Substrate binding, stabilization of closed 

conformation 
E35D - n/a  
R38A - no activity Substrate binding, stabilization of closed 

conformation 
D84A - n/a Cofactor binding 
R85A 55.8 ± 9.6 n/a  
T88A >99% n/a  
M89A 48.6 ± 6.2 n/a  
Y128A - n/a Proton shuttle - base 
Y128F 10.2 ± 1.9 n/a  
Y128E 1.1 ± 0.46 n/a  
Y128S - n/a  
E157A 94.0 ± 7.0 8.2 ± 1.8 * 10-4  
W166F 60.5 ± 4.39 n/a  
W182A 85.7 ± 8.4 n/a  
W182F 84.1 ± 11.5 n/a  
Y197A 60.5 ± 9.66 n/a  
Q199A 96.1 ± 3.76 n/a  
E215A 18.9 ± 1.9 1.6 ± 1.3 * 10-4 Proton shuttle - acid 
E215D 36.4 ± 3.2 n/a  
H217A 6.8 ± 0.6 n/a Proton shuttle - base 

WT PsmD_Sa >99% 81.3 ± 10.0 * 10-4  
EV - n/a  

EV = empty pET21a vector in E. coli BL21 (DE3) Gold strain 
"-" = no product peak was observed after RP HPLC measurements 

n/a = specific activity was not determined 

 

Finally, mutants R85A, M89A, W166F and Y197A converted around half of the substrate 

amount, while T18A, L25A, T88A, E157A, W182A and Q199A led to high or full conversion, 
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revealing that their function is not vital and can be considered as targets for further protein 

engineering (Figure 34). 

 

 

3.3.3 Catalytic mechanism of PsmD 

The molecular docking of the natural substrate 10 in the catalytic sites of PsmD_Sg and 

PsmD_Sa provided insight into the substrate binding and interactions, as well as the possible 

mutagenesis targets within the catalytic site. The substrate was modeled and docked into the 

catalytic site in the closed conformation of PsmD_Sa, presumed to correspond to activity. The 

docking considered the amino acid residues rigid, but was followed by molecular dynamics 

simulations for the refinement of the poses and the substrate interactions with the solvent. The 

molecular docking and molecular dynamics simulations were performed by Dr. Benoit David 

(IBG-4, Forschungaszentrum Jülich).  

Since PsmD_Sa was the intended target for mutagenesis, the mechanistic analysis focused 

primarily on this homolog. As such, the computational simulations were performed on the 

PsmD_Sa homology model.  

Two plausible substrate poses were obtained after docking, corresponding to the 

S-configuration of the methylated product, and respecting the distance and angle requirements 

for methylation (Figure 35).[305, 307, 376] The first pose shows the indole nitrogen aligned with the 

Glu-His-Tyr triad. The carbamate side of the substrate molecule is oriented towards the 

tryptophan cluster at the end of the catalytic pocket, and stabilized by a hydrogen bond with 

the side chain of E35. The amide side of the substrate is folded towards the lid. In the second 

pose, the indole nitrogen forms a hydrogen bond with the carboxylate of E35 and the substrate 

is flipped, the amide side oriented towards the tryptophan cluster and the carbamate pointing 

towards the lid. As there was no strong argument for disregarding any of the two poses, both 

were considered plausible for mechanistic elucidation. 

Pose 1 supports the hypothesis of the Glu-His-Tyr triad acting as a proton shuttle, involved in 

the electronic activation of the substrate in an acid-base type of mechanism (Figure 35a). More 

precisely, it is proposed that the hydroxy group of Y128 is deprotonated by the activated H217, 

leading to the formation of a strong base, which in turn can deprotonate the indole in the 

3-position, activating the adjacent double bond prior to the nucleophilic attack. Variations of 

this system were reported in other methyltransferases, with histidine mostly in the role of the 
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base, sometimes in the presence of an activating acid. The substrate activation is sometimes 

performed by a tyrosine residue, as is the case of PsmD, directly by the catalytic histidine, or 

by an activated water molecule present in the catalytic site.[304, 310, 311, 377-381] In the case of 

PsmD, substrate activation could be presumably achieved either by complete deprotonation 

or by hydrogen bonding. Considering that the chemical methylation of this substrate requires 

the presence of a strong base, it is likely that the substrate deprotonation would be required 

within the mechanism of the enzymatic methylation.[358, 382]   

 

Figure 35. View of both substrate docking poses in the PsmD_Sa active site (taken from snapshots 
extracted from the MD simulations of the closed conformation) and the proposed mechanisms of 
methylation and subsequent intramolecular cyclization for each case. a. Substrate docking pose 1. b. 
Substrate docking pose 2. The carbon atoms of the substrate and the SAM cofactor are colored in gold 
and blue respectively. The dashed lines illustrate relevant distances with the surrounding active site 
residues. The figure was produced by the author for [1] and used here with the agreement of the 
American Chemical Society. 

In the second pose, a similar activation of the substrate indole could be achieved by hydrogen 

bonding of the indole nitrogen with the carboxylate of E35 (Figure 35b). However, glutamate 

by itself is not a strong enough base (pKa ~ 6.5) to deprotonate the indole amine (pKa ~ 17). 

A similar mechanism was reported for the CdpNPT prenyltransferase. In that case, a glutamate 

residue forms a hydrogen bond with the indole amine increasing the electron density on the 

C3’ of the indole and promoting the prenylation and subsequent intramolecular cyclization. [383] 

E35 could participate in a similar mechanism, also contributing to the productive orientation of 

the substrate in the catalytic site. However, it must be noted that there is a substantial 
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difference in the reactivity of methyl and prenyl groups. Prenyltransferases use dimethylallyl 

pyrophosphate (DMAPP) as the prenyl donor. In this case, the double bond stabilizes the 

positive charge formed after the cleavage of the pyrophosphate, creating a stronger 

electrophile than the SAM-attached methyl group.[384] As a consequence, methylation requires 

a stronger driving force than prenylation.  

In the MD simulations, pose 2 provides a shorter distance between the methyl group of the 

cofactor and the C3' of the substrate indole, compared to pose 1. Additionally, the angle 

distribution between the sulfonium ion, the transferred methyl and the C3’ site on the substrate 

aligns more closely with the transition state of the SN2-type mechanism typically described in 

SAM-dependent methyltransferases (162-170°), (Figure 36).[305, 380]  

Although both poses must be reasonably considered, the alanine scan results highlight the 

importance of the Glu-His-Tyr triad, which cannot be fully explained when referring to pose 2. 

Considering the literature examples of acid-base activation in methyltransferase catalysis and 

our subsequent mutagenesis and docking results (Chapter 3.3.2), the evidence seems to favor 

the likelihood of pose 1 as the productive binding mode (Figure 35a). However, pose 2 cannot 

be definitively excluded with the information available so far. 

 

Figure 36. Geometry of the substrate docking poses 1 (blue) and 2 (red) in relation to the SAM cofactor. 
The distance between the C3 (substrate) and C9 (SAM) atoms over 380 ns of MD simulation is reported 
on the x-axis. The angle measured between the S1 and C9 atoms of the cofactor and the C3 atom of 
the substrate is reported on the y-axis. Each point refers to a single snapshot taken over the course of 
the PsmD MD trajectories starting from the functional (closed) conformation. The figure was produced 
by Dr. Benoit David for [1] and used in this work with the agreement of the American Chemical Society. 
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3.3.4 Conformational dynamics of the PsmD catalysis 

An overlap of the open and closed crystal structures of PsmD_Sg bound to the cofactor 

revealed a conformational shift of the cofactor itself. Although the obtained crystal structures 

only contain SAH, SAM could be digitally modeled by adding the missing methyl group, 

respecting the natural S-conformation of the natural cofactor. This, in combination with the 

docked substrate and subsequent MD simulations, shows that the closing of the lid is 

associated with a favorable shift in the cofactor position, pointing its methyl group towards the 

methylation site on the substrate (Figure 37a). This could be part of a regulatory metabolic 

pathway, where the transformation of the substrate is controlled by the closure of the lid, in 

turn triggered by the binding of the substrate within the catalytic site. There is an argument for 

the evolutionary utility of such regulation, as producing secondary metabolites at an 

uncontrolled rate could generate a too high metabolic cost and prove toxic to the host 

organism.[385-387] The SAM conformational shift as a regulatory mechanism has been reported 

for the tRNA methyltransferase TrmD. In this case, a Mg2+ ion drives the cofactor 

conformational exchange and stabilizes the negative charge of the deprotonated amine 

methylation site on the substrate.[388] Furthermore, similar N-terminal lid structures have been 

reported particularly in sugar O-methyltransferases, such as MycF, involved in the biosynthesis 

of mycinamicin, the novobiocin biosynthetic methyltransferase - Nov-P, and TylF, the 

methyltransferase involved in the biosynthesis of tylosin.[389-391] Although not specifically 

identified as lids, similar N-terminal loop structures can be found in the reported structures of 

other methyltransferases with a variety of substrates and methylation targets such as NNMT 

(nicotinamide N-methyltransferase), NovO (coumarin C-methyltransferase) and StspM1 

(tryptophan diketopiperazine C-methyltransferase).[292, 309, 392] 

The SN2 mechanism of methylation requires the formation and stabilization of a transition state, 

as previously shown by density functional theory (DFT) simulations and kinetic isotope effect 

(KIE) measurements.[393] Previous studies have shown that KIEs are influenced by the 

conformational changes of the cofactor upon protein binding, as well as the interactions 

between the protein and the substrate. Besides the electronic effects of the residues in the 

compression of the enzyme might destabilize the reactants more than the transition state. This 

hypothesis was formulated in response to KIE results for COMT, which suggested that the 

enzyme might be able to distinguish the SN2 transition state and stabilize it specifically.[394] 

Although the theory is controversial in the scientific community, with studies showing 

contradictory conclusions on the matter, more recent computational and experimental 

analyses on SAM-dependent methyltransferases such as COMT and GNMT, are in favor of 

the existence of a protein compression effect, associated with the electrostatic stabilization 
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within the catalytic site, as necessary for the activation of the methyl transfer.[395] The 

requirement for a catalytic site compression for the stabilization of the transition state could 

provide another plausible explanation for the presence of the N-terminal lid and its closing 

motion within the catalytic process of PsmD. The closure of the lid presumably reduces the 

space in the catalytic pocket, while triggering the formation of the methylation transition state 

through the conformational shift of the cofactor. KIE experiments on PsmD could perhaps bring 

more insight into the matter.  

 

Figure 37. Significance of the Y22 residue. a. Location of Y22 in relation to SAM in the open (gray) and 
closed (pink) conformations of the PsmD_Sa homology model. The substrate (green) is represented in 
docking pose 1. The SAM cofactor (methyl group marked by asterisk) was modeled based on the 
position of SAH in the respective crystal structure of each conformation in PsmD_Sg. b. Influence of the 
conformation (open/closed) of the N-terminal lid (blue: substrate pose 1; red: substrate pose 2) on the 
fluctuations of the Y22 Cα-Cβ torsion angle over the course of the simulations. The figure was produced 
by the author in colaboration with Dr. Benoit David for [1] and used here with the agreement of the 
American Chemical Society. 

In order to obtain more insight into the dynamic motion involved in PsmD catalysis, a 

comparative analysis of the MD trajectories of the dimeric PsmD_Sa in both conformational 

states was performed, in the presence of both substrate poses. This revealed a high mobility 

of the Y22 side chain in the open conformation, in contrast to the high conformational stability 

of this residue in the closed state (Figure 37b). It is plausible that the position shift of Y22 upon 

lid closure influences the conformational change of the cofactor, stabilizing the productive 

conformation through the electrostatic interaction between its hydroxyl and the positively 

charged sulfonium ion on the cofactor. This effect is heightened by the hydroxyl groups of Y15 

and Y128, positioned in the close vicinity within the closed catalytic pocket and forming a 

partially negatively charged area. This activation is likely essential for PsmD activity and similar 

tyrosine residues emerge in the structures of multiple methyltransferases with a variety of 

target substrates (Figure 38).[292, 311, 377-379, 396, 397] A literature analysis based on quantum 
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chemistry calculations shows evidence of CH···O hydrogen bonds coordinating the SAM 

methionine residue across all classes of methyltransferases. These interactions are stronger 

than typical hydrogen bonds and are believed to be important for the binding of SAM and for 

the stabilization of the transition state.[398, 399] This is in agreement with and could explain the 

observed importance of Y22, Y15 and Y128 in the structure of PsmD.

Figure 38. Conservation of key residues in selected PsmD sequence homologs. The conservation 
scores (bits) were derived from a multiple sequence alignment built using ConSurf and processed using 
the WebLogo server.[400-402] The arrows indicate essential residues for PsmD activity. The conservation 
analysis and figure were produced by Dr. Benoit David (IBG4, FZJ) for [1] and used here with the 
agreement of the American Chemical Society.

Principal component analysis of the conformational landscape within the MD simulation time 

revealed a possible third conformational state of the enzyme, in which after the lid closure, a 

-helices on the opposite side of the catalytic site. This 

was observed after approximately 100 ns in all simulation iterations. This motion could be 

involved in the egress of the product, after the methylation. The crystallographic data supports 

this hypothesis, as the closed state features notable mobility of this region, revealing alternate 

nd the adjacent tryptophan residues. The interaction between 

W33 and W166 may play a critical role in this motion, functioning as a "latch" on the catalytic 

pocket, opening after the product is synthesized and facilitating its removal (Figures 39, 40).
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Figure 39. Consequences of the conformational state of the N-terminal lid on the dynamics of the 
substrate (calculated from the simulations including the substrate pose 1). a. Computed volume 
occupied by the substrate indole ring during the simulations of the PsmD_Sa dimer in complex with both 
SAM and substrate. Both open (blue mesh) and closed (red mesh) states were simulated. The SAM 
cofactor is represented in sticks. The structure of PsmD in its closed state is shown in the gray cartoon. 
b. Proposed product egress mechanism. The impact of both opening (blue) and closing (red) 
conformations of the N-terminal lid on adjacent structural motifs and on the orientation of W33 and W166 
side chains is shown. The analysis and figure were produced by Dr. Benoit David for [1] and used here 
with the agreement of the American Chemical Society. 

 

Figure 40. A. The closure of the N-terminal lid is quantified by the distance between P14 and V216 C 
atoms and between W33 and W166. Each point refers to a given snapshot extracted from 380 ns MD 
simulations of the PsmD dimer, considering both substrate docking poses and N-terminal lid in either 
open (blue) or closed (red) conformations. The normalized distance distributions are shown on the top 
and right sides of the plot. B. Influence of the conformation (open/closed) of the N-terminal lid on the 
distance between W33 and W166 sidechains Cβ atoms considering the simulations with the substrate 
docking pose 1 (blue) or 2 (red) separately. The analysis and figure were produced by Dr. Benoit David 
(IBG4, FZJ) for [1] and used here with the agreement of the American Chemical Society. 
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3.3.5 Chapter summary 

 The molecular docking of the natural substrate into the catalytic site of 

PsmD_Sa and subsequent MD simulations provided two plausible poses 

of the substrate within the catalytic site. 

 An alanine scan was performed, highlighting the importance of E215, 

H217 and Y128 as a proton shuttle, likely involved in substrate activation. 

The importance of other residues such as Y15, Y22, W33A, E35A, R38A 

and D84A was revealed and their roles were discussed. 

 Two mechanisms of action were proposed, corresponding to the two 

identified substrate poses. The first involves the electronic activation of 

the substrate by a deprotonation of the indole amine, driven by the 

activated tyrosine in the Glu-His-Tyr catalytic triad. For the second pose, 

the activation takes place via a hydrogen bond between the indole amine 

and the carboxylate of E35 

 The apparent significance of the catalytic triad, along with the similarity to 

the mechanisms of other SAM-dependent methyltransferases reported in 

the literature, supports the first pose and its corresponding mechanism. 

 MD simulations revealed the significance of Y22 and Y15 position shifts 

upon lid closure, correlating with the conformational change of the 

cofactor. A third conformational state of the enzyme was identified, in 

which a channel opens on the inner end of the catalytic channel. This 

conformation is likely associated with the product egress. 
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3.4 Development of a colorimetric assay for indole detection 

3.4.1 The Ehrlich reagent in indole detection 

The Ehrlich reagent was originally developed at the beginning of the 20th century and used for 

the detection of indoles in biological samples.[403] It is based on the coupling of 

4-(dimethylamino)benzaldehyde (DMAB) with two indole rings under acidic catalysis, forming 

a colored iminium cationic compound, stabilized by extended electron resonance. The reagent 

is currently used for diagnosing liver disorders through the detection of urobilinogen and has 

been suggested as a potential tool for screening various types of cancer.[404-406] It is also used 

as a test for tryptophan production in bacterial cultures, as a detection method for psychoactive 

compounds in forensic samples, and for the detection of hydrazine, pyrroles and 

porphobilinogen. [407-412] The original Ehrlich reagent uses HCl as a catalyst and EtOH as a 

solvent. Its scope is however limited to simple indoles, prompting the later development of 

multiple variations, using the same principle but various replacements of acids (most notably 

H2SO4) and solvents (MeOH or iPrOH).[413, 414]A modified Ehlich reagent was used as a 

developing agent for thin layer chromatography (TLC), with the addition of oxidants (FeCl3 or 

H2SO4).[415] An enzymatic activity assay was developed based on the Ehrlich reagent, for the 

determination of amine transaminase activity, in which 2-aminoethylaniline was used as the 

amine donor, generating indole in situ, which was then detected using the Ehrlich reagent.[416] 

The indole aromaticity is disrupted after the PsmD methylation. Because of that, a selective 

assay for indoles was an attractive option for PsmD mutant activity screening. However, when 

attempted, the original Ehrlich reagent as well as the modified versions available in the 

literature, did not provide reliable results, if any, for the PsmD substrates. As such, new 

modifications of the assay conditions were necessary. A key goal of this project was to develop 

an assay applicable in aqueous environments, allowing for easy use in the buffered 

environment typical for most enzymatic reactions. Most of the reported Ehrlich assay variations 

use alcohols exclusively as solvents for the analytes, occasionally containing small amounts 

of water. One instance was reported in which synthetic cannabimimetics were quantified using 

a modified Ehrlich test in which the samples were dissolved in 70:30 (v/v) MeOH:H2O mixtures, 

using H2SO4 immobilized on silica as catalyst.[413]    

The mechanism of the reaction between the Ehrlich reagent and indoles is still debated, and 

the identity of the colored product obtained from the condensation with indole derivatives is 

unclear, based on current reports. A crystal structure of the DMAB condensation product with 

indole was determined, showing the carbonyl of the DMAB molecule binding to two indole 

molecules in the 3- -bis(indoyl)methane derivative as the colored 
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product.[417] However, this conclusion cannot be freely applied to indoles substituted in the 

3-position, such as the PsmD substrates, where steric constraints are likely to cause the 

binding of the DMAP molecule to the 2-position of the indole rings instead.[413] More insight into 

the formation of the condensation product could be found in the descriptions of 

triphenylmethane dyes, particularly their light-driven ionization. Considering this as a parallel, 

the oxidation of the central carbon atom could cause electron delocalization contributing to the 

absorption of light in the visible spectrum (Figure 41). This phenomenon was observed in 

various triphenylmethane dyes, such as crystal violet and malachite green (Figure 42). In an 

aqueous environment, an equilibrium forms between the colored cation and a colorless 

carbinol. Increasing the pH shifts the equilibrium toward carbinol formation. This matches the 

observations in this work, where an increase in pH corresponded to a reduction of color 

intensity (Chapter 3.4.3). The possibility of the carbinol and the cation forming a colorful 

complex was also hypothesized.[418] Notably, in the case of triphenylmethane dyes, 

photophysical and photochemical deactivation was also observed.[419] 

 

Figure 41. Reaction scheme showing the reaction between a substituted indole derivative and DMAB, 
and the putative colorful complex. The figure was originally produced for [2] and was used without 
modifications, according to the Wiley CC licensing. 

 

Figure 42. Examples of known triphenylmethane dyes. The figure was originally produced for [2] and 
was used without modifications, according to the Wiley CC licensing. 

 



3. Results and discussion 
 

117 

3.4.2 The role of light in the color formation 

The optimization of the indole assay started from the cannabimimetic assay described by 

Durmu  et al., using H2SO4 as the acid, and iPrOH as the alcohol.[413] This version of the assay 

was selected due to the structural similarity between the targeted analytes and the PsmD 

substrates. The attempts to use the reported assay as described in the literature did not yield 

adequate results in terms of color intensity and reproducibility for the compounds used in this 

work. All the optimization efforts and tests were applied to solutions of 1 mM analyte in KPi 

buffer (50 mM, pH 7.5), unless specified otherwise. The assay was optimized and performed 

in 96-well microtiter plates, to allow for easy automation when necessary.  

An initial experiment showing the influence of light on the formation of the color was prompted 

by the lack of method reproducibility in the early stages. The role of light in the formation of the 

colored compound in various Ehrlich assay variants has mostly been overlooked and has only 

been scarcely referenced in the literature.[416] An early experiment, in which the final incubation 

step with DMAB was simultaneously carried out either in the dark or exposed to 365 nm UV 

light revealed significant efficacy differences. The absorbance of compound 10 was measured 

after 10, 30 and 60 minutes of incubation with DMAB (Figure 43B). The irradiated samples 

consistently provided higher absorbances than the ones incubated in the dark. The evolution 

in time also showed an opposing trend between the two procedures. The samples incubated 

in the dark were subjected to discoloration, corresponding to the decrease in the absorbance 

at 580 nm. For the samples exposed to UV light the absorbance increases in time. The color 

formed after UV exposure was stable for at least an hour after the light exposure was 

interrupted (Figures 44, and 45).  

Multiple sources of light were tested in order to identify the best setup for the assay. Samples 

containing 1 mM melatonin (25) were irradiated by white and green LED light panels, a UV 

lamp at 365 nm and a LED lamp at 405 nm. The absorbance at 600 nm was measured after 

10 min of irradiation, providing a maximum absorbance after the 405 nm irradiation. Lower 

irradiation wavelengths performed better, suggesting that higher energy boosts the formation 

of the colored product (Figure 43A). This energy might be required for the oxidation of the 

DMAB condensation product, leading to the colored iminium ion. In other reported cases, this 

was achieved by adding supplementary oxidation agents such as FeCl3 or silica-immobilized 

H2SO4 to support color formation when using more structurally complex indoles.[413] It must be 

noted, however, that the addition of these oxidizing agents did not improve color yields for the 

substrates tested in this work.  
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Figure 43. A. Absorbance of the colorimetric complex formed by 1 mM melatonin (25) and DMAB after 
10 min of incubation under different types of light irradiation B. Evolution in time of the absorbance of 
the samples containing 1 mM compound 10 after 10 min of incubation with DMAB in the dark (triangles) 
or under UV light irradiation at 365 nm (dots). The figure was originally produced for [2] and was used 
according to the Wiley CC licensing. The compound numbering was modified, to correspond to the 
current work. 
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Figure 44. Stability of the color of the melatonin (25) complex with DMAB in time, after the stop of light 
irradiation. The figure was originally produced for [2] and was used without modifications, according to 
the Wiley CC licensing.

Figure 45. Stability of the color of the 10 complex with DMAB in time, after the stop of light irradiation.
The figure was originally produced for [2] and was used without modifications, according to the Wiley CC 
licensing.

In order to facilitate the practical implementation of the optimized activity assay, an LED array 

adapted for 96-well microplates was designed and built by Martin Wäscher (Institute of

Bioorganic Chemistry, Heinrich Heine University Düsseldorf). The device case was produced 

by 3D printing, using low-cost materials, and the light was produced using commercially 

available 405 nm LEDs (Figure 46). The digital construction plans are publicly available along 

with the published assay data, for easy reproduction of the device.[2]      
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Figure 46. The UV-LED array used for the irradiation of the 96-well plates within the indole assay. The 
lamp was designed and built by Martin Wäscher (IBOC, Heinrich Heine University Düsseldorf) for this 
work. The photos were originally produced for [2] and were used without modifications, according to the 
Wiley CC licensing. 

 

 

3.4.3 Assay parameter optimization 

Melatonin (25) was selected as a model compound for the assay components optimization due 

to its similarity to the PsmD substrates, and its commercial availability. The reaction with DMAB 

needs strong acidic conditions to take place. Several highly concentrated acids were tested, 

and various alcohols were screened as solvents for DMAB. In the acid screening experiment, 

discrepancies in the absorbances appeared between melatonin and the PsmD substrate 10. 

Although the samples containing melatonin provided high absorbances in the presence of HCl 

and H2SO4, the reaction with substrate 10 only performed well in the presence of H2SO4 (Figure 

47A). The choice of alcohol did not cause significant variance in the final sample absorbances, 

regardless of the analyte. The screening indicated that all tested alcohols can be used in the 

assay, with iPrOH leading to the highest color formation. In the end, the combination of H2SO4 

and iPrOH was chosen for broader assay applicability. 
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Figure 47. A. The influence of different acids on the read-out. B. The influence of different alcohols on 
the read-out. Blue: DMAB complex with melatonin (25); violet: DMAB complex with compound 10; grey: 
negative controls (the negative controls contain all the components, except for the substrate). The figure 
was originally produced for [2] and was used according to the Wiley CC licensing. The compound 
numbering was modified to correspond to this work. 

 

The necessary DMAB concentration was also tested, revealing a linear dependence. 

Absorbance at 600 nm increased with DMAB concentration in iPrOH (Figure 48A). The 

300 mM concentration was chosen for the optimized assay. Higher concentrations were limited 

by the solubility of DMAB in iPrOH. Finally, the effect of the substrate solution pH was 

assessed. Various pH values typically used in enzymatic reactions were tested, ranging from 

5 to 10 (Figure 48B). The pH shift resulting from the addition of concentrated H2SO4 seems to 

erase most of the effects of the initial buffers. After performing the assay, the absorbances at 

600 nm were similar across most tested samples, regardless of the initial pH of the analyte 

solution. However, a drop in absorbance was observed at pH 10, resulting in decreased assay 

sensitivity. Nonetheless, the assay is applicable across the pH conditions most commonly used 

in enzymatic reactions, in the presence of various buffers, including sodium acetate, potassium 

phosphate and sodium bicarbonate.  
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Figure 48. A. The influence of the DMAB concentration on absorbance; B. The influence of sample pH 
on the absorbance of melatonin (25) complex at 600 nm. NC stands for negative control, in the absence 
of 25; C. The linear range of the indole assay with melatonin (25) in 96-well plate format and 150 µL 
total volume, with absorbance measured at 600 nm. The linear response occurs between 7.8 and 1000 
µM melatonin (25); D. Substrates and products of known cyclization reactions producing pyrroloindoles. 
The photographs of microplate wells show their respective color response within the assay. The figure 
was originally produced for [2] and was used according to the Wiley CC licensing. The compound 
numbering was modified to correspond to this work. 

Using the optimized conditions, the relationship between the absorbance at 600 nm and the 

melatonin concentration in the initial sample follows a linear model up to 1 mM melatonin, with 

a limit of detection of 7.8 µM (Figure 48C). Similarly, a linear calibration of PsmD substrate 10 

was achieved to a maximum concentration of 2 mM and a limit of detection of 62 µM (Figure 49). 

In both cases, the linear response corresponds to the range of concentrations normally used 

for analytical scale enzymatic reactions. The optimized assay in the presence of melatonin 

was also tested for reproducibility, producing under 10% deviation of absorbance at 600 nm, 

across 8 measurements (Figure 50). 



3. Results and discussion

123

Figure 49. The linear range of the indole assay with 10 in 96-well plate format and 150 µL total volume, 
with absorbance measured at 600 nm. The linear response occurs between 62 and 2000 µM 10. The 
figure was originally produced for [2] and was used without modifications, according to the Wiley CC 
licensing.

Figure 50. Reproducibility study of the absorbance spectrum of the complex formed with melatonin 
1 mM, using the indole assay. 8 samples from 3 different batches were compared. At 600 nm there was 
an 8.6% standard deviation. The figure was originally produced for [2] and was used without 
modifications, according to the Wiley CC licensing.

In the optimized procedure, 50 µL sample solutions in buffer were transferred to the plate wells, 

after which 50 µL 98% H2SO4 were carefully added and mixed thoroughly. The plate was 

incubated at room temperature for 10 min, and then 50 µL DMAB solution (300 mM in iPrOH) 

was added to the samples and mixed thoroughly. The plate was then incubated for 10 min 

under LED irradiation at 405 nm. The resulting colors ranged from pink to blue, depending on 

the analyzed substrate, allowing for absorbance measurements using a plate reader 

(Figure 51). 
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Figure 51. General optimized procedure for the indole assay. The figure was originally produced for [2]

and was used without modifications, according to the Wiley CC licensing.

There is a variety of enzymes capable of catalyzing group transfers on the 3-position of 

indole-containing substrates, leading to spontaneous intramolecular cyclization to 

pyrroloindole (described in Chapter 2.1.4). The assay was tested with various indoles and 

pyrroloindoles, to assess its applicability range. Its use is not limited to the activity 

determination of the PsmD methylation, but is applicable to any enzyme catalyzing the 

formation of pyrroloindole from indoles, regardless of the transferred group or enzymatic 

mechanism. To test this, melatonin was tested, along with its potential methylation, 

hydroxylation, and prenylation products. The melatonin-derived pyrroloindoles were 

chemically synthesized by Mona Haase (Institute of Bioorganic Chemistry, Heinrich Heine 

University Düsseldorf), starting from melatonin using methyl iodide or prenyl bromide in basic 

conditions, to produce the methylated and prenylated compounds. The hydroxylated 

compound was synthesized in four steps using a 3-brominated intermediate followed by 

oxidation, as described in the literature.[2] None of the pyrroloindoles reacted with DMAB, 

demonstrating the selectivity of the assay for indoles and its applicability for multiple types of 

pyrroloindole-forming enzymatic processes. For validation, the PsmD substrate 10 and natural 

product P10 were tested, as well as the natural dipeptide substrate 33 and product P33 of the 

methyltransferase StspM1.[292] Only the compounds containing the aromatic indole rings lead 

to color formation after the assay (Figure 48D).

3.4.4 Substrate scope of the new colorimetric assay

To determine the structural range of possible analytes leading to positive results, several 

indole-containing natural metabolites were analyzed using the optimized assay. Free and 

protected tryptophan (6, 34, 35), serotonin (8), tryptamine (36), and melatonin (25) reacted
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with DMAB, forming compounds that strongly absorb in the 580-600 nm range (Figure 52). 

This makes them excellent candidates for detection and quantification using the indole assay. 

Compounds 10, 23 and 29 as well as the tryptophane dipeptide 33, also led to intense color 

formation. The samples containing indole (5), 4-hydroxyindole (37) and indole pyruvic acid (38) 

displayed slight orange coloration after the assay was used, with a lower local maximum 

absorbance around 0.5 mAU and a shift towards lower wavelengths. Other heterocyclic 

compounds, adenine (39) and 8-hydroxyquinoline (40) did not form any colored product in the 

presence of DMAB. The lack of coloration of compound 19 was unexpected, and might occur 

due to the low solubility of 19 in water. Compound 19 was of interest for PsmD engineering, 

so a modification of the assay was tested, supplementing the sample with iPrOH to improve 

the solubility. In this case, a color change could be detected using a 1:1 iPrOH:buffer ratio of 

the initial sample (Figure 53). This allows for the detection of 19 using the modified indole 

assay, albeit with lower sensitivity.  
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Figure 52. Substrate scope used to test the indole assay. The graph shows the absorbance at the 
chosen peak wavelength of each substrate, with a 1 mM initial sample concentration; the photographed 
plate wells show the corresponding color. NC stands for “negative control” (absorbance measured at 
580 nm). The figure was originally produced for [2] and was used according to the Wiley CC licensing. 
The compound numbering was modified to correspond to this work. 
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Figure 53. A. Wells containing compounds 18 (t-Bu-carbamate) and 19 (Phe-carbamate), after 
performing the modified assay with different dilution solvents. The initial 1 mM sample in KPi buffer (50 
mM, pH 7.5) was diluted with an equal amount of solvent, after which 50 µL of the mixture was used in 
the usual assay protocol. B. Effect of the dilution ratio with iPrOH on the sample color in the wells 
containing 1 mM 19, after the completion of the assay procedure. The sample diluted to a 1:1 ratio 
provided the highest absorbance at 550 nm.   

 

 

3.4.5 Application of the colorimetric assay for PsmD activity determination 

The indole assay was developed specifically for the high-throughput activity screening of 

PsmD-catalyzed methylation reactions. To assess its utility in enzymatic reactions, it was 

tested with the PsmD_Sa reaction mixture in two different formulations. In the initial test, the 

reaction was performed using isolated PsmD_Sa in the presence of 1 mM substrate 10 and 

SAM. The reaction was stopped at different time points and the conversion of 10 to P10 was 

assessed in each case. The consumption of the substrate followed a linear trend.  

A newly developed pyrroloindole assay was used in parallel, to monitor the product formation.[2] 

The pyrroloindole assay was developed by Mona Haase (Institute of Bioorganic Chemistry, 

Heinrich Heine University Düsseldorf) and it requires the use of cerium sulfate under acidic 

conditions for the detection of pyrroloindoles.  Both assays can be utilized for monitoring the 

PsmD reaction progress, from different directions: the indole assay detects the substrate 

consumption, while the pyrroloindole assay monitors the product formation. When used in the 

same experiment, the obtained enzymatic activity should coincide. The conversion trends after 

the PsmD reaction followed by separate analysis using each assay were complementary 
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(Figure 54A), and specific activities could be calculated. The calculated specific activity was 

0.06 ± 0.01 U/mg for the indole assay and 0.047 ± 0.001 U/mg for the pyrroloindole assay. For 

the validation of both assays, the conversion in time was also analyzed using RP-HPLC, 

obtaining a calculated specific activity of 0.046 ± 0.000 U/mg. Therefore, both assays can 

reliably be used for specific activity determination using isolated enzymes. 

The use of isolated enzymes is typically avoided in the screening of mutant libraries due to the 

large number of variants. Instead, whole-cell formulations or protein extracts are usually 

chosen. For a proof of concept in this type of setting, the indole and pyrroloindole assays were 

used for conversion determination in PsmD_Sa reactions using whole-cell biocatalysts (Figure 

54B). The wild type and mutants R85A and E35A were expressed in E. coli Bl21 Gold (DE3) 

cells, which were then harvested and resuspended in a reaction mixture containing 1 mM 

substrate 10 and SAM. The mutants were selected based on their activity relative to the wild 

type, as determined from the earlier alanine scan (Chapter 3.3.2). E. coli cells containing the 

empty vector were used as a negative control. After 16 h of incubation, the reactions were 

stopped and the cells were removed by centrifugation. The supernatant was used without 

further processing in the regular assay protocol. The RP-HPLC conversion in the samples was 

also determined for validation. The conversion trends between variants correspond between 

all the analytical methods used. As expected, WT PsmD_Sa reached the highest conversion, 

followed by mutant R85A and E35A. In the case of E35A, the low conversion could not be 

detected with either assay, resulting in absorbance readings below the background levels. The 

background can be attributed to the proteins and cell debris present in the mixtures. The 

tryptophan present in the samples can also be responsible for the background absorbance, as 

it was shown to form colored condensation compounds with the DMAB. While the conversions 

detected by the pyrroloindole assay were significantly different from the HPLC analysis, the 

trends were maintained, allowing its use for a qualitative analysis using whole cells. In the case 

of the indole assay, the higher conversions were comparable with the HPLC results, with the 

sensitivity decreasing at lower conversions. Considering this limitation, the indole assay is 

compatible with (at least) a semi-quantitative high-throughput screening using whole-cell 

biocatalysts.  
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Figure 54. A. Reaction scheme of the reaction catalyzed by PsmD_Sa in the presence of the SAM 
cofactor. Variation of substrate 10 and product P10 concentration in time during the reaction catalyzed 
by isolated PsmD_Sa. The substrate consumption was monitored using the indole assay, while the 
product formation was quantified using the pyrroloindole assay. The slopes correspond to comparable 
activity, displayed here as the variation of concentration in time, from both the perspective of the 
substrate and the product. B. Process scheme of the PsmD_Sa mutant screening using whole-cell 
biocatalysts. The graph shows the conversion to P10 for the tested mutants, determined from the 
supernatant using the indole assay (blue), the pyrroloindole assay (pink) and RP-HPLC (grey). The 
figure was originally produced for [2] and was used according to the Wiley CC licensing. The compound 
numbering was modified to correspond to this work. 
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3.4.6 Chapter summary 

 The Ehrlich reagent detects indoles through the coupling with DMAP in 

the presence of an acid and alcohol, forming a colored product. Various 

versions of the assay have been developed, with applications ranging 

from diagnostics to forensic science and microbiology. 

 The available Ehrlich test versions are not applicable for the detection and 

quantification of the PsmD indole-containing substrates. For this reason, 

a new iteration of the assay was developed. 

 It was found that light irradiation plays a crucial role in color formation, 

likely triggering the oxidation of the condensation product with DMAB. 

 The system parameters (component types and concentrations, pH, light 

source) were optimized, enabling its applicability for a range of substituted 

indoles. 

 The assay is selective for indoles, enabling its use with pyrrolindole-

forming enzymes. Its substrate scope includes metabolites such as 

melatonin, serotonin, tryptamine and tryptophan. 

 The assay was successfully used to determine the substrate conversion 

and activity of multiple PsmD variants in isolated form and as whole-cell 

biocatalysts, demonstrating its utility for the high-throughput screening of 

mutant libraries.
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3.5 Directed evolution of PsmD_Sa 

The mechanistic analysis of PsmD_Sa revealed a dynamic mode of action, triggered by 

important conformational shifts of the enzyme. In order to modify the substrate scope of the 

enzyme in a productive manner and take into account the unexpected effects of amino acid 

substitutions within the catalytic site, a semi-rational design approach was chosen for the 

engineering of PsmD, using saturation mutagenesis. This allowed for a reduction of bias, by 

exploring the effects of all the possible amino acid residues in the chosen positions while 

producing concentrated mutant libraries, which could be efficiently screened within the scope 

of the project.  

 

3.5.1 Mutagenesis strategy 

Two substrates were used for the screening of mutant libraries, containing voluminous 

functionalities on either side of the molecule (Figure 55). Although physostigmine derivatives 

containing phenyl-carbamates are known to possess AChE inhibitory effects, not much is 

known about the effect of substituents on the amide side (Chapter 2.1.6). Derivatives 

containing longer alkyl chains such as ethyl and butyl were shown to possess AChE and BChE 

inhibitory effects, but the available data for similar structures remains limited.[153] For this 

reason, we chose substrate 23 containing a t-butyl residue on the amide, in the hope of further 

expanding the available diversification options in this position. Product P23 is also known to 

inhibit AChE and BChE.[358] Substrate 19, containing a phenyl-carbamate rest is a precursor of 

the AChE inhibitor drug phenserine. Since phenserine and its derivatives are synthetic drugs, 

a chemo-enzymatic route towards phenserine would be attractive, providing an alternative 

option for its stereoselective production.  

 

Figure 55. Substrates chosen for the mutant library screening and their respective enzymatic 
methylation products. 
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The choice of saturation mutagenesis sites was driven by the aim of increasing the available 

space for bulky substrate substituents, while maintaining a compact enough catalytic pocket 

for the methylation to take place. Multiple studies have shown the importance of compression 

within the catalytic site of methyltransferases for the SN2-type methyl transfer (see Chapter 

3.3). As such, we targeted bulky amino acid residues positioned at the extremities of the 

catalytic pocket, which were shown to not be vital in the alanine scan. Two residues were 

chosen from the previously identified “tryptophan cluster” (Chapter 3.2), W166 and W33, as 

well as Y256 in their vicinity, as they pose a significant steric hindrance on the carbamate side 

of the substrate. Y15 and Y197 were also targeted from the lid area (Figure 56).  

Iterative saturation mutagenesis allows the creation of focused libraries and reduces bias by 

taking into account possible cooperative effects of different mutations. As such, iterative 

mutagenesis and screening steps were planned with the aim of harnessing the potentially 

cumulative effect of beneficial mutations. To combat codon redundancies and reduce the 

resources needed for the screening we chose the 22c trick for the primer design within the 

saturation mutagenesis approach, using a specific set of degenerated primer mixtures 

(Table 6).[420]  

Table 6. Comparison between saturation mutagenesis primer design strategies 

Saturation strategy Degenerated codon Colonies screening requirement for 95% 
aa coverage[420] 

Regular NNK 96 
22c trick NDT, VHG, TGG mix 66 

 

 

Figure 56. A. Catalytic site of PsmD_Sa with the docked SAM and the natural substrate 10. Saturation 
mutagenesis targets are highlighted in pink. B. Scheme of the catalytic site of PsmD and the positions 
of saturation mutagenesis targets relative to the substrate and the catalytic triad. 
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3.5.2 Mutant library generation 

The use of the 22c trick for primer design involves mixing the degenerated primers in a specific 

ratio. Throughout the optimization efforts, inverse PCR, also known as -the-

mutagenesis functioned in a consistent manner (Figure 32, Chapter 3.3.2). This method uses 

back-to-back primers, amplifying the whole plasmid in opposite directions. Only one of the 

primers contains the degenerated codons. At the end of the PCR amplification, linear 

amplicons are produced, requiring a subsequent ligation step for the generation of circular 

plasmids. The high GC content of the PsmD gene rendered the optimization of annealing 

temperatures difficult. To accommodate the variety of mutation targets and primer sequences 

without the necessity of extensive -  was 

employed. This involves the reduction of annealing temperature by 1 °C with each cycle, within 

a given set of boundaries. The method can present several disadvantages, such as the higher 

cost of phosphorylated primers and the higher chance of random mutations occurring when 

amplifying a whole plasmid, as opposed to genes or gene fractions. Nevertheless, in this case, 

the inverse PCR primer design method -  proved 

to be the most versatile and reliable for the amplification of the PsmD gene libraries. 

 

 

3.5.3 Development of an automated screening process  

An automated process for the mutant library generation and screening can greatly improve the 

speed and precision of directed evolution. To increase the versatility of the process and enable 

its use for the engineering of other similar enzymes, the process was split into three modules: 

protein expression, enzymatic reaction and activity assay (Figure 57). The automated process 

starts with colony picking of the mutant library transformants on agar plates. A robotic arm and 

liquid handling system can then perform all the steps sequentially, until the end of the 

enzymatic reaction module. Depending on the enzymatic process and the type of assay used, 

the next module could be continued on the same platform, or separated. The newly developed 

indole assay (Chapter 3.4) was used for the evaluation of the substrate consumption. Due to 

the necessity of concentrated H2SO4, the assay module was moved to a separate Opentrons 

(NY, USA) liquid handler robot, to avoid the corrosion of the laboratory platform components.    

The automated process in its current form can be applied to enzyme libraries which fulfil 

several conditions. In this study, the protein expression was performed by autoinduction in the 

E. coli production strain BL21 Gold (DE3). While generally, lac-induced expression systems 

can function via autoinduction, the expression needs to be confirmed and optimized if 
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necessary in each case, prior to the screening. If a later induction is required, OD600 monitoring 

systems could be implemented, along with an extra induction step. The enzymatic reactions 

were performed in whole-cell format. Depending on the membrane permeability of the 

substrates and products, this might often not be a possibility. High-throughput cell lysis steps 

can be considered, using a combination of lysozyme and detergents. Finally, the indole assay

can provide appropriate fast screening strategies for other pyrroloindole-forming enzymes. For 

methyltransferases, in the absence of a UV/Vis or fluorescence assay, one can consider the 

use of mass spectrometry for the screening of the focused mutant libraries.

Figure 57. Process scheme of the automated mutant library production and screening process.
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3.5.4 Synthesis of the PsmD substrates used for screening 

Substrates 23 and 19 were synthesized according to the literature.[358] A three-step synthesis 

route starting from 2-(5-(benzyloxy)-1H-indol-3-yl) acetonitrile (13) has been employed for both 

substrates, with minor differences (Scheme 14). In the first step, a reduction of the nitrile to 

amine in the presence of a NaBH4 takes place in situ, followed by the acylation with the 

corresponding anhydride (di-tert-butyl-dicarbonate for 41 and acetic anhydride in the case of 

14), in the presence of NiCl2. Next, a Pd-catalyzed deprotection of the phenol is necessary, 

before the carbamate attachment in the final step. A deprotonation of the phenol using 

triethylamine is followed by the DMAP-catalyzed carbamate formation. For substrate 23, 

methylcarbamoylchloride was used as a reagent, while in order to obtain the phenyl-carbamate 

in substrate 19, phenyl isocyanate was used. Although isocyanates are highly effective in 

carbamate synthesis with alcohols and phenols, their high toxicity limits their suitability for 

larger scale processes. In the end, the isolated substrates were obtained with a 21% overall 

yield for substrate 23 and a 22% yield in the case of 19. 

 

Scheme 14. Synthesis routes to PsmD substrates 23 and 19. 
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3.5.5 Hit identification and characterization 

After the activity assay step, heat maps were generated based on the absorbance values at 

580 nm. Since the indole assay detects the PsmD substrate, the hits were selected from the 

wells with the lowest absorbance at 580 nm, corresponding to the highest conversion of the 

substrate by the PsmD variant (Figures 58, 59).  

 

Figure 58. Example of the relationship between the analyte concentration (substrate 23) and color 
intensity after applying the indole assay. 

For each library, the wells with the five lowest absorbances were selected and the 

corresponding gene sequences were analyzed. Then, all the identified hits were re-cultivated, 

expressed and purified for specific activity determination and comparison, using the MTase-

Glo™ assay to determine the SAH cofactor formation. A comparison between the absorbance 

values obtained from the colorimetric assay and the specific activity determined from the 

MTase-Glo™ assay shows a similar trend between the hit variants. Small differences in the 

activity ranking of the colorimetric assay were observed. Some errors are not unexpected, due 

to the high absorbance background of the whole-cell reaction mixtures, as well as the multiple 

steps required in the high-throughput screening. A test run was performed using the natural 

substrate and the Y197X mutant library in order to validate the results of the colorimetric assay 

under the conditions used within the automated process. After the colorimetric assay step, 

several wells were picked randomly and the absorbance of the samples at 580 nm was 

compared with the RP-HPLC conversions of 10 to P10 (Table 7). The absorbance values 

decrease correlates to the increase of conversions, and the order of mutant activities was 

similar in both analysis methods. This confirmed the accuracy of the colorimetric assay for 

ranking mutant activities. Ultimately, after considering repeated hit mutations and false 

positives, several active mutants could be selected from each library in the screenings 

targeting 23. The screening for activity against 19 yielded one library with active mutants. 
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Figure 59. General scheme of the colorimetric assay used for the detection of the substrate indole and 
example of a library plate after the entire automated screening process. EV refers to the “empty vector” 
negative control. The figure was produced for [3] and used without modifications according to the CC 
licensing of the Royal Society of Chemistry. 

Table 7. Validation of the colorimetric assay as a screening strategy for mutant libraries. Wells were 
randomly selected and the absorbance at 580 nm after the indole assay was compared to the RP-HPLC 
conversions of the natural substrate 10 to the methylated product P10. 

Sample 
Conversion 

in RP 
HPLC 

Absorbance 
at 580 nm 

C8 100% 0.1088 

F4 100% 0.1077 

F12 95% 0.1203 

E2 80% 0.1333 

D6 66% 0.1601 

C2 0% 0.1821 

C10 0% 0.2033 

F6 0% 0.2381 

 

After the elucidation of the hit sequences, the selected mutants were isolated for specific 

activity determination and comparison. The purification of a larger number of mutants using 

the regular Ni-NTA affinity chromatography method is time and resource-intensive, therefore 

a small-scale chromatographic purification method was developed. This allowed the 

purification of a larger number of different enzymes in parallel and significantly reduced the 

necessary time. The parallel purification of 5-10 mutants became possible, yielding approx. 

200-300 µg protein/run, enough for analytical scale enzymatic activity determination. The 
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detailed small-scale purification protocol is described in the experimental section (Chapter 

7.3.3).  

 

3.5.6 Screening for t-Bu-amide activity (23) 

The screening using substrate 23 provided the most successful hit in the first round of 

saturation mutagenesis. While mutations of Y15, Y197 and W33 led to a reduction in PsmD 

activity, mutant W166C provided a 3-fold increase in specific activity towards 23, compared to 

the wild type. Considering the possibility of synergistic effects with mutations in the other 

positions, we continued the iterative approach. A series of mutants were identified which 

display more activity towards 23 compared to the wild type: W166C/W33L, W166C/Y15F, 

W166C/Y197F, W166C/Y197F/W33F, W166C/Y197F/W33M, W166C/Y197F/Y15F and 

W166C/Y197F/Y15F/W33L. Nevertheless, none surpassed the activity of the initial hit, 

W166C. Subsequent mutations to the other chosen positions reduced the activity of W166C 

(Figure 60). In particular, mutations to Y15 and W33 seemed to generally reduce the activity. 

The only active mutation of Y15 was to phenylalanine, which supports the earlier mechanistic 

hypothesis about the steric requirements of the PsmD lid closure (Chapter 3.3). Similarly, the 

presence of W33 might be necessary for the 

the catalytic site. Interestingly, W166 is part of the cluster as well, but the position displays 

much more versatility for mutations. Further saturation mutagenesis strategies might benefit 

from focusing on the area in the vicinity of W166 (Figure 61).  

The activity towards the PsmD natural substrate 10 was also determined and a clear 

decreasing effect is observable in the mutants active towards 23 (Figure 62). This is expected, 

as the increase in space in the catalytic pocket can also reduce the probability of substrate 10 

orienting in a productive position in the catalytic site. The enantioselectivity of the reaction was 

evaluated for each hit using chiral HPLC. Only one enantiomer was detected in each case, 

suggesting the conservation of the enzyme stereoselectivity upon engineering. 
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Figure 60. Mutagenesis and screening rounds using substrate 23. The iterative saturation mutagenesis 
progression path is highlighted.  

 

Figure 61. Homology model of PsmD_Sa with the docked natural substrate 10 (surface shown as a 
mesh). The tryptophan cluster is depicted in relation to the enzyme's catalytic site. The color intensity 
correlates to the conservation of tryptophan residues across methyltransferase homologs, with higher 
conservation scores corresponding to more intense colors, as calculated using the ConSurf web 
server.[402] The tryptophan cluster is thought to anchor the α-helix supporting the N-terminal lid (shown 
in blue). Structurally, we propose that this substitution might disrupt the lid motion, affecting the 
positioning of Y15 within the catalytic site (shown in yellow). The figure was produced for [3] and used 
without modifications according to the CC licensing of the Royal Society of Chemistry. 
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Figure 62. Specific activities towards the t-Bu-amide (23) and the natural PsmD substrate (10) of hits 
from the screening using 23 as a target substrate. The specific activity was measured using the MTase-
Glo commercial assay. Conditions: 20 µM substrate, 30 µM and 1 µg isolated PsmD variant were 
incubated in 20 µL MTase-Glo 1X buffer at 45 °C for 15 min. Then, the reactions were quenched with 
5 µL TFA 0.5% (v%, in water) and the 
The enantiomeric excess (ee) was evaluated using chiral RP-HPLC.

The selected mutants were tested in reaction with substrate derivatives displaying different 

chain lengths attached to the amide (Figure 63). Mutant W166C outperforms WT PsmD on 

substrates 21 and 23, but predictably, its activity towards the smaller 20 is reduced. None of 

the other mutants outperform W166C and WT PsmD in the reaction with 20 and 21.
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Figure 63. Relative activity of selected mutants towards other PsmD substrates with substituted amides. 
The activity was measured using the MTase-Glo commercial assay. Conditions: 20 µM substrate, 30 
µM and 1 µg isolated PsmD variant were incubated in 20 µL MTase-Glo 1X buffer at 45 °C for 15 min. 
Then, the reactions were quenched with 5 µL TFA 0.5% (v%, in water) and the assay was performed 

3.5.6.1 Docking of 23 in WT PsmD_Sa and mutant W166C

In order to uncover the structural basis of the improved activity of W166C towards substrates 

with voluminous substituents, we performed an extensive docking of substrate 23 in the 

catalytic site of W166C and WT PsmD_Sa. The docking, dimensional data extraction and 

principal component analysis were performed by Dr. Thomas Classen, from the Institute of 

Bioorganic Chemistry, Heinrich Heine University Düsseldorf. The homology model of 

PsmD_Sa Sg (PDB: 

7ZKG) as a reference (Chapter 3.2.4

function of UCSF Chimera, and the amino acid conformation was chosen based on the highest 

probability according to the Dunbrack 2010 library.[421, 422]

A comprehensive probing of the catalytic site docking poses was performed to observe the 

substrate binding trends of 23 and 19 within WT PsmD_Sa and mutants W166C and W166P. 

The binding energy range was restricted to 3 kcal/mol in order to filter for only the highest 
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affinity binding. To thoroughly explore the conformational space within the catalytic site for 

qualitative analysis, each docking combination was repeated 40 times, with 50 poses for each 

session. In the end, a total of 11567 binding poses were obtained for the six combinations, due 

to the energy restraint.  

For the comparative analysis, several representative atoms were selected from each 

substrate, in order to reduce the dimensionality of the data set. The atoms were chosen to 

represent the entire degree of freedom of the conformation, as well as the atom corresponding 

to the methylation site. This reduced data set was then subjected to principal component 

analysis, independent of substrate type or enzyme, extracting three principal components 

resembling 67% (PC1), 9% (PC2), and 6% (PC3). The data was then clustered by distance 

into 10 clusters, representing different types of binding poses (Figure 64). The putative 

productive binding pose was selected based on the structural and mechanistic information 

previously acquired for PsmD_Sg (Chapters 3.2 and 3.3) and corresponds to cluster 6 in all 

enzyme-substrate combinations. Information such as the enzyme variant, binding energy and 

the distance between the substrate and the methylation site could be projected onto the data 

set, and the trends were correlated with the observed changes in enzymatic activity.  

The comparative cluster analysis of the obtained poses of 23 in WT PsmD_Sa and mutant 

W166C correlate to the experimental activity results for the two enzyme-substrate 

combinations. Cluster 6, associated with the productive pose, is mainly populated by poses of 

23 in W166C. The cluster is generally associated with lower distances between C3 of the 

substrate indole and the methyl group of SAM, as well as lower binding energy (Figure 66). 

From a structural point of view, the reduced activity of WT PsmD_Sa correlates with the low 

occupation of cluster 6. Studying the representative binding pose of 23 in W166C, a small 

channel forms between C166 and W33, accommodating the carbamate rest of the substrate 

and leading to a more relaxed conformation, that is not achieved within the catalytic site of WT 

PsmD_Sa (Figure 65). Our MD simulations of PsmD_Sa showed the opening of a channel 

-helices connected to the residues. 

This motion seems to be involved in the removal of the product after the enzymatic reaction 

takes place (Chapter 3.3.4). -stacking interaction with 

W33, potentially affecting the dynamics of product egress and influencing the enzyme's 

activity. 
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Figure 64. Cluster representation after principal component analysis of the obtained docking poses of 
23 in the catalytic site of WT PsmD_Sa and mutant W166C. The figure was produced for [3] and used 
without modifications according to the CC licensing of the Royal Society of Chemistry. 

 

Figure 65. Docked 23 in WT PsmD_Sa and mutant W166C. The bars represent the percentage of the 
productive poses obtained after the docking of 23, relative to the entire data set for each variant. A 
higher percentage corresponds to a higher chance of obtaining a docking pose corresponding to 
enzymatic activity. A total of 1999 poses were analyzed for each variant. The displayed poses were 
chosen based on their similarity to the previously determined active pose of the natural substrate, 
representing activity. The residue at position 166 is highlighted in red. The figure was produced for [3] 
and used without modifications according to the CC licensing of the Royal Society of Chemistry. 
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Figure 66. Clustering of substrate 23 poses in WT PsmD_Sa and the mutant W166C and the normal 
distribution of calculated parameters in each cluster. The median is represented as a solid line; the 
dashed lines indicate the standard deviation. Cluster 6 is considered the active binding mode, according 
to previous studies on PsmD_Sa. A. Distribution of calculated binding energies per pose cluster. B.
Distribution of distances between the SAM methyl group and the methylation site per pose cluster. C. 
Number of samples assigned to each cluster in the principal component analysis. The figure was 
produced for [3] and used without modifications according to the CC licensing of the Royal Society of 
Chemistry.

3.5.7 Screening for Phe-carbamate activity (19)

A narrower screening was performed with substrate 19 containing a phenyl ring attached to 

the carbamate, a precursor of the AChE inhibitor phenserine (Figure 67). Due to its low 

solubility in water reducing the assay efficacy and presumably the enzymatic reaction rate, a 

focused test screening was performed for mutant libraries in positions 166 and 33, most likely



3. Results and discussion 
 

145 

directly involved in the carbamate accommodation within the catalytic site of PsmD (Chapter 

3.3.5). In this way, we intended to test the feasibility of the process towards this type of 

substrate. In order to differentiate between the substrate conversion values, the use of the 

modified version of the indole assay was necessary (described in Chapter 3.4.4). The 

automated expression and reaction steps were performed as described earlier. After the 

enzymatic reaction and cell separation, the reaction mixture was diluted with isopropanol (1:1 

v/v) prior to the addition of the acid and DMAB. This way, hits were identified in one of the 

three tested libraries. The mutation W166P was identified as a hit. Upon isolation and activity 

testing with the MTase-Glo  assay, the mutant provided a 28-times increase in specific 

activity. No hits could be identified from the W33 library testing with substrate 19. Although a 

hit was identified upon the initial screening of the W166P/W33X library having the double 

mutation W166P/W33L, no activity towards substrate 19 was detected upon isolation and 

testing. The false positive results within the initial assay could be a consequence of the 

decreased sensitivity of the assay with substrate 19, diminishing the absorbance differences 

compared to the background. 

 

Figure 67. Structure of AChE inhibitor phenserine and its IC50 values for AChE and BChE inhibition. 

The activity towards substrate 19 was also evaluated for the isolated hits of the screening 

rounds using 23 as a target. Surprisingly, two mutants, Y197H and W166C/Y197F/W33M, 

were active towards substrate 19, with Y197H displaying a 5-fold increase in activity and 

W166C/Y197F/W33M increasing the specific activity 18-fold, compared to WT PsmD_Sa 

(Figure 68A). As expected, this led to a reduced specific activity towards the natural substrate 

in all tested mutants. Although a significant improvement in activity was achieved, particularly 

by the mutagenesis of W166, the comparison to the usual WT PsmD activity towards the 

natural substrate shows that there is still a need for further optimization until an efficient 

enzyme-catalyzed production of P19 can be achieved (Figure 68B).  
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Figure 68. A. Results of the saturation mutagenesis screening rounds using 19 as substrate. B. Specific 
activity of hit mutants towards the natural substrate 10 (blue, left axis) and towards 19 (green, right axis), 
compared to WT PsmD_Sa. C. Comparison of the docked active pose of substrate 19 in the catalytic 
pocket of WT PsmD and the W166P mutant. The percentage of active binding modes from all obtained 
docking poses is shown in blue. A total of 1861 poses were analyzed for WT PsmD with substrate 3a, 
while 1791 poses were analyzed for W166P. The displayed poses were chosen based on their similarity 
to the previously determined active pose of the natural substrate, representing activity. The residue at 
position 166 is highlighted in red. The figure was produced for [3] and used according to the CC licensing 
of the Royal Society of Chemistry. The compound numbering was modified to correspond to this work.  

The activity of the selected mutants was also tested for substrates 16 and 17 containing an 

ethyl and a propyl-carbamate functionality (Figure 69). Whereas WT PsmD_Sa and W166P 

have similar activities towards 16, the difference becomes significant with the increase in the 

size of the chain attached to the carbamate. It appears that W166P shows no difference in 

activity between 16 and 15, while the activity towards 19 decreases. None of the other selected 

mutants outperform WT PsmD or mutant W166P in reaction with 16 or 17.  
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Figure 69. Relative activity of selected mutants towards other PsmD substrates with substituted 
carbamates. The activity was measured using the MTase-Glo commercial assay. Conditions: 20 µM

substrate, 30 µM and 2 µg isolated PsmD variant were incubated in 20 µL MTase-Glo 1X buffer at 
45 °C for 30 min. Then, the reactions were quenched with 5 µL TFA 0.5% (v%, in water) and the assay 

3.5.7.1 Docking of 19 in WT PsmD_Sa and mutant W166P

A docking of substrate 19 in the catalytic site of WT PsmD_Sa and mutant W166P was 

performed using the method described in Chapter 3.5.6.1. Upon cluster analysis, the most 

likely productive position within the catalytic site was chosen as part of cluster 6. The cluster 

trends are similar to the analysis after the docking of 23. While cluster 6, associated with the 

productive substrate pose is populated mainly by poses of 19 in W166P, it is generally 

associated with the lowest distances between C3 of the substrate indole and the methyl group 

of SAM and with the lowest binding energies (Figures 70, 71). These differences are confirmed 

by the experimental activity observations. The collected data points suggest a much higher 

probability of an active position of 19 in the catalytic site of W166P, compared to the WT 

PsmD_Sa. Similar to the observations from substrate 23, the docked pose of substrate 19 in 

W166P shows a gap forming between P166 and W33, allowing the voluminous carbamate 

side of the molecule to accommodate in the open tunnel (Figure 68C) -stacking of the 

phenyl ring with the indole of W33 offers a supplementary stabilizing effect. Although 
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significantly less populated, cluster 6 also yielded docking poses of 19 in the catalytic site of 

WT PsmD_Sa (Figure 70). Even though the substrate appears to be in the productive position 

in those cases, the steric constraints within the closed catalytic pocket result in higher 

distances between C3 of the substrate indole and the SAM methyl group. The cluster 

distribution was correlated with the binding energies and distances between the methylation 

site and the cofactor. Similar trends were observed for substrate 19, as with the previously 

discussed docking of substrate 23 (Figure 71). 

  

Figure 70. Cluster representation after principal component analysis of the obtained docking poses of 
17 in the catalytic site of WT PsmD_Sa and the mutant W166P. The figure was produced for [3] and used 
without modifications according to the CC licensing of the Royal Society of Chemistry. 

Although the preparative scale methylation of 19 by W166P was attempted in lysate and 

immobilized form, very limited P19 formation was observed and no product could be isolated. 

Beyond the low activity of the enzyme itself, the expression of W166P in the production strain 

E.coli BL21 Gold (DE3) is also reduced. Further optimization through expression, reaction and 

enzyme engineering is required for the enzymatic preparative synthesis of P19. This work 

provides the first successful test of the evolvability of PsmD for this type of carbamates.  

The identification of position W166 as the main hit of both mutagenesis and screening 

sequences described in Chapter 3.5 revealed an important role of this residue in the substrate 

specificity of the enzyme. These results suggest that the tryptophan cluster area inside the 

catalytic pocket of PsmD provides a relevant target for future substrate scope modulation 

through protein engineering. The saturation mutagenesis of W171 and W182 in particular, 

have the potential to provide new substrate selectivities (Chapter 3.5.6, Figure 61).  
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Figure 71. Clustering of substrate 19 poses in WT PsmD_Sa and the mutant W166P and the normal 
distribution of calculated parameters in each cluster. The median is represented in a solid line; the 
dashed lines indicate the standard deviation. Cluster 6 is considered the active binding mode, according 
to previous studies on PsmD_Sa. A. Distribution of calculated binding energies per pose cluster. B.
Distribution of distances between the SAM methyl group and the methylation site per pose cluster. C.
Number of samples assigned to each cluster in the principal component analysis. The figure was 
produced for [3] and used without modifications according to the CC licensing of the Royal Society of 
Chemistry.
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3.5.8 Chapter summary 

 Iterative site saturation mutagenesis was used for the modification of 

five residues in the catalytic pocket in order to expand the substrate 

scope of PsmD_Sa. 

 The mutant library was generated using the 22c trick, reducing the 

number of colonies needed for screening. 

 A modular screening process was developed using a robotic liquid 

handling platform for the automated protein expression, enzymatic 

reaction and activity analysis of the obtained mutant libraries. The 

system can be easily adapted for the screening of other pyrroloindole-

forming enzymes. 

 Two voluminous PsmD substrate derivatives (t-Bu-amide derivative 23 

and Phe-carbamate derivative 19) were chemically synthesized and 

used as targets for the mutant activity screening. 

 The screening of the mutant libraries provided hits for both of the 

tested substrates. In the case of substrate 23, mutant W166C 

achieved a 3-fold increase in specific activity, compared to the wild 

type. Mutant W166P was found to perform the methylation of substrate 

19 with a 28-fold increase in specific activity. 

 The structural effects of these mutations and the role of the key 

position 166 in substrate accommodation were explored by performing 

an extensive docking study of the two substrates in the wild-type 

PsmD_Sa and mutants W166C and W166P. 
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3.6 Further alkylation of indoles using PsmD 

The potential for stereoselective alkylations using PsmD offers a unique opportunity to access 

previously unexplored structural diversifications of physostigmine. The effect of these 

transformations on the AChE and BChE inhibition would be worth exploring. Furthermore, 

stereoselective C-alkylation using SAM-dependent methyltransferases in the presence of 

cofactor analogs has been mostly unexplored, with only one successful example of an 

alkylating C-methyltransferase currently in the literature.[355] In this context, through a 

combination of cofactor supply, reaction and protein optimization, the PsmD-catalyzed 

alkylation of the natural substrate 10 became possible. All optimization efforts were focused 

on ethylation (Scheme 15), and the optimized conditions were later successfully applied to 

attach propyl and allyl groups, using the respective cofactor analogs. 

 

Scheme 15. Reaction scheme of the ethylation catalyzed by PsmD_Sa in the presence of substrate 10 
and the ethylated cofactor derivative SAE.  

 

3.6.1 Production strategies for SAM cofactor derivatives 

Multiple production strategies for SAM cofactor derivatives were described in the literature, 

mostly using biocatalytic processes. The ethylated cofactor (SAE) is at the moment of writing 

this work unavailable commercially. Most often, it is produced enzymatically using either a 

halide methyltransferase (HMT) from SAH and ethyl iodide or using an S-adenosylmethionine 

synthetase (MAT) with ATP and L-ethionine as precursors.  

In order to produce the stoichiometric amount of SAE for the PsmD reaction (1 mM), both 

production systems were tested and optimized. For the first system, purified HMT from 

Aspergillus Clavatus (AcHMT), known for its substrate promiscuity, was incubated in the 

presence of SAH and EtI (Scheme 16).[337, 350] The conversion in time was evaluated, using 

10 µM AcHMT, 1 mM SAH and 10 mM EtI. After 2 h, the conversion reached a plateau between 

20 and 30% (Figure 72). Although stability issues cannot be excluded, it is more likely that an 

equilibrium was reached due to the low affinity of the enzyme for EtI. Indeed, AcHMT is known 
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to display limited catalytic activity for ethylation, compared to methylation. Although so far 

limited, engineering efforts for HMTs recently led to reaching 25.8 mU/mg for SAE production 

using HMT from Arabidopsis thaliana and a 38-fold improvement of SAE production capacity 

of AcHMT, with 421.5 mU/mg, using the W27F/P8L/V265W mutant.[352, 353] As such, the use of 

the mutated AcHMT variant instead of the wild type could benefit the SAE production using 

this system in the future.  

 

Scheme 16. Production of SAE using AcHMT in a recycling system, in the presence of EtI. 

 

 

 
Figure 72. The evolution of the conversion of SAH to SAE in time, catalyzed by AcHMT in cell-free 
extract. 

The use of AcHMT to produce SAE in a cofactor recycling system, in parallel with the PsmD-

catalyzed ethylation was attempted, using catalytic amounts of SAH (10% catalyst loading). 

This produced no conversion to the ethylated product Et10. This can be attributed to the kinetic 

characteristics of the system, as the low affinity of PsmD towards the ethylated cofactor would 

require a higher starting concentration of SAE in the reaction mixture. The low rate of SAE 

production by AcHMT exacerbates this effect. For this reason, the decision was made to use 
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AcHMT in a separate step, before the PsmD reaction, as a supply system for producing 

stoichiometric amounts of SAE.  

The second SAE supply option included the use of MAT from Thermococcus kodakarensis 

(TkMAT), supplemented with L-ethionine and ATP (Scheme 17). The MAT from 

Methanocaldococcus jannaschii was particularly studied and engineered, leading to the 

improvement of its promiscuity towards different precursor amino acids and successful 

application for the production of various SAM derivatives.[344, 349, 354] Comparatively, MAT from 

Thermococcus kodakarensis is less common in literature. However, the enzyme was 

structurally and functionally characterized and its crystal structure was elucidated.[423] Due to 

its provenience from an extremophilic organism, TkMAT showcases high thermostability and 

activity at high temperatures, peaking at 60-80 °C.[424] However, within this work, the 

temperature was reduced to 50 °C, as higher temperatures were found to accelerate the 

thermal degradation of the produced cofactor (Figure 73).  
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Scheme 17. Reaction scheme of the SAE formation catalyzed by TkMAT. 

 

 

Figure 73. RT-HPLC chromatograms of the TkMAT reaction mix after 1 and 2 h, showing the presence 
of the SAE (16 min) and the SAE degradation product, 5’-desoxy-5’-(methylthio)adenosine (MTA) at 
21 min.   
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Several reaction temperatures (35-60 °C) and incubation times (1-2 h) were tested for both 

SAE production systems. While the TkMAT conversion of SAH was complete after 1 h at 50 °C, 

the reaction catalyzed by AcHMT required double the time and lower temperature for similar 

results (Table 8). Nevertheless, SAE was reproducibly obtained through both enzymatic 

routes, at a final concentration of approx. 7 mM (Figure 74). This provided a slight excess of 

the cofactor in the PsmD ethylation reactions, achieved by diluting the cofactor supply mixture 

5-fold in the final reaction mixture. The TkMAT system is considerably more effective for SAE 

production, due to the significantly higher reaction rate, requiring 10 times less enzyme, 

compared to AcHMT (Table 8). The limitation of this procedure comes from the high cost of 

the precursors, as the enzyme only transforms the L-enantiomer of the amino acid. While 

L-ethionine is commercially available, larger derivatives are difficult to access in a 

stereoselective manner, which strongly limits the possibility of further alkylation by PsmD. 

Furthermore, while other MATs are known to produce other cofactor derivatives, the substrate 

selectivity of TkMAT was not explored so far beyond the ethylated cofactor. In contrast, while 

AcHMT generates cofactor derivatives at a much slower rate, its promiscuity is 

well-established. Moreover, the alkyl iodide precursors are readily available at much lower 

prices. Overall, while the TkMAT supply system is clearly superior for the production of SAE in 

terms of efficiency, there is also a significant benefit to optimizing the AcHMT as a supply 

strategy for other cofactor derivatives, that might be otherwise inaccessible. 

Table 8. Optimized reaction conditions for the tested SAE supply systems. 
 

Thermococcus kodakarensis 
MAT 

Aspergillus clavatus HMT 

Enzyme 10 µM 100 µM 

Temperature 50 °C 35 °C 

Time 1 h 2 h 

Buffer 100 mM TRIS, 20 mM MgCl2, 
200 mM KCl, pH 8.0 

50 mM KPi, pH 7.5 

Substrates L-ethionine, ATP SAH, EtI 

Cost of substrates/mmol 
SAE ( ) * 

81 63 

* The prices for chemicals were extracted from the Sigma-Aldrich website on 15.04.2024 
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Figure 74. RP-HPLC chromatograms showing SAE formation by the TkMAT and AcHMT systems under 
the optimized conditions presented in Table 8. The broad peak at 2 min in the TkMAT reaction 
corresponds to ATP. The peak at 21 min corresponds to the SAE degradation product, 5’-desoxy-5’-
(methylthio)adenosine (MTA).  

3.6.2 Structural basis of PsmD alkylation capacity and mutagenesis targets 

For site-saturation mutagenesis, the target residues were chosen in the general vicinity of the 

SAM binding site (A123, A124, A125, F126, T138). Their potential steric constraints on the 

methionine rest of the cofactor were considered for the selection (Figure 75). Residues A123, 

A124 and A125 directly flank the catalytic methyl group of the SAM cofactor in the closed 

conformation of PsmD. To expand the available space for fitting larger cofactors, each of these 

residues was replaced with glycine. F126 is next in the sequence, and although its phenyl ring 

is oriented away from the cofactor, replacing it with a smaller residue could relieve significant 

steric constraints in the area. A substitution of this residue might also adjust the position of the 

cofactor-adjacent (AAA) loop. Valine was chosen to maintain the hydrophobic interactions in 

the area, with L135 and L139. T138 is found on the Dα-helix and was chosen for the possible 

effect on the position of the AAA-loop. This polar residue is located in a predominantly 

hydrophobic area. Replacing it with alanine aimed to disrupt the local partial charge and create 

more space in the cofactor area. The initial positive results for the A125G mutant prompted a 

second round of mutagenesis, introducing additional mutations: A125G/F126L, A125G/T138A, 

A125G/F154V, A125G/E157V, A125G/V227A, F126L/T138A, A125G/F126L/T138A.  
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Figure 75. Representation of the PsmD_Sa cofactor binding site. Residues chosen for mutagenesis are 
marked in orange.  

A protein sequence alignment with other methyltransferases known to accept cofactor analogs 

was performed to inform the rational design (Figure 76). However, it was inconclusive in 

identifying common trends that might determine the enzyme's potential for accepting larger 

cofactors. The amino acids in the selected positions tend to be poorly conserved. A structural 

alignment analysis was also performed using UCSF Chimera[421] and the crystal structures or, 

if not available, the AlphaFold[254] models of the selected methyltransferases (Table 9). This 

offered further insight into the positions of the residues, which would often not correspond to 

the sequence alignment equivalence. However, it remains challenging to establish definitive 

trends as the number of known methyltransferases presently known to ethylate is limited, and 

the residues are not highly conserved within the analyzed structures. 

 

Figure 76. Sequence alignment of PsmD_Sa and PsmD_Sg with ethylating small molecule 
methyltransferases described in the literature. The descriptions contain the organism of origin and the 
protein accession numbers.    

Table 9. Corresponding residues in the structures of small molecule methyltransferases, known to 
catalyze ethylation reactions in the presence of SAE. The corresponding residues were selected by 
superimposing the 3D structures of the selected enzymes, and not through sequence alignment. The 
amino acids most often encountered in the corresponding position are shaded. 

Protein PDB/AF model Organism Residues chosen from PsmD_Sa 
   A123 A124 A125 F126 T138 

NNMT 2IIP Homo sapiens T L C L A 
HNMT 1JQD Homo sapiens I Q M L T 
COMT 3A7E Homo sapiens D H W K D 
RebM 3BUS Lentzea aerocolonigenes L E S L A 
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NovO 5MGZ Streptomyces niveus R N A F A 
RapM AFQ54303 Streptomyces hygroscopicus I E S S F 
SgvM 8FTS Streptomyces griseovidris G F V F V 

 

Ultimately, although the rational design choices were informed by structural data, they were 

still largely hypothetical, due to the limited available information. More extensive mutagenesis 

and testing of different methyltransferases is essential before any structural basis for the 

ethylation capacity can be established. This would support more informed decision-making for 

further site-directed mutagenesis. 

 

3.6.3 Mutant generation and initial screening 

Mutants A123G, A124G, A125G, F126L, F126C, T138A, and their combinations were 

produced using the inverse PCR method described in Chapter 3.5.1, -

approach for the amplification cycles. For an initial screening for ethylation capacity, the PsmD 

variants were expressed in E. coli BL21 Gold (DE3) by autoinduction (Figure 77A), then they 

were immobilized on Ni-NTA resin and used in this form for the ethylation reaction. Ethylation 

could not be detected reliably in lysate or whole-cell reactions due to competitive methylation 

caused by the presence of SAM in the cellular environment. As a result, enzyme immobilization 

from lysate offered a compromise between the efficiency of lysate reactions and the precision 

of using purified variants (Figure 77B). The SAE cofactor was produced before the screening 

using the TkMAT supply system described in Chapter 3.6.1. After 20 h of incubation, the 

reaction mixture was analyzed by RP-HPLC. LC-MS confirmed that the peak at 14 min 

corresponds to the mass of the ethylated product (Figure 78). The attempts to chemically 

synthesize the ethylated PsmD product were unsuccessful, prompting the use of UV spectra 

for the comparison between the ethylated product and the double methylated pyrroloindole 

N10, previously observed in PsmD reactions.  
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Figure 77. A. Reaction scheme of the ethylation catalyzed by the PsmD variants. B. Expression of the 
selected mutants in E. coli BL21 Gold (DE3), using autoinduction. The bands for the PsmD variants 
appear at 30 kDa. C. Results of the initial screening of immobilized PsmD mutants and WT with SAE. 
The variants were immobilized on Ni-NTA resin and incubated with 1 mM substrate 10 and 300 µL MAT-
SAE mix for 20 h at 45 °C and 800 rpm. The conversion was estimated from the RP-HPLC signal areas, 
using the standard calibration of the methylated product analog, P10. 

The results indicated that the spectra correspond to different compounds. The ethylation 

product was detected for several mutants, as well as the wild type. The mutants A123G, and 

A124G could not be expressed under the tested conditions. After testing the other mutants, 

the obtained conversions of 10 to the ethylated product Et10 ranged from 2% (for the wild type 

PsmD) to 14% (double mutant A125G/F126L) (Figure 77B). The positive mutants were purified 

using the mini-protein isolation procedure described in Chapter 7.3.3. 

Although promising, the low conversions hindered any practical applications of PsmD for other 

alkylations. As such, an optimization of the reaction conditions of the PsmD-SAE supply 

coupled reaction was necessary. In this context, the HMT system was selected as the main 

source of cofactor derivatives with the expectation that it would serve as a platform for using 

other cofactor analogs besides SAE.
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Figure 78. RP-HPLC chromatograms of the PsmD reaction mixture in the presence of SAE, the negative 
control without enzyme, single methylated P10 and the double methylated N10. Comparison of the 
absorbance spectra of natural PsmD product P10 (blue), double methylated N10 (black) and ethylated 
product Et10 (red).

3.6.4 Indole ethylation by PsmD

A reason for the low rate of PsmD ethylation, compared to methylation, can have kinetic 

origins. The affinity of PsmD for SAE is presumably much lower than for SAM, requiring a high 

concentration of SAE in the reaction mixture to initiate the ethylation. This could explain why 

the parallel reaction of PsmD and the AcHMT cofactor recycling system did not produce any 

detectable ethylated product, as catalytic amounts of SAE might be simply under the KM

constant. However, the challenge of obtaining, purifying and storing SAE causes significant 

difficulties for conducting precise experimental kinetic measurements. Furthermore, the 

inhibitory effect of SAH was reported before for methyltransferases (described in Chapter 2.4). 

Although SAH inhibition did not pose a problem for PsmD-catalyzed methylation reactions, the 

lower ethylation rates are likely more affected by this inhibition. A way to address this issue is 

through the immediate degradation of SAH formed after the ethylation reaction. This can be 

performed enzymatically in a selective manner, using a SAH nucleosidase (MTAN) or SAH 
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hydrolase (SAHH). Indeed, supplementing the PsmD-SAE reaction mixture with MTAN from 

E. coli provided a 16-fold increase in conversion to Et10 using WT PsmD (Figure 79).  

 

Figure 79. Effect of MTAN supplementation on the conversion of 10 to ethylated Et10, catalyzed by WT 
PsmD_Sa. Reaction conditions: 50% (v/v) AcHMT-SAE mix, 58 µM WT PsmD_Sa, 1 mM substrate 10, 
8 µM MTAN, in Kpi 50 mM (pH 7.5) and 50 µL total volume. The reaction was incubated for 17 h at 37 °C 
and 1000 rpm and quenched with 5.5 µL TFA 5%. The analysis was performed by RP-HPLC. 

The active mutants were isolated and their activity was tested, in the presence of MTAN and 

the SAE produced by each of the tested supply systems (Figure 80). The conversion 

differences observed between WT PsmD_Sa and its mutants were small. In the presence of 

SAE produced by the AcHMT system, mutants A125G and F126L led to slightly increased 

conversions to Et10 (20 and 17%), compared to the wild type (14%). In the case of the MAT-

produced SAE, all the conversions were slightly higher, while maintaining the same trends 

among the variants. The difference in conversion when comparing the two supply systems can 

be explained by the slight difference in the SAE production yield, for which TkMAT performed 

slightly better. Furthermore, in the case of the HMT system, any unconverted SAH could 

contribute to the inhibition effect discussed earlier. Nevertheless, the general activity trends 

correspond for both systems, and all tested variants displayed ethylating activity.  
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Figure 80. Conversion of WT PsmD_Sa and its mutants after the ethylation reaction, using SAE 
produced by AcHMT and TkMAT. Reaction conditions: 20% (v/v) TkMAT-SAE mix or AcHMT-SAE mix, 
1 mM substrate 10, 8 µM MTAN, 30 µM PsmD variant in Kpi 50 mM (pH 7.5) and 50 µL total volume. The 
reaction was incubated for 17 h at 37 °C and 1000 rpm and quenched with 5.5 µL TFA 5%. The analysis 
was performed by RP-HPLC. 

A design of experiment was performed in order to adjust the ratio of PsmD, MTAN and HMT-

SAE mixture and obtain higher conversions (Figure 81). This method allows the building of a 

second-order (quadratic) model without needing to test all possible combinations of factors. It 

includes three types of points:  

 factorial points  combinations of initially set high (+1) and low (-1) levels of each factor. 

 center points  experimental runs corresponding to the median values of the variables, 

replicated to provide an estimate of the experimental error. 

 axial points  experimental runs identical to the central points conditions with the 

exception of one factor which varies bellow and above the median, outside of the given 

range. 

This model allows for the statistical determination of linear effects as well as the interactions 

between the process variables. The concentration of PsmD was found to have the greatest 

impact on the conversions, while the MTAN concentration and the HMT-SAE mixture volume 

could be reduced close to the lowest values used in the model. The MTAN concentration did 

not influence the conversion within the tested limits, suggesting that the rate of SAH 

degradation by MTAN surpasses the rate of SAH formation within the PsmD ethylation. As 

such, its concentration could likely be reduced further. Increasing the volume of the SAE 

mixture showed a correlation with a decrease in ethylation conversion within the system. The 

difference is small, making it difficult to determine whether it arises from a true inhibitory effect 

or from statistical or experimental errors. Within the design of experiment, a 35% conversion 
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was the maximum reached. For higher conversions, the PsmD concentration should be further 

increased. With the enzyme concentration of 30 µm, the catalyst loading in the reaction is at 

3% (mol%). Further increasing this concentration would be impractical for the preparative use 

of PsmD or its mutants as catalysts in isolated form. In this scenario, enzyme engineering or 

changing the enzyme formulation (e.g. through immobilization) could be more advantageous 

approaches before increasing the enzyme concentration.  

 

Figure 81. A. Influence of all tested variables on the ethylation system, determined through the DoE. B. 
influence of the PsmD concentration and the SAE mix volume on the final conversion. C. Limits set for 
the variables within the DoE and the predicted optimal conditions. The optimal conditions correspond to 
a substrate conversion of 35%.   

These results are however in line with previous reports of methyltransferase-catalyzed 

ethylation. PsmD_Sa is performing better than most of the other reported ethylating 

methyltransferases. 79% conversion to ethyl-vanillin was achieved after 24 h using COMT with 

a 30% (mol%) enzyme loading.[353] An engineered human NNMT was used for the ethylation 

of pyrazoles, leading to 9% conversion over 72 h with 2.5% (mol%) catalyst loading.[356] The 

best performance was achieved using the histamine methyltransferase HNMT, where 

N-ethylation was achieved with a 58% conversion with 2% (mol%) of enzyme over 48 h. In the 

case of RebM O-methyltransferase, the ethylation using SAE could be performed with a 40% 
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conversion using a 20% (mol%) catalyst loading. In this case, SAHH was supplemented for 

the SAH product elimination.[334] 20% (mol%) catalyst loading was also used in the case of the 

NovO-catalyzed ethylation using SAE, leading to 24% conversion, while a 7% (mol%) enzyme 

loading led to 19% conversion in the ethylation catalyzed by the RapM O-methyltransferase. 
[291, 343] Only one other C-methyltransferase, SgvM, was reported to catalyze the ethylation of 

-keto acids with 10-30% conversion over 18-27 h, using 2% (mol%) catalyst loading, in the 

presence of MTAN.[355] Despite the variety of amino acid sequences, these reports reveal 

similar ethylation activities. This suggests that the limitations of methyltransferase-catalyzed 

ethylation may be mechanistic, stemming from the reactivity of the system, rather than the 

structural properties of the enzymes. The present work is the second reported instance of a 

C-methyltransferase catalyzing the ethyl transfer in the presence of the SAE cofactor 

derivative.  

 

 

3.6.5 PsmD activity using other cofactor derivatives 

Other cofactor derivatives were produced using the AcHMT supply system in the presence of 

SAH and the respective iodides. Propyl and allyl groups were added to SAH in this manner 

and used further in the coupled reaction with the best performing variants - A125G and F126L, 

as well as WT PsmD_Sa. The attempts to produce the butyl- and isopropyl-cofactors using 

AcHMT and the respective alkyl iodides were unsuccessful. The newly obtained cofactors were 

tested in the presence of the PsmD variants using the optimized conditions determined by the 

DoE. Interestingly, the propylation of 10 reached similar conversions with the ethylation (Table 

10). This suggests that the lack of space around the cofactor was not necessarily the issue 

hindering PsmD-catalyzed alkylations. This hypothesis was further strengthened by the 

conversions to the allylated product. Almost full conversion (94%) was achieved by the WT 

PsmD in this case, with 80% conversion by A125G and 59% by F126L. The allyl group is larger 

in size than the ethyl group, suggesting that a possible reason for the conversion disparity 

might be the reactivity difference, rather than the size of the transferred group. The double 

bond on the allyl group activates the electrophile carbon in contact with the substrate through 

electron delocalization. In contrast, within the ethyl group, the contact carbon is influenced by 

the inductive effect of the second carbon atom, further reducing its electrophilicity. Thus, it can 

be hypothesized that the general low conversions obtained in methyltransferase-catalyzed 

ethylation are a consequence of the lack of reactivity of the cofactor. The steric effects within 

the catalytic sites of the enzymes might play a smaller role than expected.  
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Table 10. Conversion of 10 catalyzed by WT PsmD_Sa and mutants A125G and F126L in the presence 
of different SAM cofactor analogs, obtained using CtHMT and the respective alkyl iodides. Reaction 
conditions: 20% (v/v) AcHMT-SAR mix, 1 mM substrate 10, 8 µM MTAN, 30 µM PsmD variant in Kpi

50 mM (pH 7.5) and 100 µL total volume. The reaction was incubated for 17 h at 37 °C and 1000 rpm 
and quenched with 5.5 µL TFA 5%. The analysis was performed by RP-HPLC.

R
WT A125G F126L

Conversion (%)

Methyl >99 >99 96 ± 4
Ethyl 15 ± 1 20 ± 1.5  17 ± 2

Propyl 19 ± 4 19 ± 1 16 ± 2
Allyl 94 ± 6 80 ± 5 59 ± 7.5

Specific activity* (mU/mg)

Methyl 8.7 ± 0.1 14.3 ± 0.4 5.3 ± 0.1
* The specific activity was determined using the MTase-Glo assay.

When the allylated cofactor was also incubated with substrate 10 in the absence of PsmD, no 

product was formed. Furthermore, only traces of the allylated product were observed after the 

incubation of substrate 10 with 14 mM allyl iodide, suggesting that the allylation is indeed 

catalyzed by PsmD (Figure 82). An unexpected effect of the A125G mutation was the increase 

in specific activity for the methylation reaction by 64% (14.3 mU/mg), compared to the wild 

type (8.7 mU/mg). The increase in overall activity could also explain the improved performance 

observed in the ethylation reaction.

Figure 82. Evaluation of the background allylation. RP-HPLC chromatograms showing the results of the 
incubation of substrate 10 with the allylation reaction mixture (SAAll mix), in the absence of PsmD (top).
Reaction conditions: 20% (v/v) SAAll mix, 1 mM substrate 10, 8 µM MTAN, in Kpi 50 mM (pH 7.5). The 
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SAAll mix resulted from the incubation of 100 µM AcHMT with 7 mM SAH and 70 mM allyl iodide for 2 h 
at 35 °C (according to the procedure presented in Chapter 3.6.1). The bottom chromatogram was 
obtained after the incubation of 1 mM substrate 10 with 14 mM allyl iodide in KPi 50 mM (pH 7.5). The 
peak at 7 min corresponds to substrate 10, and the peak at 16 min corresponds to the allylated product. 
In both cases, the mixtures were incubated at 37 °C and 1000 rpm for 17 h. 

 

Methyltransferase-catalyzed ethylation is only starting to become explored as a tool for 

selective structure diversification. In this chapter, the ethylation, propylation and allylation of 

indoles by PsmD were achieved, using two different cofactor analog supply systems. Overall, 

the reported conversions of methyltransferase-catalyzed ethylations relative to enzyme loading 

are similar to the literature reports for other small-molecule methyltransferases. 

Two approaches could help solve the low productivity issue: enzyme engineering and reaction 

optimization. The first is the engineering of the enzyme in order to improve the ethylation 

activity. Making predictions about the effects of amino acid residues in the catalytic site on 

ethylation efficiency is challenging. The difficulty arises both from the lack of data on ethylating 

enzymes and from the dynamic mechanism of methyltransferases. In many cases, a 

compression motion is needed for the reaction to take place (details in Chapter 3.3). Due to 

this effect, freeing space to accommodate larger cofactors might in fact be detrimental to 

enzymatic catalysis. Because of this, a semi-rational approach might be more suitable as an 

engineering strategy. The screening of mutant libraries presents the challenge of supplying the 

cofactor in a reliable manner. The optimized supply systems described in this chapter could 

provide a solution to this problem. Apart from enzyme engineering, another opportunity for 

preparative ethylations (or other alkylations) would be adjusting the enzyme formulation. 

Enzyme immobilization could be a valuable approach for achieving high catalyst loading with 

improved stability over extended reaction times. Using immobilized methyltransferases in flow 

systems could further improve yields and reduce costs by enabling the reuse of the enzyme. 

Finally, studying the alkylation capacity of additional methyltransferases could provide valuable 

insights into the specific structural and chemical requirements of this process. 
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3.6.6 Chapter summary 

 Some small molecule methyltransferases can catalyze other 

alkylations using cofactor derivatives. PsmD variants were not known 

to transfer larger alkyl groups. 

 The ethylated cofactor (SAE) was successfully produced using two 

different enzymatic supply systems. The first uses a halide 

methyltransferase (AcHMT), while the second uses an 

S-adenosylmethionine synthetase (TkMAT) as a catalyst. Both supply 

systems were optimized for the rapid production of SAE. 

 Several amino acid residues from the vicinity of the cofactor were 

modified through site-specific mutagenesis, in an effort to improve the 

ethylation capacity of PsmD_Sa. All variants, including the wild type, 

lead to detectable ethylated product using either of the optimized 

cofactor supply systems. Two mutants (A125G and F126L) provided 

an increase in the conversion to the ethylated product, compared to 

the wild type. 

 Propylated and allylated cofactor analogs were also produced using 

the AcHMT supply system, in the presence of SAH and the respective 

iodides. They were used in cascade with WT PsmD_Sa and the two 

best mutants. Propylation conversions were comparable to ethylation, 

while allylation reactions achieved conversions up to 94%. This 

highlights the importance of the transferred group reactivity for the 

catalytic process 

 The PsmD ethylation cascade using the AcHMT-based SAE supply 

system was optimized using a design of experiment, leading to a 150% 

increase in conversion to the ethylated pyrroloindole product. 
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3.7 Scaling enzymatic methylation  challenges and strategies 

The use of methyltransferases in industry is limited by the cofactor availability and the generally 

low reaction rates. The recent developments in SAM cofactor recycling systems provided a 

necessary boost to the synthetic applications of methyltransferases, offering a solution to one 

of their most pressing problems. Besides enzyme engineering, the productivity issues can be 

tackled by process optimization and the exploration of different enzyme formulations. The 

study and optimization of methyltransferase cascades with cofactor recycling systems is 

important for realizing the potential of this enzyme class in industrial biocatalytic applications. 

Considering this, this chapter will focus on the preparative applications of PsmD in the 

presence of HMT-based cofactor recycling systems. The challenges, experimental and 

economical considerations will be described, in the context of bringing stereoselective 

enzymatic C-methylation to a preparative scale (50-1000 mg). This effort represents one of the 

early examples of preparative enzymatic stereoselective C-methylation and aims to offer some 

guidance for the practical applications of these processes. 

As described in Chapter 3.1, the increased stability of PsmD_Sa can significantly improve the 

methylation yields compared to PsmD_Sg, due to its capacity for longer reaction times. 

However, the catalytic efficiency of PsmD_Sa, although similar to other small molecule 

methyltransferases, is too low for preparative applications using the purified enzyme. As such, 

alternative enzyme formulations were considered. The use of cell-free extracts containing the 

expressed enzymes was successful in the case of PsmD_Sg.[358] However, this system also 

presents several disadvantages, documented further in this chapter. As such, enzyme 

immobilization and whole-cell biocatalysis were also explored, as alternatives.  

 

3.7.1 PsmD use in combination with a cofactor recycling system 

The HMT-based cofactor recycling system, first described in 2019, has since been refined for 

greater efficacy and has been successfully applied in combination with various 

methyltransferases. The original HMT recycling system uses methyl iodide as a methyl donor 

and SAH as an acceptor. This allows for the in-situ recycling of the cofactor consumed in 

methyltransferase-catalyzed methylations. HMT from Chloracidobacterium thermophilum was 

successfully used for SAM recycling in parallel with the PsmD_Sg-catalyzed C-methylation of 

10, up to 50 mg scale, with 100% conversion.[358] Encouraged by these results, we sought to 

expand the biocatalytic methylation capacity by using the more stable PsmD_Sa, and 

increasing the substrate amount to 100 mg (Scheme 18). The enzymes were expressed 

separately in the E. coli native gene coding for the SAH 
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nucleosidase knocked out. This strain was specifically produced for use with the HMT cofactor 

recycling system.[207] developed and kindly provided by the Seebeck

research group from the University of Basel, Switzerland. CtHMT is more efficiently expressed 

in this strain, compared to PsmD_Sa. Nevertheless, both enzymes were successfully 

expressed using the standard IPTG-induction strategy (Figure 83A). A temperature 

optimization revealed that the optimal temperature of the coupled system is 35 °C, lower than 

the optimal temperature of PsmD itself (45 °C) (Figure 83B). 

Scheme 18. Methylation of the natural substrate 10, catalyzed by PsmD, in the presence of the HMT-
based cofactor recycling system.

Figure 83. A. SDS-Page of PsmD_Sa and CtHMT expression in E. coli DE3 Sa
after affinity Ni-NTA column purification. PsmD_Sa presents as a band at approx. 30 kDa, while the 
CtHMT band is at approx. 25 kDa. B. Optimal temperature for the PsmD/HMT coupled system. The 
figures were produced by the author for [1] and used here with the agreement of the American Chemical 
Society.  
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3.7.1.1 Coupled methylation system optimization  design of experiment 

A central composite design of experiment (DoE) was utilized to optimize the enzymatic 

cascade and assess the influence of each component on the preparative PsmD methylation 

of 10, in the presence of the HMT recycling system. The variables chosen in this case were 

the PsmD and HMT lysate volumes and the concentrations (mM) of SAH and methyl iodide. 

The substrate 10 concentration was maintained constant at 1 mM. The reactions were 

performed in 500 µL scale in KPi buffer (50 µM, pH 7.5) and incubated for 16 h at 35°C. The 

product formation was then analyzed by NP-HPLC. A reduced quadratic model was generated 

using Design Expert 12 (12.0.7.0), with an R2 of 0.9097. A detailed description of the model 

can be found in Annex 8.6. 

Interestingly, the DoE revealed that the supplemented SAH did not influence the final 

conversion (Figure 84). The lysates contain the endogenous SAH produced by E. coli, which 

is not degraded enzymatically in the mtn strain. Consequently, sufficient SAH is available as 

a substrate for HMT without the need for external supplementation. This is a significant 

advantage of the system, as SAH is one of the cost-limiting components. Out of the tested 

parameters, the PsmD lysate volume has the greatest impact on the final conversion. For both 

PsmD and HMT lysates, the conversion peaked and then declined at higher volumes (Figure 

84). The optimal conditions leading to full conversion required 14% (v%) HMT lysate and 20% 

(v%) PsmD lysate (Figure 85D). A relatively high excess of methyl iodide is necessary, perhaps 

to compensate for its loss by evaporation. Too much methyl iodide also hindered conversion, 

with 13-18 equivalents yielding the best results. However, due to the observed non-specific 

methylation of the PsmD product, the working methyl iodide concentration was reduced to 

10 mM. The model validation revealed higher conversions than those predicted (Figure 85C). 

Some variations between the experiments can be expected, since lysate composition cannot 

be controlled entirely, even under identical preparation conditions. Nevertheless, the optimized 

coupled methylation system offered a blueprint for the experimental design of the other 

preparative PsmD methylations. 
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Figure 84. Influence of the parameters on the model of the coupled reaction using PsmD_Sa and 
CtHMT, determined by a central composite design of experiment. The reactions were performed on a 
500 µL scale. The figure was produced for [1] and used here with the agreement of the American 
Chemical Society.   



3. Results and discussion 
 

171 

 

Figure 85. DoE results for the coupled PsmD-HMT lysate reaction. A. Interaction between the volume 
of PsmD lysate and MeI concentration, and their effect on the final conversion. B. Interaction between 
the volume of HMT lysate and MeI concentration, and their effect on the final conversion. C. Validation 
of the obtained DoE model. D. The parameter limits and the optimal conditions determined by the DoE 
model. The reactions were performed in 500 µL total volume. The conversions to product P10 were 
determined by NP-HPLC, after 16 h of incubation at 35 °C, with 1 mM 10. 

 

 

 

3.7.1.2 SAM thermostability 

The literature reports that the highest stability of SAM was observed between pH 3 and 8.[329] 

However, as no information about the temperature profile was available, the stability of SAM 

at 35, 45 and 55 °C was evaluated using 1H NMR. While SAM is relatively stable at all the 

tested temperatures for the first 5 h, after 21 h most of the SAM is degraded at 55 °C. At 45 °C, 

30% of SAM is degraded after 21 h, while almost 90% of SAM remains after the incubation at 

35 °C (Figure 86). This information is important for planning the conditions for all the PsmD 
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reactions, as the determined optimal temperature of PsmD (45 °C) might not be productive 

with longer reaction times. In any case, an excess of SAM needs to be provided if the reaction 

is incubated for more than a few hours. The necessary excess increases drastically at higher 

reaction temperatures.  

 

Figure 86. SAM stability in time at different temperatures. 5.5 mM SAM were incubated in D2O. The 
degradation in time was analyzed using the ratio between the integral of its 1H NMR signal and the TMS 
internal standard, at different time points. The figure was produced for [1] and used here with the 
agreement of the American Chemical Society.    

 

 

 

3.7.1.3 Background N-methylation of the PsmD product 

A noteworthy aspect of the biocatalytic methylation in the presence of the cofactor recycling 

system is the non-selective methylation of P10, leading to the double methylated compound 

N10 (Scheme 19). The origins of the side product were investigated by incubating the PsmD 

natural product P10 with different components of the coupled reaction. Although most of the 

background methylation was initially attributed to the excess of methyl iodide (10 equiv.), the 

experiment revealed that some N-methylation of P10 occurs after 48 h incubation in cell-free 

extracts. Approximately 20% of P10 was converted to N10 in cell-free extracts containing HMT, 

with a negligible difference when methyl iodide was present (Figure 87A). The incubation of 

P10 with only methyl iodide in KPi buffer also led to approx. 11% N-methylation, similar to the 

incubation with the cell-free extract control containing the empty vector. All evaluated 
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components appear to facilitate the N-methylation of P10 when provided sufficient incubation 

time. Interestingly, the presence of HMT in the mixture increases the rate of N-methylation. 

One could expect the methylation of the endogenous SAH present in the cell-free extracts, 

leading to higher concentrations of SAM. However, this should not be possible in the absence 

of methyl iodide. It is unlikely that HMT itself can catalyze the methylation of P10 in the 

presence of SAM.  

 

Scheme 19. Reaction scheme of the PsmD catalyzed methylation of 10 in the presence of the HMT-
based recycling system and the subsequent N-methylation of the product P10 to N10. 

The hypothesis of the background methylation being caused by SAM was tested by incubating 

P10 in the presence of SAM, with and without purified PsmD_Sa (Figure 87B). A small amount 

of N-methylated product formed 

times more N-methylation occurred in the presence of PsmD_Sa, indicating that the enzyme's 

promiscuity includes the methylation of its own product. It is not unexpected when examining 

the structures of PsmD and PsmC - the N-methyltransferase further along the biosynthetic 

pathway of physostigmine. The two enzymes exhibit similar structures, especially in their 

catalytic pockets, suggesting a similar mechanism of action.  
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Figure 87. Background methylation in the presence of the HMT cofactor recycling system components. 
A. Control experiments in the absence of PsmD, showing the N-methylation of the product P10. The 
ratio of P10 (blue) and N-methylated side product N10 (grey) is represented, after incubation in the 
presence of 1 mM P10 at 35 °C for 48 h. The samples were analyzed using NP-HPLC. HMT and the 
empty vector control (EV) were used as lysates. The amounts of lysates and MeI correspond to the 
optimal conditions determined in the design of experiment. N-methylation of the product could be 
observed in all cases. B. Background methylation in the presence of isolated PsmD_Sa and SAM. The 
ratio of P10 (blue) and the N-methylated side product N10 (grey) is represented, after the incubation at 
35 ºC for 24 h. The samples were analyzed using NP-HPLC. 

The coupled PsmD-HMT reaction was performed using PsmD_Sa and CtHMT cell-free 

extracts in the presence of methyl iodide. The reaction mixture was incubated at 35 °C for 72 h. 

Samples were taken at different time points, to assess the rate of formation of the side product. 

After 24 h, all of the substrate was converted, but 9% of the P10 product was N-methylated, 

leading to N10 (Figure 88).  

 
Figure 88. P10 product (triangles) and N10 side-product (circles) evolution in time. The coupled PsmD-
HMT reaction using lysates was incubated at 35 °C in the presence of 1 mm substrate 10 and 10 mM 
MeI. 

Further incubation led to an increase in N10 concentration, reaching 26% conversion after 

72 h. Therefore, long incubation times should be avoided for the lysate-based system, to 

prevent the formation of the side product. 
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The early experimental applications of PsmD_Sa revealed that the substrate concentration 

significantly impacts the preparative processes, with concentrations exceeding 2 mM leading 

to lower conversions and faster side product accumulation, compared to lower concentrations 

(Figure 89). The same lysate amounts were used in all cases. Substrate inhibition was not 

evident at the concentrations used in the kinetic study (up to 80 µM), but it could potentially 

become an issue at higher substrate concentrations. Therefore, the optimal working substrate 

concentrations for preparative experiments were set at 1-2 mM.  

 

Figure 89. Evolution in time of the PsmD methylation of substrate 10 to product P10 in the presence of 
the HMT recycling system at different substrate concentrations, and the accumulation of the 
N-methylated side product N10. Reaction conditions: 1, 2 or 5 mM substrate 10, 14% (v%) HMT lysate, 
20% (v%) PsmD lysate, 18 equiv. MeI in Kpi 50 mM (pH 7.5) were incubated at 35 °C and 300 rpm.   

 

 

3.7.1.4 Methyl iodide quenching 

The use of the HMT cofactor recycling system provides an important advantage for the 

preparative enzymatic methylations using SAM-dependent methyltransferases, contributing to 

a significant reduction of the costs associated with the cofactor. However, methyl iodide is a 

toxic and volatile substance, and its use can be detrimental to the development of safe 

synthetic processes.[338] For this reason, several methods were explored for the degradation 

of methyl iodide after the enzymatic reaction.  

Methyl iodide is relatively unpolar, being readily extracted into organic solvents, along with the 

PsmD substrates and products. Therefore, it is preferable to degrade the remaining methyl 

iodide in the aqueous reaction environment, before any extraction steps. It is sensitive to 

alkaline conditions and can be quenched through hydrolysis using a strong base. However, 

this is not applicable to the PsmD-HMT coupled system, as the sharp rise in pH is likely to 

cause the hydrolysis of the carbamate. For the removal of methyl iodide under milder 
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conditions, several options were explored. The supplementation of weaker bases, such as 

amines, was attempted. Soft nucleophiles such as thiosulfates might also provide a 

methylation target for the excess methyl iodide, without significantly altering the pH. As such, 

ammonium chloride and ammonium thiosulfate were tested as additives.

In order to explore the effects of the quenching strategies, 10 mM MeI were incubated at room 

temperature in KPi buffer (50 mM, pH 7.5), simulating the coupled methylation reaction 

environment, in the presence of different additives. Then, it was extracted with deuterated 

chloroform and analyzed by 1H NMR. The ratio between the methyl iodide peak intensity and 

the solvent peak was used for the comparison of the efficiency of the quenching methods. Out 

of the tested options, only ammonium thiosulfate was found to effectively degrade methyl 

iodide, with a 90% decrease in concentration after 10 min. The supplementation of 50 equiv.

ammonium thiosulfate resulted in a reduction of 99.5% of the methyl iodide NMR peak and 

100 equiv. caused the complete degradation of MeI after 10 min (Figure 90). As such, 

ammonium thiosulfate was chosen as a quenching agent for the preparative reactions using 

the PsmD-HMT coupled systems. 

The methyl iodide quenching experiment was performed by Lisa Guo (Institute of Bioorganic 

Chemistry, Heinrich Heine University, Düsseldorf), as part of her bachelor thesis project.

Figure 90. Effect of ammonium thiosulfate supplementation on the MeI content after 10 min of 
incubation at room temperature. The ratio between the MeI peak and the CDCl3 peak after the 1H NMR 
measurement was used for the comparison. The negative control contained MeI without any quenching 
agent.

3.7.2 Preparative methylation catalyzed by PsmD_Sa using lysates

Using the optimal conditions determined with the DoE, the preparative scale coupled reaction 

was attempted using two different substrate concentrations. 100 mg substrate 10 were 

incubated in a final concentration of 1 mM and 2 mM, in the presence of 10 equiv. methyl iodide, 
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14% (v%) CtHMT lysate and 20% (v%) PsmD lysate in KPi buffer (50 mM, pH 7.5). The 

substrate was chemically synthesized from N-acetylserotonin (9), according to the literature 

procedure, with 47% yield, as presented in Chapter 3.1.1 (Scheme 12).[1, 358] In both cases, all 

of the substrate was converted after 16 hours of incubation at 35 °C and 300 rpm. However, 

25% of the product was N-methylated in the case of the 2 mM substrate loading, compared to 

5% at 1 mM substrate (Table 11). The product isolation after the reaction was challenging, 

particularly during the extraction step. The proteins in the lysate precipitate upon contact with 

the extraction solvent (EtOAc), forming a gelatinous interface. This practical limitation resulted 

in reduced isolated yields - approx. 50%, despite achieving high conversions to the P10 

product (75 and 95%) (Figure 91).  

Table 11. Comparison of the preparative scale methylation catalyzed by PsmD in the presence of the 
HMT cofactor recycling system using lysates and 100 mg substrate, at different concentrations.   

Substrate concentration 2 mM 1 mM 

Total volume 182 mL 363 mL 

Conversion to nat. prod. P10 75% 95% 

Conversion to side prod. N10 25% 5% 

Isolated yield nat. prod. P10 50% (52 mg) 54% (57 mg) 

ee >99% >99% 

Isolated yield side prod. N10 7% (7.7 mg) - 

 

The product P10 was purified and the optical rotation, as well as the normal phase HPLC 

analysis using a chral stationary phase, confirmed the enantioselectivity of the process (Figure 

92). The product was isolated by column chromatography with 95% purity, according to qNMR. 
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Figure 91. Representation of the coupled methylation system and the optimal composition of the 
reaction mixture using 100 mg substrate and 1 mM. The figure was produced by the author for [1] and 
used here with the agreement of the American Chemical Society.  

Figure 92. Chiral NP-HPLC chromatogram of the large-scale coupled reaction after 16 h, using 1 mM

initial substrate 10. At RT 33 min, the N-methylated side product N10 was observed. The chromatogram 
of the racemic P10 is shown for comparison. 

3.7.3 Preparative methylation of derivative 23 using immobilized PsmD W166C

Mutant W166C was found to increase the activity of PsmD_Sa towards the substrate analog

23 three-fold, after the saturation mutagenesis and screening (Chapter 3.5). A new enzyme 

formulation was explored for the preparative methylation of 23, using the mutant W166C, in 

the presence of the cofactor recycling system. The enzymes were immobilized on Ni-NTA resin 

directly from the lysate using their His-tags (Figure 93A). The lysate volumes used for 
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immobilization were calculated according to the DoE-optimized coupled reaction: 20% (v% of 

the total reaction volume) PsmD W166C and 14% (v% of the total reaction volume) CtHMT. 

10% (v% of the lysate volume) of commercial Ni-NTA resin slurry (Protino) was used for the 

immobilization in each case. After the reaction, the immobilized enzyme was removed by 

centrifugation, and the supernatant was used in the further purification procedure. This 

eliminated the separation issues encountered with lysate reactions, avoiding the formation of 

the protein interface. Starting from 50 mg substrate 23, the process reached 65% conversion 

after 15 h. The N-methylated side product was not observed. The C-methylation product was 

extracted and purified by column chromatography, yielding 30 mg of pure compound P23 

(Figure 93B), corresponding to a 60% yield. This has shown the applicability of the system 

using immobilized enzymes, as well as the catalytic capacity of the newly found mutant 

W166C. 

 

Figure 93. A. SDS-Page gel of the immobilization steps of PsmD_Sa W166C. The PsmD band is 
expected at 30 kDa. B. Conditions and results of the preparative methylation of 23 using PsmD_Sa 
mutant W166C, in the presence of the CtHMT cofactor recycling system in immobilized format.   

 

 

3.7.4 Preparative methylation of halogenated substrates  

The optimized coupled reaction system was utilized for the enantioselective synthesis of 

halogenated C3-methylated pyrroloindoles. In the substrate scope analysis (Chapter 3.1.4), 
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WT PsmD_Sa displayed activity towards the 7-halogenated substrates 31 and 32. This 

provides an important synthetic value, as the stereoselective methylation of halogenated 

substrates enables further coupling reactions of the chiral product. The Suzuki-Miyaura cross-

coupling, in the presence of organoboron compounds and palladium catalysis, accommodates 

a wide range of coupling partners that can subsequently undergo further chemical 

functionalization.[425-427] This approach is valuable for generating new physostigmine analogs 

which can be linked with probes for target fishing, for the discovery of novel drug targets. The 

preparative methylation of 7-halogenated substrates was part of a collaborative project with 

Marcel Schatton (IBOC, Heinrich Heine University, Düsseldorf), who chemically synthesized 

and supplied the halogenated indole substrates. In a first experiment, WT PsmD_Sa was used 

in the presence of CtHMT in lysate format for the C-methylation of the 7-chlorinated substrate 

31. The DoE-optimized parameters (Chapter 3.7.1.1) were used for the process. This resulted 

in full conversion of the substrate and a 46% yield after column chromatography purification 

(Figure 94A). The yield was again affected by the gelatinous protein interphase forming during 

the product extraction. Although the lysate formulation provided good conversion, purification 

issues led to a strategy shift toward using immobilized enzymes.  

For the methylation of the 7-brominated substrate 32, WT PsmD_Sa and CtHMT were 

immobilized on Ni-NTA resin using the conditions described earlier (Chapter 3.7.3) and 16 mg 

substrate. After 20 h of incubation at 35 °C and 300 rpm, the conversion to P32 reached 

approx. 57% (NMR) and 2.7 mg of product were obtained after purification (Figure 94B), 

corresponding to 17% yield. In this case, the low yield cannot be attributed to the phase 

separation during extraction, as using immobilized enzymes prevents the formation of a protein 

interface. The yield was a consequence of poor chromatographic separation between the 

substrate and product and can be improved in future attempts by the optimization of the 

chromatographic procedure (e.g. a different elution system).   

The optimized coupled methylation system demonstrated its utility for the preparative 

biocatalytic synthesis of non-natural products, producing good conversions for 32, a substrate 

for which PsmD exhibits low activity. This success supports its future application for the 

methylation of other structurally diverse substrates. 
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Figure 94. Preparative methylation of halogenated substrates in the presence of the CtHMT cofactor 
recycling system. A. Conditions and results of the PsmD-catalyzed methylation of the chlorinated 
substrate 31; B. Conditions and results of the PsmD-catalyzed methylation of the brominated substrate 
32. 

 

 

3.7.5 Scaling further – 1 g scale enzymatic methylation using PsmD 

Having successfully used the PsmD-HMT coupled reaction for 50-100 mg scale methylations, 

scaling up to 1 g appeared to be readily achievable. The two enzyme formulations used so far 

performed well enough on lab-scale transformations but still present major disadvantages at 

higher scales. The lysates, although easily prepared and scaled, lead to difficult product 

purification, while the immobilization on Ni-NTA is cost and time-intensive.  

In this case, a third enzyme formulation option was explored: whole-cell biocatalysis. The 

experiments within this chapter were performed by Lisa Guo (Heinrich Heine University, 

Düsseldorf) as part of her bachelor project. Using resting or inactivated cells is common 

practice in the chemical industry when performing biocatalytic processes due to the lower 

production costs and easy catalyst separation. The use of whole-cell biocatalysts is 

conditioned by the membrane permeability of the substrate, product and cofactor. An initial 

test revealed that the PsmD substrate and product, as well as SAH and SAM, can readily pass 

the cellular membrane, leading to full conversion of 10 to P10 over 16 h.  
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The substrate was chemically synthesized, according to the route described in the literature, 

obtaining 1.4 g 10, corresponding to a 38% total yield (Scheme 20).[358]  

 

Scheme 20. Synthetic route to substrate 10. The substrate synthesis for the gram-scale reaction was 
performed by Lisa Guo (Institute for Bioorganic Chemistry, Heinrich Heine University, Düsseldorf), as 
part of her bachelor thesis project. 

Several reaction setups were tested on a smaller scale (10 mg substrate), to determine the 

best approach for using whole-cell biocatalysts in a gram-scale reaction. The physical 

separation of the cells from the reaction mixture was attempted by enclosing them in a dialysis 

bag, simulating a membrane reactor. The dialysis bag containing 1 g of PsmD_Sa and 1 g 

CtHMT E. coli BL21 mtn (DE3) cells was suspended in 30 mL KPi buffer (50 mM, pH 7.5), 

supplemented with 1 mM substrate 1 and 10 mM methyl iodide. The reaction took place in a 

closed glass flask. The mixing was performed using a magnetic stirrer, and a sand bath was 

used for temperature control. After 18 h incubation at 35 °C, the dialysis bag containing the 

cells was removed and the liquid reaction mixture was analyzed by RP-HPLC, revealing a 55% 

conversion to methylated product P10 (Table 12).  

The setup using cells which were freely suspended in the reaction mixture provided full 

conversion of the substrate to P10. The use of free cells likely improves the mass and 

temperature transfer throughout the system through better mixing of all the components. 

Furthermore, the cells are prone to lysis due to the mechanical forces, releasing the proteins 

into the reaction mixture. This setup resulted in a high protein content in the final solution, after 
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the cells were separated by centrifugation. This triggered the formation of an interphase during 

product extraction. Although it formed to a lesser extent than in lysate, the interphase still 

presented a significant obstacle to product purification. For this reason, the membrane setup 

was selected as the strategy for gram-scale methylation (Table 12). 

Table 12. Test parameters of the whole-cells reaction set-up. All mixtures contained 1 mM substrate 10 
and 10 mM methyl iodide. 

Setup Scale Reaction 
volume 

Cell weight Conversion Comments 

Dialysis bag, magnetic 
stirring 

8 mg 30 mL 1 g PsmD_Sa, 
1 g HMT 

55%  

Dialysis bag, magnetic 
stirring 

16 mg 60 mL 2 g PsmD_Sa, 
2 g HMT 

41%  

Dialysis bag, orbital 
shaking 220 rpm 

 

16 mg 60 mL 2 g PsmD_Sa, 
1 g HMT 

83% 1 mM EDTA was added to 
the buffer 

Free cells, orbital 
shaking 220 rpm 

16 mg 60 mL 3 g PsmD_Sa, 
2 g HMT 

>99% Gelatinous protein 
interface formed at 

extraction 
 

For the gram-scale process, 1 g substrate 10 was used, in a final concentration of 2 mM. This 

required 1.9 L of total reaction mixture. 30 g PsmD_Sa cells and 15 g CtHMT cells were 

enclosed in a dialysis bag. The reaction mixture in KPi buffer (50 mM, pH 7.5) containing 2 mM 

10, 20 mM methyl iodide and 1 mM EDTA, was incubated in a 2 L closed Schott Duran glass 

flask (Figure 95A). The reaction took place in an incubator with orbital shaking. For safety, the 

temperature was reduced to 30 °C, to prevent the evaporation of the methyl iodide, and the 

shaking rate was reduced to 120 rpm. A sample taken after 21 h of incubation revealed 13% 

conversion (RP-HPLC). Another dialysis bag containing fresh cells was added to the system, 

and the reaction flask was moved to a fume hood, which allowed for the increase of the 

temperature to 35 °C using a water bath for heating, and magnetic stirring. After another 21 h, 

the conversion to P10 reached 29%. The reaction was halted after 43 h due to an increase in 

the formation of the N-methylated side product (N10) and was followed by the purification of 

the products (Figure 95B). Chiral NP-HPLC analysis confirmed that only one enantiomer was 

formed, indicating that the stereoselectivity of the methylation was maintained at larger scales 

(Figure 96). The product extraction was straightforward; however, the requirement for large 

quantities of extraction solvents is a major drawback when aiming to develop an 

environmentally friendly methylation route. 496 mg of low-purity product was obtained (74%, 

measured by qNMR) after three column chromatography steps, corresponding to a 35% yield. 

The low purity can be partially attributed to the formation of the N-methylated side product N10, 

which is difficult to separate from P10 through regular silica column chromatography. For future 
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applications, an optimization of the downstream processing of P10 at larger enzymatic reaction 

scales is necessary, to reduce waste and product impurities.  

 

Figure 95. A. Conditions and results of the PsmD-catalyzed methylation of 1 g substrate 10, in the 
presence of the cofactor recycling system, in whole-cells format B. RP-HPLC chromatograms showing 
the substrate conversion in time. The substrate peak has a retention time at 6 min, the PsmD methylation 
product P10 has a retention time of 8.3 min and the N-methylated side product N10 is represented by 
the peak at 13 min. *After 21 h, the reaction set-up was modified by increasing the temperature, 
changing the stirring and the heating methods and supplementing fresh cells.  

In the end, the performance of the 1 g scale reaction using whole cells was not as good as 

anticipated. However, several lessons were learned. The low conversion can be attributed to 

a number of factors, which could be improved through process engineering: 

 

- the reactor: most of the issues encountered in the gram-scale coupled process 

would likely be solved with another choice of the reactor, enabling better temperature 

control (e.g. through a mantle), and improved stirring. 

 

- mass transfer: the enclosure of the catalyst made the mass transfer less 

efficient, requiring stronger stirring. Magnetic stirrers are insufficient for handling large 

volumes, so alternative stirring systems, such as anchor stirrers, could be considered. 

Orbital shaking worked well for smaller flasks (up to 1 L), but larger flasks require 

equipment with higher capacity than standard lab shakers. Scaling up orbital shakers 

may also not be energy-efficient. 
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- temperature control: assuring uniform temperature at a larger scale is 

challenging. It is likely that within the current setting, the desired reaction temperature 

was not consistent throughout the reaction volume, over time. The solution for this would 

be a reactor with a heating mantle, and sensors for real-time temperature control.

- cofactor reaction system: the cofactor recycling using methyl iodide limits the 

possible operational temperature, due to the low boiling point of methyl iodide (42 °C). 

Additionally, there are safety concerns when it comes to the use of the toxic reagent, as 

well as its removal after the reaction. A possible alternative would be the replacement 

of the HMT-MeI recycling system with alternatives allowing other methyl donors, such 

as methyl p-toluenesulfonate. Besides the lower toxicity, methyl p-toluenesulfonate is 

less volatile and would allow the increase of the reaction temperature closer to the PsmD 

optimum (45 °C), improving the methylation rate. This would additionally reduce costs 

by eliminating the methyl iodide quenching step. 

Figure 96. Chiral NP-HPLC chromatogram of the 1 g scale reaction mixture after 43 h, compared to the 
racemic standard of the C-methylated P10 product. The substrate 10 peak appears at 42 min while the 
C-methylated P10 product peak appears at 60 min. Although having a similar retention time with the 
other P10 enantiomer (46 min), the peak at 45 min was confirmed to belong to the N-methylated side 
product N10 by UV/Vis spectrum analysis. 

Ultimately, with further process engineering, the gram-scale enantioselective methylation 

catalyzed by PsmD in whole-cell format is within reach, and could be a viable approach for the 

functionalization of physostigmine analogs at a preparative scale. 
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3.7.6 Practical and economic aspects of the preparative enzymatic methylation  

The work presented in this chapter has provided several examples of the successful use of 

PsmD for the preparative methylation of indoles, in the presence of a cofactor recycling system. 

The coupled reactions were performed using different enzyme formulations, substrates and 

mutants, showcasing the versatility of the process. This section will present an overview of the 

methods used, their advantages and disadvantages, and the practical and economical 

considerations influencing their application (Table 13). The E-factor was calculated for the 

production of the biocatalyst starting from E. coli cells containing PsmD_Sa. The buffers and 

consumables used for the biocatalyst preparation were taken into account when calculating 

the E-factor as the mass of waste/mass of product, the product in this case being the 

biocatalyst in the final form supplemented to the enzymatic reaction mixture.  

Each method provided overall good conversions. Most practical differences between the 

procedures arose either from the catalyst preparation or from the post-reaction processing. 

The costs of enzyme purification through affinity chromatography are prohibitive for the use in 

preparative or large-scale reactions. This is reflected in the calculated E-factor for the isolated 

enzyme preparation, which is higher by several orders of magnitude, compared to the other 

biocatalyst production methods. 

The coupled PsmD-HMT reaction using lysates was the first choice for the preparative 

applications in this work and has consistently yielded the best reaction rates and conversions. 

It also has the advantage of easy preparation and versatility in regard to the enzymes or 

substrates used. However, its major disadvantage is the difficult post-reaction processing. Due 

to the high protein content, a gelatinous interphase forms upon product extraction with organic 

solvents, hindering the product recovery. Attempts at protein salting out with ammonium sulfate 

prior to the extraction did not produce significant differences. However, a potential solution was 

described in the literature, where the lysate proteins were precipitated with MeOH, followed by 

centrifugation and the vacuum removal of MeOH before the product extraction.[428] This could 

improve the final yields and allow the use of the lysate system at its full potential.  

Using whole cells as catalysts is the most efficient method, in regard to catalyst preparation 

and post-reaction isolation, with higher storage stability. This formulation is however 

dependent on the membrane permeability of the substrate, the product and the cofactor. The 

use of whole cells was generally associated with the lowest conversions in the tested PsmD-

HMT coupled systems, likely due to the less efficient mass transfer. Furthermore, depending 

on the reactor type and functioning parameters, cell lysis can occur, hindering the catalyst 

separation after the reaction. The yield of the final product formation was significantly affected 

by the difficult purification. The final product was obtained with moderate purity (approx. 75%) 
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after three column purification steps. The difficult product purification could be also attributed 

to the scale of the reaction, besides the extraction difficulties caused by the complex aqueous 

mixture. More options need be explored for the extraction and isolation of the product for gram 

scale enzymatic methylations, for an efficient process. Nevertheless, with further downstream 

processing optimization, the coupled process utilizing whole-cell catalysts holds the potential 

to offer an economically viable approach to enzymatic methylation.   

Table 13. Comparison of the enzyme formulations used in this work for the PsmD-HMT coupled 
methylation reactions. 

Method Advantages Disadvantages Approx. 
catalyst 
preparation 
time 

Comments on the 
post-reaction 
work-up 

E-factor for 
the catalyst 
preparation/
unit 

Isolated 
enzymes 

Best activity, 
simple 
system 

Expensive, 
time-consuming 
catalyst 
production 

5-6 h Regular product 
extraction and 
purification 

2712 * 103 

Lysates Low cost, 
high 
conversion 

Background 
methylation, 

high protein 
content hinders 
purification 

1.5 h Difficult extraction 
due to protein 
precipitation, 
significantly 
reducing yields. 

6.9 * 103 

Whole 
cells 

Low cost, 
easy 
separation of 
the catalyst 

Low conversion, 
hindered mass 
and temperature 
transfer 

0 h Cell removal can be 
achieved by 
centrifugation. 
After, regular 
extraction and 
purification. 

6.2 * 103 

Immob. 
enzyme 

Simple 
system, easy 
separation of 
the catalyst 

High cost of the 
resin, difficult 
preparation of the 
catalyst 

3-4 h Immobilized 
enzyme removal 
can be achieved by 
centrifugation. 
After, regular 
extraction and 
purification. The 
affinity resin can be 
regenerated and 
reused. 

8.6 * 103 

 a the preparation time was estimated starting from E. coli cells containing the expressed enzymes, using 
the protocols described in the experimental section of this work. b The E-factor was calculated starting 
from E. coli cell cultivation and expression, taking into account the mass of media, buffer and additives 
used for the preparation of 1 U of catalyst. The activity observed for PsmD_Sa and the natural substrate 
10 at 45 °C (8 mU/mg) was used as a reference, resulting in 125 mg of active enzyme corresponding to 
1 U. The E-factor was calculated as the mass of waste/mass of product.  

Finally, enzyme immobilization, although more cost-intensive, provides a good alternative for 

more sensitive processes, by reducing the complexity of the reaction mixture. This is relevant 
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for reducing the background methylation of the products, or for preventing the competitive 

methylation during alkylations with cofactor analogs. The immobilized enzyme could also be 

used for methylation in flow systems. 

Each of the methods described here can lead to successful enzymatic methylation, and the 

choice of the system must be based on the particular necessities of the process. The 

conclusions presented here are based on the  practical experience acquired for the 

PsmD-HMT coupled system and can differ when other methyltransferases and cofactor supply 

systems are used. Nevertheless, perhaps they can provide general guidelines for the future 

use of SAM-dependent methyltransferases as synthetic tools.  
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3.7.7 Chapter summary 

 The methylation catalyzed by PsmD_Sa in the presence of the 

CtHMT SAM recycling system using lysates was optimized using 

design of experiment. This revealed that SAH supplementation is not 

necessary when using lysates. 

 Background N-methylation of the PsmD product was also observed 

and found to originate mostly from the lysate and the excess methyl 

iodide. 

 The optimized coupled lysate system was used with 100 mg 

substrate, leading to full conversion of the natural substrate 10 and 

54% final yield of the C-methylated product P10.   

 PsmD_Sa mutant W166C and CtHMT were successfully immobilized 

and used for the methylation of 50 mg substrate analog 23, obtaining 

65% conversion and 60% isolated product yield. 

 Immobilized WT PsmD_Sa and CtHMT were used for the 

methylation of 7-halogenated substrate analogs, leading to the full 

conversion of the chlorinated substrate (31 mg) and 54% conversion 

of the brominated substrate (16 mg). 

 Further scale-up to 1 g substrate loading was attempted, using the 

enzymes in a whole-cell format. Multiple reactor arrangements and 

conditions were tested. In the end, the 1 g scale methylation of 10 

achieved 29% conversion using whole cells enclosed in a membrane 

system. 

 An overview of all the tested preparative methods provides their 

advantages, limitations and potential use cases.   
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4. Summary 

This work provides a detailed insight into the utilization of methyltransferases for the 

C-methylation of indoles. The methyltransferase PsmD from S. albulus was biochemically 

characterized and analyzed from a structural and mechanistic perspective. The crystal 

structure of PsmD_Sg was determined experimentally, allowing for the precise modeling of its 

homolog, PsmD_Sa. A combination of site-directed mutagenesis, molecular docking and 

molecular dynamics simulation led to the elucidation of the catalytic mechanism of PsmD. The 

detection of two crystal forms, followed by MD simulations of the enzyme in the reaction 

environment, revealed the important role of the N- . Its closing motion triggers the 

start of the catalytic process after the binding of the cofactor and the substrate. A proton 

transfer generated by a Glu-His-Tyr catalytic triad electronically activates the substrate indole 

for the nucleophilic attack. The insights gained here have laid the foundation for the 

understanding, reaction optimization and enzyme engineering strategies for PsmD and other 

similar methyltransferases.  

PsmD was engineered to improve its activity towards non-natural substrates containing various 

substituting groups on the carbamate and amide residues of the substrate molecule. A 

semi-rational design approach was used for the modification of the catalytic pocket. Iterative 

saturation mutagenesis was chosen as a strategy for the production of concentrated mutant 

libraries, replacing the residues in 5 different positions in a sequential manner. To assure the 

efficient screening of the mutant libraries we adapted the AutoBioTech integrated laboratory 

platform for the automated enzyme production and screening. The platform was optimized to 

perform the cell cultivation, protein expression, enzymatic reaction and activity screening 

automatically, with minimal human input. To assure the high throughput activity screening of 

the mutant libraries, a new colorimetric assay for the detection of indoles was developed. The 

assay takes inspiration from the Ehrlich test for indoles using 4-dimethylaminobenzaldehyde 

(DMAB) as a key reagent, expanding its application scope to substituted indoles and aqueous 

environments. The activatory effect of light irradiation on the indole reaction with DMAB was 

analyzed and harnessed in the new assay. This allowed the determination of the substrate 

conversion by PsmD, using isolated enzymes and whole-cell biocatalysts. The automated 

process aided in the identification of hit variants in the key position 166, providing up to a 3-fold 

increase in specific activity towards the t-Bu-amide substrate derivative 21 and up to 28-fold 

increase in specific activity towards the Phe-carbamate derivative 17. This provided one of the 

first examples of the directed evolution of a stereoselective C-methyltransferase.  

Enzymatic alkylation is an attractive target for the engineering of methyltransferases. The site-

specific mutagenesis of PsmD was performed in an attempt to expand its capacity for 
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ethylation using a SAM cofactor derivative. Two enzymatic routes for the preparation of the 

SAE cofactor derivative were explored: using a promiscuous halide methyltransferase starting 

from SAH and ethyl iodide or using a S-adenosylmethionine synthetase with L-ethionine and 

ATP as precursors. Both methods were optimized to provide sufficient amounts of SAE for the 

evaluation of PsmD ethylation activity. The optimization efforts for the coupled PsmD-SAE 

supply systems led to a significant improvement of the conversion to the ethylated PsmD 

product using the wild type, while mutants A125G and F126L provided a small increase in 

conversion. The propyl- and allyl-cofactor derivatives were produced using the HMT enzymatic 

supply system, and tested in the cascade with WT PsmD and the best-performing variants. 

While the propylation attempts provided similar conversions to the ethylation, the conversion 

to the allylated PsmD product was significantly higher for all variants, reaching 95% for WT 

PsmD. This provides a clue into the mechanistic requirements for the PsmD catalysis (and for 

other similar methyltransferases), suggesting a potentially higher impact of the cofactor 

reactivity and enzyme dynamics, compared to the steric constraints of the catalytic pocket. 

This can help inform future engineering decisions aimed at expanding the alkylation capacity 

of similar methyltransferases.      

Finally, the preparative enzymatic methylation using PsmD was performed using different 

enzyme formulations, in combination with a SAM cofactor recycling system. The practical 

applications and challenges of enzymatic methylations were explored and stereoselective 

methylation was achieved up to hundreds of milligrams scales. The combined system yielded 

good conversions using cell-free extracts, whole-cell biocatalysts and immobilized enzymes, 

showcasing some of the opportunities available for process engineering and optimization when 

it comes to scaling enzymatic methylations. A key objective of this study was to provide a 

positive example and several guidelines on utilizing SAM-dependent methyltransferases for 

the production of complex methylated compounds. 
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5. Outlook 

5.1 Natural product methyltransferases  one family, many variations 

Understanding the structural and mechanistic features of PsmD enabled the development of 

enzyme engineering strategies, as well as offering insights into the special needs and 

limitations of its catalytic process. This plays a vital role in the application of the enzymatic 

C-methylation in preparative synthesis, for the diversification of indole-containing compounds. 

Many of the features presented in this work are however not unique to PsmD. The presence 

of proton shuttles in the catalytic site of methyltransferases was reported before as a common 

mechanistic feature, with a histidine residue most often found in the vicinity of the methylation 

site, acting as a base.[304] Although not reported as often, disordered N-terminal regions 

controlling the access of the substrates in the catalytic site of methyltransferases were also 

found to occur in other methyltransferases.[379, 380, 429] Some of the vital amino acid residues 

identified in PsmD are highly conserved in other known small molecule methyltransferases, 

most prominently the tyrosines flanking the cofactor (in the case of PsmD_Sa, Y15, Y22 and 

Y128). The common ancestry of methyltransferase catalysis was postulated before and 

explains the observed similarities in the specifics of the reactions catalyzed by SAM-dependent 

methyltransferases. The similarities refer in particular to the electronic activation of the 

nucleophile, the binding and stabilization of the SAM cofactor and the lid function, which were 

described in detail in Chapter 3.3.  

A global perspective on the structures and mechanisms of SAM-dependent natural product 

methyltransferases is proposed here, in an attempt to adapt their structural particularities within 

their overall shared features. In this way, it may be possible to identify which residues or sub-

domains play important roles in the substrate selectivity, enzyme stability or dynamics, 

regardless of their specific methylation target. Further studies and new methyltransferase 

structures can help refine the collective knowledge and improve the economic viability of 

methyltransferase applications, by enabling more focused engineering strategies. For 

example, a literature search for other small molecule methyltransferases with published crystal 

structures reveals the similarities within this class of enzyme. The crystal structures of the 

human nicotinamide N-methyltransferase (NNMT), the C-methyltransferase NovO from S. 

spheroides and the C-methyltransferase StspM1 from Streptomyces sp. HPH0547 contain the 

same structural domains as PsmD, differing from each other in their specifics (Figure 97). 

These examples naturally target significantly different substrates. The Rossmann-fold domain 

is well-known as a conserved feature in SAM-dependent methyltransferases and is not the 

focus of this discussion. The substrate binding domains are substrate-specific and differ in 

secondary and tertiary structure.  
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The N-terminal lid can be identified in many structures, suggesting a similar regulation and/or 

activation pattern of the catalytic process (discussed in Chapter 3.3). The experimental 

identification of the N-terminal loop can be challenging due to its dynamic nature, often 

appearing disordered in X-ray analysis. This is likely why some methyltransferase crystal 

structures omit this region completely, and the issue extends to the structures predicted in 

silico. The structures predicted using AlphaFold for several literature-described 

methyltransferases, such as RapM from S. hygroscopicus, show the presence of a dynamic 

N-terminal loop. However, the confidence level of the predicted loop position is very low, a 

reflection of the experimentally observed variability of this region in other similar 

methyltransferases. The presence and importance of the lid need to be taken into account 

when planning enzyme engineering strategies, as disruptions in amino acid interactions at the 

lid level have high chances of affecting the enzymatic activities. However, if the compression 

motion caused by the lid closing is considered a driving force for the methyl transfer, the 

modification of carefully chosen amino acid residues on the lid (excluding the highly conserved 

ones) might have a positive effect on the overall reaction rate. It is speculative to infer that a 

stabilization of the closed enzyme conformation leads to higher catalytic efficiency but it is a 

possibility worth exploring. The lid function must also be considered when planning the 

practical applications of such methyltransferases, as affinity tags, restriction sequences or 

protease recognition domains attached at the N-terminal could affect the activity. The same 

applies to the enzyme immobilization, where the orientation of the enzyme on the support 

should be considered for optimal efficiency. Similarly, any sort of post-translational 

functionalization should be applied on the C-terminus instead, when possible.  
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Figure 97. Examples of other small molecule SAM-dependent methyltransferases sharing the main 
structural features of PsmD: the Rossmann-fold cofactor binding domain (gold), the substrate binding 
domain (grey) and the N-terminal lid (red). The SAM or SAH cofactor is represented in blue. The putative 
“latch” residues are represented and colored in light green, and the structure of the methylation product 
of each enzyme is displayed underneath its name, species of origin and PDB code. The homology model 
of StspM1 was provided by Mona Haase (Institute of Bioorganic Chemistry, Heinrich Heine University, 
Düsseldorf), and initially generated for [292]. 

Another noteworthy structural aspect is the lining of the back end of the catalytic pocket. The 

“tryptophan cluster” of PsmD was described in Chapter 3.2, and its potential role in substrate 

binding and product egress was discussed. The residues lining the same area of the catalytic 

pockets of the other methyltransferases shown here differ significantly between the enzymes 

(Figure 97). The proposed “latch” function of the tryptophan cluster of PsmD, allowing the 

product egress after methylation, might be fulfilled by other amino acids and driven by various 

interactions. For example, in place of W166 and W33 of PsmD, NNMT contains two tyrosine 

residues, while StspM1 contains a phenylalanine and a tryptophan residue, arranged to 
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facilitate -stacking interactions in a similar fashion.[292] In NovO, similar positions are occupied 

by an arginine and a tyrosine residue.[392] In Chapter 3.5

domain of PsmD were shown to influence its substrate selectivity. Besides the substrate 

binding, the residues positioned there might influence the dynamics of the enzyme by the 

nature of their interactions. As such, further mutagenesis in this region is worth exploring in 

other methyltransferase  the substrate selectivity modulation. MD 

simulations could help explain and even predict the effects of such mutations.  

It must be noted that not all small molecule methyltransferases described in the literature 

display all of the mentioned structural features. The O-methyltransferase COMT from Rattus 

norvegicus (PDB: 5K09) lacks the distinct substrate binding domain and the N-terminal lid. 

Other methyltransferases used for biocatalytic methylations, such as the terpene 

C-methyltransferase TleD from Streptomyces blastmyceticus (PDB: 5GM1) and and the -keto 

acid methyltransferase SgvM from Streptomyces griseoviridis (PDB: 8FTS) are also 

structurally different, displaying interlaced multimeric structures where the N-terminus flanks 

the catalytic site of another monomer. However, the common ancestry of small molecule 

methyltransferases often results in the structural patterns described in this chapter, and it is 

likely that the elucidation of more methyltransferase structures will add to the available diversity 

of targets associated with each structural sub-type.[299]  

The information gained in this work about the structure and mechanism of PsmD has already 

been used as a foundation for the understanding and use of several other methyltransferases 

displaying a high degree of structural similarity, but different methylation targets. The first 

example involves the diketopiperazine C-methyltransferase StspM1, which was characterized 

and successfully used for the stereoselective methylation of tryptophan-containing 

dipeptides.[292] Its computational structure prediction and analysis revealed a similar dimeric 

structure of the enzyme and the presence of the N-terminal lid. An Asp-His-Tyr triad is present 

in the catalytic site, as well as the tyrosine residues flanking the cofactor, suggesting a reaction 

mechanism similar to PsmD. StspM1 was successfully immobilized using a C-terminal His-tag 

and used for preparative enzymatic C-methylation in the presence of a cofactor recycling 

system. Similarly, a new homolog of StspM1, was discovered and characterized. Its X-ray 

crystal structure was determined, revealing similar features (Mona Haase, IBOC, Heinrich 

Heine University Düsseldorf, manuscript in preparation). The second example is the 

N-methyltransferase PsmC from Streptomyces griseofuscus. This enzyme is involved in the 

biosynthetic sequence of PsmD, performing the N-methylation of the PsmD product P10. 

PsmC_Sg has a 48% amino acid sequence identity to PsmD_Sg and high structural similarity. 

The enzyme was recently used for the kinetic resolution of pyrroloindoles, and a crystal 

structure was determined. The structural and mechanistic insights from PsmD were used to 
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adapt the docking and post-processing strategy used in Chapter 3.5, aimed at explaining the 

stereospecificity of PsmC (Benjamin Chapple, IBOC, Heinrich Heine University Düsseldorf, 

manuscript in preparation). The information acquired for PsmD can hopefully help guide the 

engineering strategies for further natural product methyltransferases, with a wider range of 

targets.  
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5.2 PsmD as a tool for chiral pyrroloindole diversification – future 

prospects  

5.2.1 Further mutagenesis targets for PsmD 

The directed evolution of PsmD yielded an improvement of activity towards voluminous 

substrates, derivatized on the amide and the carbamate side of the substrate molecule. The 

saturation mutagenesis approach, combined with the automated production and screening 

system presented in Chapter 3.5 was shown to be a viable option for the substrate 

diversification of the PsmD-catalyzed methylation. Further improvements can be achieved by 

the expansion of the iterative saturation mutagenesis approach to other positions in the 

catalytic pocket (Figure 98). The alanine scan revealed more potentially interesting positions 

which could affect the substrate binding. The effects of mutagenesis on the other two residues 

in the tryptophan cluster - W171 and W182, would be interesting to explore, as they might 

influence the position of the substrate carbamate in the catalytic site. Furthermore, the alanine 

scan in the positions T18, L25, E157 and Q199 hinted at their potential as mutagenesis targets, 

as they all achieved high conversions to P10 after being changed to alanine (Chapter 3.3.2). 

Finally, for ethylation using the SAE cofactor derivative, residues A125 and F126 have shown 

potential for altering the ethylation capacity of PsmD. Given the difficulty in predicting the 

outcome of changes to these residues, a saturation mutagenesis approach could provide 

better results.   

 

Figure 98. Amino acid residues (purple) in the catalytic pocket of PsmD_Sa, which are appropriate 
targets for further saturation mutagenesis and screening projects. The docked natural substrate 10 is 
represented in yellow. SAM is represented in blue. 

Further diversification is within reach when it comes to other screening substrates (Figure 98). 

The mutagenesis-screening session using the Phe-carbamate substrate 17 presented in 

chapter 3.5 led to the significant improvement of the specific activity of PsmD. However, the 

methylation rate is not high enough for efficient preparative applications using the techniques 
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presented in this work. Further improvement of PsmD activity towards 17 would be significant, 

as it could provide a stereoselective option for the synthesis of phenserine. Subsequent 

saturation mutagenesis on the parent mutant W166P in the positions T18, L25, Q199, E157 

and Y197 has the potential to improve the activity further.  

 

Further substrate diversification 

Although WT PsmD_Sa was successfully used for the preparative methylation of 

7-halogenated substrates, its activity could be increased by directed evolution, particularly 

towards the 7-brominated substrate 30. An increased efficiency towards the halogenated 

substrates is particularly useful for the chemical tagging of a larger variety of C-methylated 

products of PsmD for target fishing (Figure 99A).   

Other substrates could be interesting targets for directed evolution approaches using the 

screening strategy presented in Chapter 3.5, such as 3-(2-hydroxyethyl)-1H-indol-5-yl 

methylcarbamate, a precursor of the AChE inhibitor physovenine (Figure 99B). Although 

physovenine is a natural product isolated from Physostigma venenosum, its biosynthetic 

origins are unclear. Publicly available comprehensive genetic data is still lacking for this 

organism, at the time of writing this work. Furthermore, the expansion of the carbon chain in 

the 3-position of the substrate to produce 6 or 7-member rings after the intermolecular 

cyclization is within reach (Figure 99D). This can lead to further physostigmine analogs in a 

chemical space largely unexplored so far.  
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Figure 99. Examples of non-natural PsmD substrates of special interest, their products and their 
potential utility. A. The use of halogenated substrates can facilitate the chemical functionalization of the 
obtained pyrroloindoles for tagging with probes or linkers for target fishing. B. The replacement of the 
amide rest with a hydroxyl could enable the production of the AChE inhibitor physovenine. C. The 
stereospecific methylation of substrate 17 can provide an alternative route to phenserine. D. The 
elongation of the alkyl side chain of the PsmD substrates can lead to the stereoselective production of 
different ring systems. So far, there is little information on the effects of the ring size on the AChE 
inhibition.     

PsmD_Sa can be a useful tool for the stereoselective synthesis of further AChE inhibitors, and 

the efforts made so far in its directed evolution have shown its potential for substrate 

diversification and synthetic versatility.  

5.2.2 PsmD homolog identification 

The search for other PsmD homologs can also provide useful tools for the stereoselective 

methylation of indoles. Several homologs of PsmD_Sa were identified through an amino acid 

sequence BLAST, predominantly in other Streptomyces species. PsmD from Streptacidiphilus 

(Streptomyces) griseoplanus and Streptomyces cattleya were expressed and tested with 
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several of the accepted PsmD substrates (Figure 100). While using the enzyme from 

S. cattleya did not lead to any detectable product, the homolog from S. griseoplanus was active 

towards multiple substrates, albeit approximately 2-fold slower than PsmD_Sg and PsmD_Sa. 

However, the presence of activity is promising, as the new homolog might provide a different 

selectivity and stability profile. Although other natural products such as erythromycin and 

anticapsin were detected after fermentation using S. griseoplanus, the organism is not known 

as a natural producer of physostigmine.[430, 431]

The identification of new PsmD homologs should not be limited to the amino acid sequence 

identity, as it is not necessarily an accurate way to predict the activity of unknown 

methyltransferases. A structure comparison using tools such as FoldSeek,[432] filtering for the 

catalytic triad and the Trp 

cluster, can provide new active homologs with lower sequence similarity (Table 14).

Table 14. Structural homologs of PsmD_Sa, identified using Foldseek. All the identified homologs 
contain the catalytic triad residues in the corresponding positions. The shaded enzymes have already 
been expressed and tested with the PsmD natural substrate.  

Genbank UniProt ID Organism Sequence identity 
with PsmD_Sa

Activity

AEW99339.1 F8JMI0 Streptomyces cattleya 45%
No PsmD 

activity detected

WP_055591319 -
Streptacidiphilus 

griseoplanus
55% Yes

AOM35479 A0A132ZFQ7 Enterococcus faecium 20% n/a
AAG07565.1 Q9HWK3 Pseudomonas aeruginosa 17% n/a
AAL00391.1 Q8DNR0 Streptococcus pneumoniae 19% n/a
AAK80327.1 Q97GJ5 Clostridium acetobutylicum 20% n/a

Figure 100. A. SDS-Page gel showing the two isolated putative PsmD homologs. The bands at approx.
30 kDa correspond to the homologs. B. Specific activity of GP_PsmD towards several substrates. The 
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activity was determined using the MTase-Glo  assay, with the regular protocol. The reaction mixtures 
contained 20 µM substrate, 30 µM SAM, 1 µg enzyme in 1X MTase-Glo buffer, and were incubated at 
40 °C for 15 min.  

 

 

5.2.3 A chemoenzymatic synthesis route to phenserine 

The AChE inhibitor phenserine is a synthetic drug which was developed as an alternative to 

physostigmine , in order to reduce some of its 

associated side effects.[433, 434] The development of PsmD variants capable of performing the 

C-methylation of substrate analog 19 (Chapter 3.5.7) opens the path towards a new 

chemoenzymatic synthesis route to phenserine. 

The chemical synthesis of the substrate 19 can be performed following the sequence 

presented in Chapter 3.5.4, or alternative options could be considered (Scheme 21A). The use 

of phenyl isocyanate for the carbamoylation of N-acetyl serotonin, although effective, is not 

ideal due to the necessity of the highly toxic isocyanate. An alternative carbamate synthesis 

routes could be considered, such as the coupling of phenols with amines in the presence of 

1,1'-carbonyldiimidazole (CDI), which was shown to be possible under mild conditions 

(Scheme 21B).[435] Another option could be the generation of phenyl isocyanate in situ, in the 

presence of CO2, trifluoroacetic acid anhydride (TFAA) and 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU) (Scheme 21B).[436] 

PsmD mutant W166P or further engineered variants can be used for the stereoselective 

methylation of the chemically synthesized 19. The activity of W166P is still relatively low, 

posing difficulties in the preparative methylation of 19 through the strategies presented in 

Chapter 3.7. The optimization of the reaction conditions and enzyme formulation could help 

improve the final yields. Particularly, the stabilization through enzyme immobilization might 

allow the reaction to proceed for a longer time, increasing the conversion. Furthermore, it was 

observed that the inhibitory effect of SAH becomes significant in reactions with poorly accepted 

substrates. As such, the elimination of SAH immediately after formation - for example using 

MTAN, might improve the conversion to the product, as was the case for the PsmD-catalyzed 

ethylation (Chapter 3.6). Gradual substrate supplementation could also be beneficial to 

mitigate substrate inhibition. A promising strategy for the enzymatic methylation of 19 would 

be the use of flow chemistry. The immobilization of the enzyme on a column could enhance its 

stability, while a low flow rate would maintain a reduced substrate concentration and eliminate 
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the formed SAH. If necessary, the recirculation of the reaction mixture can also contribute to 

an increase in the overall yield (Scheme 22). 

In the next step, the chemical deacetylation of the formed pyrroloindole is not advisable, as it 

might also lead to the cleavage of the carbamate. Instead, the enzymatic hydrolysis of the 

amide using PsmB might be a viable option. There is no information so far about the substrate 

promiscuity of PsmB, requiring further study and optimization of its hydrolytic action. The 

screening for commercially available promiscuous hydrolases might also provide an 

alternative. The final methylation of the pyrroloindole amides can be performed using methyl 

iodide as a methylating agent. Another option would be to perform the methylation 

enzymatically, using the N-methyltransferase PsmC. The recent characterization and analysis 

of PsmC from S. griseofuscus showed good performance in the presence of bulky substrates 

(Benjamin Chapple, Institute of Bioorganic Chemistry, Heinrich Heine University Düsseldorf, 

manuscript in preparation). Once established, this synthetic route could perhaps be adapted 

for the production of pharmacologically relevant phenserine derivatives, such as cymserine or 

tolserine.  
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Scheme 21. Proposed chemoenzymatic synthetic path to phenserine, starting from N-acetyl serotonin.
A. Chemical synthesis of 19 from N-acetyl serotonin using phenyl isocyanate (PhNCO) in the presence 
of a base (TEA) and DMAP catalysis. This was the route used in this work for the carbamate formation. 
B. Synthesis of 19 in a coupling reaction using aniline and CDI. C. Synthesis of 19 by generating phenyl 
isocyanate in situ from aniline in the presence of CO2, TFAA and DBU.
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Scheme 22. The flow reaction set-up for the methylation of 19, catalyzed by PsmD mutant W166P in 
the presence of the HMT cofactor recycling system using methyl p-toluene sulphonate as a methyl 
donor. The regenerated SAM cofactor is separated from the methylation product through a membrane 
liquid-liquid extraction module, and recirculated.

5.2.4 Enzymatic cascades containing PsmD

Enzyme cascades containing PsmD could open new paths for the synthesis of chiral indoles 

and pyrroloindoles. After performing the PsmD-catalyzed C-methylation of non-natural 

substrates, further physostigmine derivatives can be produced by continuing the biomimetic 

sequence of the methylated products, in the presence of PsmB and PsmC. While PsmC was 

recently characterized and its substrate scope is promisingly broad, not much is known about 

the hydrolase PsmB. Its characterization would bring valuable information for the optimization 

of an enzymatic cascade containing the three enzymes. An analysis of its substrate scope in 

particular, would help assess the achievable structural diversification using this strategy. PsmC 

and PsmB from S. griseofuscus have been expressed in an active form, but the use of their S. 

albulus counterparts could also be interesting, in case they benefit from a similar stability boost 

as PsmD. Since PsmD, PsmC and PsmB are part of the same biosynthetic pathway, their 

operational conditions are likely to be similar. As such, a one-pot PsmD-PsmB-PsmC 

enzymatic cascade starting from the indole PsmD substrates becomes a plausible strategy

(Figure 101A). Adding an HMT-based cofactor recycling system is also a reasonable option, 

as one-pot PsmD-HMT enzymatic cascades were already shown to work well. The 

optimization of such a cascade for preparative synthesis would establish an easy-to-use 

biocatalytic platform for the structural diversification of physostigmine. 
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The use of the radical cobalamin-dependent TsrM C-methyltransferase can result in the further 

diversification of the PsmD substrates, methylating the C2 carbon on the tryptophan indole 

(Figure 101B). TsrM is part of the biosynthesis of the steroid thiostrepton A and was found to 

accept a range of substituted tryptophan derivatives as substrates. Although the enzyme was 

not tested for N-acetylated tryptamine derivatives, the reported results show promise for the 

potential indole C2-methylation of the PsmD substrates.[324] After the PsmD reaction, two 

methylated stereocenters would be formed. It would be interesting to assess if this 

transformation has any effects on the AChE inhibitory action of these molecules. 

The chemical synthesis of PsmD substrate analogs could be replaced by an enzymatic 

cascade. Tryptophan synthases have been effectively used for the synthesis of a large variety 

of substituted tryptophan derivatives.[437] The use of a tryptophan synthase (TrpB) in cascade 

with a tryptophan decarboxylase (TDC)[438] and a serotonin N-acetyltransferase (SNAT)[439] 

could provide new PsmD substrates, using mild reaction conditions (Figure 101C).   
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Figure 101. Possible enzymatic cascades using PsmD. A. Biomimetic cascade using PsmD substrate 
analogs. B. The use of TsrM C-methyltransferase for PsmD substrate diversification. C. The use of a 
tryptophane synthase (TrpB), tryptophan decarboxylase (TDC) and serotonin N-acetyltransferase 
(SNAT) for PsmD substrate derivative generation. 

5.2.5 Is stereoselective biocatalytic ethylation within reach?  

The biocatalytic alkylations using methyltransferases in the presence of SAM cofactor analogs 

were explored for multiple methyltransferases (described in Chapter 2.4.4). In recent years, 

significant progress was achieved in developing new production strategies for cofactor 
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derivatives that can transfer functional groups beyond methyl. The enzymatic production of 

cofactor derivatives profited from the recent discovery and engineering of new MAT and HMT 

variants, and as a consequence, the range of available SAM derivatives expanded 

considerably.  

Multiple successful examples of alkylation and arylation cascades using MAT and HMT 

variants in combination with methyltransferases can be found in the literature. Although 

possible, one needs to note the generally low reaction rates, combined with the difficult 

production and control of the cofactor supply. Considering the low methyltransferase affinities 

for cofactor derivatives, the inhibitory effect of SAH becomes considerable and needs to be 

countered by removing the SAH from the reaction mixture. The enzymatic routes for this are 

the most advantageous, providing high selectivity for SAH. Most often, MTAN is supplemented, 

although SAHH is also a viable option. While the transfer of larger groups is in many cases 

more chemically accessible by coupling/reduction sequences, selective ethylation is even 

more challenging than methylation. The ethyl group is also interesting as it is small enough to 

provide a supplement (m) -tuning drug candidates. Because of 

this, although the transfer of larger groups from SAM derivatives can also be achieved using 

methyltransferases, this discussion will focus on ethylation.  

The outcome of the efforts to improve the ethylation capacity of PsmD differed from the initial 

expectations. Due to the compact conformation of the enzyme in its active closed form, it 

seemed reasonable that opening the available space for a larger cofactor side chain would 

improve the ethylation activity. While this worked to a reduced extent, the differences in 

conversion between WT PsmD and the most active mutants A125G and F126L were small. 

The similar results for propylation and the much higher conversions obtained for the allylation 

of 10 supported another conclusion: steric constraints are not the main barrier to the 

biocatalytic ethylation using PsmD. This prompts a change of perspective for the future of 

PsmD engineering for ethylation. Considering the reactivity of the cofactor as the main limiting 

factor, enzyme engineering efforts should be targeted at the enhancement of the biocatalytic 

driving force. Counterintuitively, a reduction in the available space around the cofactor by 

replacing the surrounding amino acid residues with larger ones, might be more productive. A 

saturation mutagenesis approach in the positions A123, A124, A125 and F126 might be a 

better strategy, since not enough information is available for reliable rational design. Mutant 

library screening is challenging for ethylation, due to the cofactor supply limitation. This 

problem can be solved using the MAT-SAE supply system optimized in Chapter 3.6.1, to 

prepare the necessary cofactor. The more pressing issue is the requirement for pure enzymes. 

The ethylation reactions cannot be reliably analyzed in lysates or whole-cell systems due to 

the competitive methylation in the presence of endogenous SAM. The high-throughput His-tag 
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immobilization of the variants on microtiter plates could be a solution. This requires a slight 

change in the screening set-up, using Ni-coated plates and the addition of cell lysis and 

washing steps to the process. In this case, the screening can be achieved using the 

AutoBioTech platform and a similar strategy to the one described in Chapter 3.5.3 (Scheme 

23). 

Scheme 23. Proposed process scheme for the automated production and screening of PsmD mutants 
for ethylation improvement. The protein expression and activity assay modules remain as presented in 
Chapter 3.5.3. The enzymatic reaction module requires several extra steps: cell lysis, enzyme 
immobilization and a washing step. The cell lysis can be performed enzymatically in 96-well plates using 
lysozyme. For the immobilization of PsmD, Ni-coated plates are required. They are commercially 
available or can be prepared using NiSO4. After a washing step, the reaction can be started by adding 
the reaction mixture. The reaction mixture contains 1 mM substrate 10, 8 µM MTAN, 10% (v/v) MAT-
SAE mix (containing 7 mM SAE) in KPi buffer 50 mM, pH 7.5. The MAT-SAE mix should be freshly 

The optimized conditions from Chapter 3.5, as well as the evolution and screening strategy for 

ethylation, can be applicable to other methyltransferases. The emergence of more successful 

examples of methyltransferase-catalyzed alkylations and allylations is important for 

understanding the structural and chemical drivers of these reactions. This might help develop 

a general strategy for enabling enzymatic ethylations for more methyltransferases and targets.

Indeed, the use of methyltransferase with SAM cofactor analogs is a rapidly evolving area of 

development and is likely to lead to a significant surge in the available range of biocatalytic 

alkylations in the near future. This can be streamlined by adopting a global overview of the 

origins of methylation and ethylation reactivities in small molecule methyltransferases. 
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5.2.6 Future PsmD engineering opportunities 

5.2.6.1 Computer-assisted library design 

The effects of mutations on the catalytic activity of enzymes are often difficult to predict, 

requiring extensive information on the structure, mechanism and dynamics of said enzyme. 

Even having this information, the dynamic nature of enzymes in solution can be easily 

overlooked and might produce effects that are not apparent in the structural experimental data. 

User-friendly computational tools for the prediction of productive mutations are emerging, 

helping create focused mutant libraries for different purposes such as the improvement of 

stability, solubility, or the modification of substrate scopes. An increase in the thermostability 

of PsmD and other small molecule methyltransferases might be achieved using the FireProt 

2.0[440] tool for the mutant design. To improve overall protein stability in solution, the FoldX,[441] 
[246] and HOTMuSiC[442] or DeepDDG[443] tools can provide predictions of 

the effect of mutations on stability. Tools such as FuncLib[249] and Caver[248] can help expand 

the substrate scope of PsmD and similar enzymes.  

Further discovery and characterization of small molecule methyltransferases can provide 

valuable data for the training of machine learning models, which could predict the target scope 

of unknown or unannotated methyltransferases from experimental databases. At the time of 

writing this work, there are over 2.7 million SAM-dependent methyltransferases in the UniProt 

database (19.08.24). Streamlining the target identification procedure using computational 

analysis would provide a great boost for expanding the available enzymatic methylation 

options.   

5.2.6.2 Automation of mutant library production and screening 

The automation of high-throughput mutant library production and screening is a staple of 

industrial enzyme engineering. Robotic liquid handling systems are becoming more common. 

The AutoBioTech platform was built for versatility, allowing for the construction of genetic 

libraries and production strains, as well as the screening of enzyme libraries.[444] The 

automated process reported in Chapter 3.5 can be used as described for the engineering of 

other enzymes. Beyond PsmD homologs, the system can directly be applied to any enzyme 

forming pyrroloindoles from indoles, provided it meets two requirements: 

- The enzyme can be expressed by autoinduction 

- The substrate, product and cofactor (if necessary) can pass the cell membrane 

The AutoBioTech automated strategy described in Chapter 3.5 was successfully used for the 

engineering of an indole C-methyltransferase improving its activity towards halogenated 

dipeptides (Mona Haase, Marcel Schatton, IBOC, Heinrich Heine University Düsseldorf, 
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manuscript in preparation). In the future, other types of pyrroloindole-forming enzymes (for 

example prenyltransferases or monooxygenases) could be modified using the same strategy. 

The first two modules  the enzyme expression and reaction module, are applicable for the 

engineering of other methyltransferases fulfilling the requirements mentioned earlier. The 

replacement of the indole assay with another reaction-specific colorimetric or fluorescent 

activity assay is easily applicable to the robotic liquid handling platform. Recent advancements 

in high-throughput general methyltransferase assays monitoring SAH formation provided a 

valuable solution for general methyltransferase screening.[445]   

The advances in microfluidic systems for enzyme engineering allowed for a dramatic increase 

in the screening throughput. The use of microfluidics can significantly accelerate the 

development of new enzyme variants, while reducing the necessary amounts of reactants.[270] 

This can be particularly important for methyltransferases such as PsmD, which require 

complex and commercially unavailable substrates, as well as expensive cofactors in 

stoichiometric amounts. While the price of SAM has decreased in the last years and it does 

not pose the problem it used to, the supply of SAM cofactor derivatives remains challenging. 

The derivatives need to be produced chemically or enzymatically, significantly raising the 

costs. Therefore, reducing the demand for cofactors would greatly lower the costs of 

methyltransferase engineering for further alkylations.  

Nowadays, automation plays a crucial role in enzyme engineering, enabling faster, more 

efficient, and scalable workflows. High-throughput screening, robotic liquid handling, and data-

driven design tools allow the exploration of large libraries of enzyme variants and the 

optimization of their properties with unprecedented speed and precision. This can help expand 

the methyltransferase engineering opportunities and provide new biocatalysts for the late-

stage alkylation of biologically relevant complex molecules. 

 

There are many opportunities for including PsmD and other similar methyltransferases in the 

synthetic routes of valuable complex compounds. Further advancing the technological and 

experimental optimization, as well as the protein engineering opportunities for this class of 

enzymes can provide valuable tools for the selective late-stage functionalization of compounds 

containing indoles or pyrroloindoles. 
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6. Materials  

6.1 Devices 

Table 15. List of devices used in this work and their producer. 

Device Producer 
Pipettes 
 
Eppendorf Research Plus 
- pipette 0.5-10 µL 
- pipette 10-100 µL 
- pipette 100-1000 µL 
- pipette 10-100 µL 
- pipette 0.5-5 mL 
 
Eppendorf Research Plus  
- multichannel pipette, 12 channels, 0.5-10 µL 
- multichannel pipette, 12 channels, 10-100 µL 
- multichannel pipette, 12 channels, 30-300 µL 
- multichannel pipette, 12 channels, 120-1200 
µL 
 
Mettler Toledo, Rainin  
- Pipet-Lite Adjustable Spacer LA8-300XLS, 
multichannel pipette, 8 channels, 20-300 µL 

- Pipet-Lite Adjustable Spacer LA8-1200XLS, 
multichannel pipette, 8 channels, 100-1200 µL 
 

 
 
Eppendorf AG, Hamburg, Germany 
 
 
 
 
 
 
Eppendorf AG, Hamburg, Germany 
 
 
 
 
 
Mettler Toledo, Oakland, USA 
 

Incubators and shakers 
 
- Heidolph incubator 1000 coupled with 
Heidolph unimax 1010 shaker, Incubation and 
shaking of larger volumes (up to 300 mL) and 
96-well plates. 
- Eppendorf Thermomixer compact, heating 
block with mixing for 1.5-2 mL tubes 
- HLC MKR23 Cooling-ThermoMixer, heating 
block with mixing for 1.5-50 mL tubes 
- Eppendorf MixMate PCB-11, plate shaker 
- BioCote Stuart Rotator SB2, rotating tube 
mixer, used in a room with 37 °C constant 
temperature  
- New Brunswick Innova 42 incubator shaker, 
incubator for cell cultures 
 

 
 
Heidolph Intruments GmbH, Kelheim, Germany 
 
 
Eppendorf AG, Hamburg, Germany 
 
DITABIS Digital Biomedical Imaging Systems AG, 
Pforzheim, Germany 
Eppendorf AG, Hamburg, Germany 
BioCote LTD, Wolverhampton, UK 
 
New Brunswick Scientific GmbH, Nürtingen, 
Germany  
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Centrifuges  
 
- Eppendorf Concentrator 5301, vacuum 
centrifuge 
Eppendorf Centrifuge 5242R, cooling centrifuge 
for tubes (1.5, 2 mL) 
- Eppendorf centrifuge 5810R, cooling 
centrifuge for tubes (15-50 mL) 
- Sorvall RC6+, cooled centrifuge with PTI F10S-
6x-500y and PTI F9S-4x1000y rotors 
- Hettich Rotanta 460R centrifuge, cooled plate 
centrifugation 
 

 
 
Eppendorf AG, Hamburg, Germany 
 
 
Eppendorf AG, Hamburg, Germany 
 
Eppendorf AG, Hamburg, Germany 
 
Thermo Fisher Scientific, Waltham, MA, USA 
 
Hettich AG, Bäch, Switzerland 

Balances 
 
- Sartorius 2004MP, analytical balance 
- Sartorius MC1, laboratory balance 
- VWR PBA224i-1S-FC, analytical balance 
 

 
 
Sartorius AG, Göttingen, Germany 
Sartorius AG, Göttingen, Germany 
VWR International GmbH, Darmstadt, Germany 
 

Photometers 
 
- NanoDrop 2000c, photometer for small 
volumes 
- NanoDrop One, photometer for small volumes 
- Tecan Infinite® M1000 PRO, plate reader 
 

 
 
Thermo Fisher Scientific, Waltham, MA, USA 
Thermo Fisher Scientific, Waltham, MA, USA 
Tecan Group AG, Männedorf, Switzerland 

Chromatography 
 
- Jasco X-LC series, used for reverse-phase HPLC 
- , used for normal 
phase, chiral HPLC 
- kta Pure chromatography system, for protein 
purification 
- Thermo Fisher UltiMate 3000 UHPLC system, 
LC-MS 
 

 
 
Jasco Deutschland GmbH, Pfungstadt, Germany 
Thermo Fisher Scientific, Waltham, MA, USA 
 
Cytiva, Marlborough, MA, USA 
 
Thermo Fisher Scientific, Waltham, MA, USA 
 

NMR 
 
Advance/DRX 600 MHz NMR 
 

 
 
Brucker, Billerica, MA, USA 

Other analytics 
 
- Perkin Elmer Spectrum Two FT, IR 
Spectrometer 
- Krüss P8000-TF, polarimeter 
- Advion exPressIon CMS, mass spectrometer 

 
 
Perkin Elmer, Waltham, MA, USA  
Krüss optronic GmbH, Hamburg, Germany 
Advion Inc., Ithaka, NY, USA  
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Others  
 
- Bandelin Sonorex RK 100 H, ultrasonic bath 
- Biometra TProfessional Basic Gradient, PCR-
Cycler 
- VWR XT96 PCR thermal cycler 
- Bio-Rad Mini Protean Tetra System, SDS-Page 
gel electrophoresis system 
- Bio-Rad PowerPac Basic, agarose gel 
electrophoresis system 
- Heidolph Hei-VAP Core rotary evaporator, 
equipped with a G3 vertical cooler and vacuum 
control 
- Camag UV Cabinet 4, UV camera for gel 
documentation 
- Canon EOS 1000D, Digital camera for gel 
documentation 
- Heidolph MR 3001 K, Heating plate with a 
magnetic stirrer, combined with EKT HeiCon 
thermometer 
- Invitrogen Novex MiniCell, electrophoresis 
system for pre-cast SDS-PAGE gels 
- pH-Meter Knick 766 Calimatic 
 
- Sonopuls, ultrasonic cell disruptor, with 
various tip sizes (1.5 50 mL) 
- Steinel HG3002LCD 3458, heatgun 
 
- Vacuubrand MD 4C, vacuum pump 
- Vacuubrand RZ 6, vacuum pump 

 
 
Bandelin electronic GmbH, Berlin, Germany 
Analytik Jena AG, Jena, Germany 
 
VWR International GmbH, Darmstadt, Germany 
Bio-Rad Laboratories GmbH, Münich, Germany 
 
Bio-Rad Laboratories GmbH, Münich, Germany 
 
Heidolph Scientific Products GmbH, Schwabach, 
Germany 
 
Camag, Muttenz, Switzerland 
 
Canon Deutschland GmbH, Krefeld, Germany 
 
Heidolph Instruments GmbH & Co.KG, 
Schwabach, Germany 
 
Invitrogen GmbH, Darmstadt, Germany 
 
Knick Elektronische Messgeräte GmbH, 
Berlin, Germany 
Bandelin electronic GmbH, Berlin, 
Germany 
Steinel Vertrieb GmbH, Herzebrock-Clarholz, 
Germany 
Vacuubrand GmbH, Wertheim, Germany 
Vacuubrand GmbH, Wertheim, Germany 

 

6.2 Software 

Table 16. List of software used in this work and their publisher. 

Software Publisher 
ChemBioDraw 18.0, used for chemical structure representation PerkinElmer Informatics 
Clone Manager 9.4, cloning aid, primer design, sequencing results 
visualization 

Scientific & Educational 
Software 

SnapGene 7.1.1, cloning aid, primer design, sequencing results 
visualization 

GSL Biotech LLC 

ensochemLab 7.0.5, electronic chemical lab journal enso Software GmbH 
MestReNova 8.0.1-10878, NMR data visualization and processing Mestrelab Research S.L. 
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Microsoft Office 2016 (Word, Excel, Powerpoint, OneNote), data 
collection, processing and presentation 

Microsoft Corp. 

OriginPro 2018, data processing, non-linear regression, graph 
construction 

OriginLab 

DesignExpert 12, design of experiment planning and data 
processing 

StatEase Inc. 

COREL Photo-Paint 2018, image manipulation Corel Corp. 
Jalview 2.11.1, protein and gene sequence alignment visualization University of Dundee 
UCSF Chimera 1.14, protein 3D structure visualization and 
processing 

UC San Francisco 

Autodock Vina, protein-ligand docking Scripps research 
Endnote 21, reference manager Clarivate 
ChatGPT 4, language refining in written text *  OpenAI  

* The text in this thesis was NOT generated using ChatGPT 4; artificial intelligence was strictly 
used as a language refining aid for better readability (i. e. identifying synonims and refining 
phrasing). 

 

6.3 Consumable materials 

Pipette tips were acquired in bulk from Ratiolab (Dreieich, Germany) and Sarstedt AG 

(Numbrecht, Germany). Single-use 1 mL plastic cuvettes were purchased from Ratiolab. 

Sterile syringe filters (FiltroPur S 0.2) and closed plastic tubes (1.5, 2, 15 and 50 mL) were 

purchased from Sarstedt AG. 0.2 µm membrane filters were purchased from Sartorius 

(Göttingen, Germany). ExcelScientific AeraSeal permeable plate sealing films were purchased 

from Merck (Darmstadt, Germany). Thin-layer chromatography plates with silica gel 

(Polygram®SIL G/UV254 with fluorescence indicator; 0.2 mm layer thickness) were purchased 

from Macherey-Nagel (Düren, Germany). Silica gel 60 (particle size 40-

column chromatography was acquired from Macherey-Nagel (Düren, Germany). Disposable 

syringes (cylinders made of polypropylene, polyethylene plunger) were purchased from Braun 

Melsungen AG (Melsungen, Germany). White microtiter plates (Nunclon®; polystyrene, white, 

Thermo Fisher Scientific (Waltham, MA, USA) and 

transparent and black microtiter plates were acquired from Greiner (Kremsmünster, Austria). 

Deep-well plates (polypropylene, solvent-resistant, conical bottom) were acquired from 

Eppendorf AG (Hamburg, Germany). Vivaspin© 500 and Vivaspin© 20 (10000 MWCO, PES) 

centrifugal concentrators were purchased from Sartorius (Stonehouse, UK).     

6.4 Chemicals 

The commercial chemicals used in this work were purchased from Carl Roth GmbH (Karlsruhe, 

Germany), Sigma-Aldrich (Steinheim, Germany), Alfa Aesar (Karlsruhe, Germany), VWR 
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International (Radnor, PA, USA), BLD Pharma (Kaiserslautern, Germany) or TCI Europe 

(Zwijndrecht, Belgium).  

6.5 Oligonucleotides and synthetic genes 

The oligonucleotides used in this work were purchased from Merck (Darmstadt, Germany) in 

dry format and dissolved in distilled H2O to form 100 µM stock solutions. All the oligonucleotide 

sequences can be found in Annex 8.4. The synthetic genes were ordered from GenScript USA 

Inc. (Piscataway, NJ, USA) in pET21a(+) or pET28a(+) vectors. The commercial DNA 

sequencing services were provided by Eurofins Genomics (Ebersberg, Germany). 

6.6 Enzymes 

The enzymes used in the molecular biology applications (restriction, ligation and polymerases) 

were purchased from Thermo Fisher Scientific (Waltham, MA, USA), New England BioLabs 

GmbH (Frankfurt am Main, Germany) and Takara Bio Europe (Saint-Germain-en-Laye, 

France). 

6.7 Kits 

Commercial kits were used for DNA purification from various sources. For plasmid purification 

from cell cultures, innuPREP Plasmid Mini Kit 2.0 from IST Innuscreen GmbH (Berlin, 

Germany) was used. DNA purification from agarose gels was performed using the innuPREP 

DOUBLEpure Kit from IST Innuscreen GmbH.   
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7. Methods 

7.1 Molecular biology 

The native PsmD_Sa synthetic gene was purchased individually and was inserted into the 

pET21a(+) vector by digestion with XhoI and NdeI for 20 min at 37 °C, followed by the 

dephosphorylation of the plasmid at the 5´-end with FastAP (ThermoFisher Scientific, USA). 

The restriction products were purified by agarose gel electrophoresis. The ligation of the vector 

and insert was mediated by T4 DNA Ligase (ThermoFisher Scientific, USA) o/n at 16 °C. The 

pET21a(+)_PsmD_Sg construct was obtained as previously described in the literature.[358] The 

codon harmonized PsmD_Sa gene and all the other genes coding the proteins described in 

this work were purchased from GenScript (USA) directly within the desired plasmid (pET21a(+) 

or pET28a(+)). 

7.1.1 Plasmid isolation and analysis 

For the amplification and isolation of plasmids, E. coli DH5  or E. coli BL21 Gold (DE3) strains 

containing the vector with the gene of interest were cultivated overnight in 5 mL LB medium 

supplemented with the corresponding antibiotic. The innuPREP Plasmid Mini Kit 2.0 from IST 

Innuscreen GmbH (Berlin, Germany) plasmid isolation kit was used according to the 

µL Milli-Q pure water. The 

DNA concentration was determined by NanoDrop analysis, measuring the absorbance at 260 

nm and the obtained samples were sequenced using the Sanger sequencing service of 

Eurofins Genomics (Ebersberg, Germany) using the T7 and/or T7term standard primers.  

7.1.2 Site-specific mutagenesis  

The residues for the alanine scan were selected based on the structural information from 

PsmD_Sg, as well as the generated homology model of PsmD_Sa. PsmD_Sa mutant genes 

were obtained by mutagenesis PCR amplification, using the PsmD_Sa-pET21a(+) construct 

as a template. The reaction mixtures contained 1x Phire buffer, 200 µM (each) dNTPs, 100 nM 

(each) forward and reverse primers, 0.5 ng/µL template, 5% DMSO and 0.4 µL Phire Hot Start 

II DNA polymerase. The initial denaturation was performed at 98 °C for 3 min, after which the 

program was continued with 25 cycles of denaturation (98 °C, 10 s), annealing (72 °C, 5 s) 

and elongation (72 °C, 1 min). The final annealing was performed at 72°C for 5 min. The PCR 

products were subjected to digestion with dpn1 and then used to transform chemically 

competent E. coli  shock, out of which the mutant plasmids were isolated 

using a plasmid isolation kit (Innuprep, Analytik Jena) and further used to transform via heat 

shock chemically competent E. coli BL21 Gold (DE3) for protein expression. 
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7.1.3 Site-saturated mutagenesis 

The amino acids in the selected positions were modified by iterative saturation mutagenesis. 

The mutant libraries were generated using the 22c-trick. This reduces codon redundancy, 

leading to reduced libraries.[420] Degenerated primer mixtures were used in a whole plasmid 

amplification PCR approach. The codon harmonized PsmD_Sa gene in pET21a(+) was 

purchased from Genscript and used as a template. The reaction mixtures contained 1x 

PrimeStar GXL buffer, 200 µM (each) dNTPs, 300 nM (each) forward and reverse primers, 0.2 

ng/µL template and 1 µL PrimeStar DNA polymerase. The initial denaturation was performed 

at 98 °C for 30 s, after which the program was continued with 17 cycles of denaturation (98 

°C, 10 s), annealing (touchdown 72 °C to 56 °C 15 s) and elongation (68 °C, 3 min). After, 25 

cycles of denaturation (98 °C, 10 s), annealing (55 °C 15 s) and elongation (68 °C, 3 min) were 

performed. The final annealing was performed at 68°C for 5 min. The PCR products were 

subjected to digestion with dpn1 and then analyzed by agarose (1%) gel electrophoresis, using 

Midori Green  as a stain. After purification from the gel, the products were subjected to 

ligation with T4 DNA ligase in the presence of 6% (v/v) PEG 4000. After the inactivation of the 

ligase, 10 µL of the PCR product were used to transform chemically competent E. coli 

cells using heat shock. All the obtained colonies were collected and mixed and the plasmid 

mixtures were isolated using a plasmid isolation kit (Innuprep, Analytik Jena). The pure primer 

mixtures were analyzed by sequencing and used to transform via heat shock chemically 

competent E. coli BL21 Gold (DE3) for protein expression. 

7.1.4 Agarose gel electrophoresis 

For DNA analysis, the PCR products were mixed with 6X TriTrack DNA Loading Dye (Thermo 

Scientific, USA) and 6 µL (analytical gel) or 35 µL (preparative gel) samples were loaded into 

the wells of a 1% agarose gel.  

Table 17. Component list for the agarose gel electrophoresis. 

Solution Components 
5 x TBE buffer 89 mM TRIS 

89 mM Boric acid 
2.5 mM EDTA 

Agarose gel solution 1x TBE buffer 
1 % (w/v) agarose 
0.1 % (v/v) Midori Green  

The agarose gel solution was prepared by boiling 1% (w/v) agarose in 1 X TBE buffer until the 

agarose was fully dissolved. After, the fluorescent dye Midori Green  (Nippon Genetics, 

polymerization. After 

casting, the gel polymerized  min. For the DNA 

size determination, 3 µL of the 1 kb DNA Ladder (Thermo Scientific, USA) were used as 
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standard and the electrophoresis was performed at 100 V for 35 min. The analysis and 

documentation were conducted using a gel documentation system 

(INTAS Science Imaging Instruments GmbH, Göttingen, Germany). 
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7.2 Microbiological methods 

7.2.1 Bacterial strains 

Table 18. Overview of the bacterial strains and description of their genotype and their application in this 
work.  

Strain Genotype Supplier Application 
E. coli  F  lac lacZYA-

argF)U169 recA1 endA1 hsdR17 (rk

,mk
+) phoA supE44 thi-1 gyrA96 relA1 

- 

Merck Plasmid 
amplification, 
transformation 

E. coli 
BL21(DE3) Gold

F  ompT hsdS(rB mB ) dcm+ Tetr gal 
(DE3) endA Hte 

Merck Protein 
expression 

E. coli 
BL21(DE3) Gold 

 

F- araD-araB)567, pfs-773(del) 
lacZ4787(:rrnB-3), -, rph- (rhaD-

rhaB)568, hsdR514, (DE3) 

Florian 
Seebeck 
group, 
University of 
Basel [207]   

Protein 
expression 

 

 

7.2.2 Cultivation 

The bacteria cultivation was generally performed in sterile LB medium for overnight pre-

cultures and TB for the expression cultures, both containing ampicillin or kanamycin in a final 

concentration of 100 µg/mL, depending on the plasmid and strain antibiotic resistance. In case 

autoinduction was required, TB was used, supplemented with 2% (v/v) autoinduction additive. 

In some cases, SOC medium was used for the regeneration step after the heat-shock 

transformation of the E. coli cells with mutagenesis PCR products. For cultivation on plates, 

LB medium was supplemented with 1.5% (w/v) agar-agar prior to autoclave sterilization.  

Table 19. Bacterial growth media components.  

Medium  Components 
LB 0.1 % (w/v) tryptone 

0.05 % (w/v) yeast extract 
0.1 % (w/v) NaCl 
Distilled H2O 

TB 5.08 % (w/v) Commercial TB medium (Carl Roth, 
Germany) 
0.4 % (v/v) glycerol 
Distilled H2O 

Autoinduction additive (50X) 25% (v/v) glycerol 
2.5% (w/v) glucose 
10% (w/v) lactose 
Distilled H2O 
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SOC 2 % (w/v) tryptone 
0.5 % (w/v) yeast extract 
10 mM NaCl 
2.5 mM KCl 
10 mM MgCl2*6H2O 
10 mM MgSO4 
20 mM glucose 
Distilled H2O 

SOC medium was sterilized by filtration through a 0.2 µm cut-off membrane filter. All other 
media were sterilized using an autoclave prior to use.   

 

7.2.3 Production and transformation of chemically competent E. coli cells 

The transformation of E. coli strains with plasmid DNA was performed using chemically 

competent cells. To prepare competent cell stocks, 5 mL preculture in LB were incubated at 

37 °C overnight. After, a culture in 400 mL LB was inoculated with 2 mL pre-culture and 

incubated at 37 °C until the cell density (OD600) reached 0.4-0.6. Then, the cells were harvested 

by centrifugation at 1230 rcf and 4 °C for 10 min. The cell pellet was resuspended carefully in 

10 mL Buffer A and incubated 20-30 min on ice. The cells were then harvested by 

centrifugation at 1230 rcf and 4 °C for 10 min and resuspended in 2 mL Buffer B. 50 µL aliquots 

of the suspension were distributed in sterile Eppendorf plastic tubes and frozen immediately in 

liquid nitrogen. The competent cell stocks were stored at -80 °C for later use.   

Table 20. Composition of the buffers used for the preparation of chemically competent cells. 

Solution Components 
Buffer A 100 mM MgCl2 

Buffer B 100 mM CaCl2 

15% Glycerol 
 

The transformation of chemically competent cells was performed using heat shock. One 

competent cell stock tube was thawed on ice for 30 min. After, 1-2 µL (purified plasmid) or 10-

15 µL (PCR/ligation product) DNA was added to the competent cells and incubated on ice for 

30  

for 45 s, followed by immediate incubation on ice for 2 min. Then, 1 mL TB or SOC medium 

was added to the competent cells and the culture was incubate the 

cells were plated on LB-agar plates supplemented with the appropriate antibiotic and incubated 

overnight     

The capacity for plasmid incorporation of newly created competent cells was tested by 

comparison of the transformation of the cells with the plasmid pET21a(+) (1 µL, 42 ng/µL) and 

sterile dH2O. The transformation was performed as described earlier and the cells were 
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incubated on LB agar plates containing ampicillin, which only allows for the growth of colonies 

containing the pET21a(+) plasmid. The transformation efficiency was determined using 

equation 3. The antibiotic sensitivity of the competent cells was also tested by cultivating the 

cells in 5 mL LB medium containing (separately) ampicillin, tetracycline, chloramphenicol, 

streptomycin and kanamycin. The cultures were incubated overnight  

 

Equation 1. Formula for the calculation of the total DNA concentration in the competent cell culture 

 

Equation 2. Formula for the calculation of the final DNA amount in the plated competent cells culture 
volume 

 

Equation 3. Formula for transformation efficiency determination of competent cells. CFU=colony 
forming units. 

 

 

7.2.4 Cryo-preservation of E. coli cell cultures for long-term storage 

For long-term storage, 1-2 mL cell culture in LB containing the plasmid of interest were mixed 

with 25% (v/v) glycerol and stored at -80 °C. 

 

7.2.5 E. coli cell lysis 

The cell-free extracts used for the preparative biotransformations were prepared as follows: 

the cell pellets containing the expressed protein of interest were resuspended in reaction buffer 

(50 mM KPi, pH 7.5) to a concentration of 0.2 g cells/mL of buffer. The cells were lysed using 

an ultrasonic probe 2 x 10 min, with a 2 min incubation on ice between the two sessions, using 

an ultrasonic cell disruptor (Branson Sonifier II "Modell W- 250", Heinemann) with an amplitude 

of 30-35%. During the procedure, the cell suspensions were kept on ice. The resulting cell 
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debris was then separated by centrifugation at 10000 x g and 4 °C for 1h and discarded, while 

the supernatant was immediately used in further experiments. 
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7.3 Protein methods 

7.3.1 Heterologous protein expression in E. coli 

The procedure for manually induced heterologous expression with IPTG was identical for all 

proteins and types of strains used in this work, and was performed as follows: pre-cultures in 

LB media containing ampicillin (pET21a(+)) or kanamycin (pET28a(+)) were inoculated with 

single cultures from agar plates or from glycerol cell stocks and incubated overnight at 37 °C. 

The expression was performed in TB media, supplemented with 100 µg/mL ampicillin 

(pET21a(+)) or kanamycin (pET28a(+)). The medium was inoculated with the overnight culture 

to an initial concentration of 1% (v/v) and incubated at 37 °C and 130 rpm until an OD600 of 

0.5-0.8 was reached. Then, the expression was induced by adding IPTG to a final 

concentration of 100 µM. The cultures were further incubated for 16-20 h at 25°C and 130 rpm. 

The cells were harvested by centrifugation at 4000 rpm and 4 °C for 30 min, and the pellets 

were stored at -20 °C until further use. 

7.3.2 Protein expression in E. coli BL21 Gold strain by autoinduction 

The expression by auto-induction was performed for PsmD_Sa and its mutants. Pre-cultures 

in LB media containing ampicillin (pET21a(+)) or kanamycin (pET28a(+)) were inoculated with 

single cultures from agar plates or from glycerol cell stocks and incubated overnight at 37 °C. 

The expression was performed in TB media, supplemented with an additional 0.5% (w/v) 

glycerol, 0.05% (w/v) glucose, 0.2 (w/v) lactose and 100 µg/mL ampicillin (pET21a(+)) or 

kanamycin (pET28a(+)). The medium was inoculated with the overnight culture to an initial 

concentration of 1% (v/v) and incubated at 35 °C and 130 rpm for 24 h. The cells were 

harvested by centrifugation at 4000 rpm and 4 °C for 30 min, and the pellets were stored 

at -20 °C until further use. 

7.3.3 Protein purification using affinity chromatography 

Purification of all proteins and their mutants carrying a His6-tag was performed by immobilized 

metal affinity chromatography. After heterologous protein expression, the cells were 

suspended in an equilibration buffer to the final concentration of 0.5 mg/mL. The cell disruption 

was carried out by sonication (Branson Sonifier II "Modell W-250", Heinemann). The cell debris 

was removed by centrifugation (10000 rpm, 4 °C, 30 min), and the supernatant was filtered 

through a 0.45 µm syringe filter. A 5 mL Ni-NTA column (Superflow Cartridge, QIAGEN GmbH, 

Hilden, Germany) was used for affinity binding. The column was equilibrated with 3 column 

volumes (CV) of equilibration buffer. Afterward, cell lysate was loaded on the column. The 

column was washed with 5 CV of washing buffer, after which the target protein was eluted with 

3 CV of elution buffer. Eluted protein was concentrated via centrifugation in Vivaspin® 20 

centrifugal concentrators (MWCO 10 kDa, Sartorius, Germany). The protein solution was 
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washed three times with 20 mL of storage buffer. The purified protein was flash-frozen in liquid 

20 °C for further use.  

Table 21. Composition of the buffers used for the protein isolation by Ni-NTA affinity chromatography. 

Equilibration buffer PsmD_Sa (and mutants): KPi 50 mM, pH 7.5, 500 mM NaCl 

TkMAT: Tris-HCl 40 mM, pH 8.0, 100 mM NaCl 

CtHMT: KPi 50 mM, pH 7.5, 500 mM NaCl 

AcHMT: KPi 50 mM, pH 7.5, 500 mM NaCl 

EcMTAN: KPi 50 mM, pH 7.5, 500 mM NaCl 

Washing buffer PsmD_Sa (and mutants): Equilibration buffer + 50 mM imidazole 

TkMAT: Equilibration buffer + 20 mM imidazole 

CtHMT: Equilibration buffer + 100 mM imidazole 

AcHMT: Equilibration buffer + 50 mM imidazole 

EcMTAN: Equilibration buffer + 40 mM imidazole 

Elution buffer PsmD_Sa (and mutants): Equilibration buffer + 150 mM imidazole 

TkMAT: Equilibration buffer + 250 mM imidazole 

CtHMT: Equilibration buffer + 250 mM imidazole 

AcHMT: Equilibration buffer + 250 mM imidazole 

EcMTAN: Equilibration buffer + 300 mM imidazole 

Purge buffer PsmD_Sa (and mutants): Equilibration buffer + 1 M imidazole 

TkMAT: Equilibration buffer + 1 M imidazole 

CtHMT: Equilibration buffer + 1 M imidazole 

AcHMT: Equilibration buffer + 1 M imidazole 

EcMTAN: Equilibration buffer + 1 M imidazole 

Storage buffer PsmD_Sa (and mutants): KPi 50 mM, pH 7.5 

TkMAT: Tris-HCl 40 mM, pH 8.0, 100 mM NaCl 

CtHMT: KPi 50 mM, pH 7.5, 500 mM NaCl 

AcHMT: KPi 50 mM, pH 7.5 

EcMTAN: KPi 50 mM, pH 7.5, 500 mM NaCl 

 

For analytical scale activity analysis, the affinity chromatography purification method was 

adapted for smaller-scale simultaneous isolation of multiple proteins. In this case, the E. coli 

BL21 Gold cells obtained from 25 mL culture (approx. 0.3 g) were resuspended in 2 mL 

equilibration buffer. The cells were lysed by ultrasonic probes for 10 min on ice. The lysates 

were centrifuged at max speed (15000 rpm) for 30 min. Separately, 500 µL Ni-NTA resin 

(Protino) was added to mini-spin columns (BGB, 800 µL capacity, PTFE, 0.2 µm, with 2 mL 

receiver tube). The columns were centrifuged at 5000 x g and the flow-through was discarded. 

600 uL equilibration buffer were added to the column and the resin was resuspended and 

incubated for 10 min. The columns were centrifuged for 30 s at 5000 x g, discarding the flow-

through. 600 µL cell-free lysate was added to the column, resuspending the resin. The columns 
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were incubated for 5 min on ice, with occasional stirring. The columns were centrifuged at 5000 

x g for 30 s. The flow-through was discarded. Washing buffer was added to the columns. The 

columns were incubated for 1 min, with occasional stirring. The washing step was repeated 

twice more. The collector tube was replaced with a clean tube and 300 µL elution buffer were 

added to the column. The columns were incubated for 1 min, with occasional stirring and 

centrifuged at 5000 x g for 30 s. The elution step was repeated once more, keeping the flow-

through in both cases. The collector tubes with the obtained protein solution were removed 

and the filters were inserted back into the initial collection tubes. 600 µL purge buffer were 

added to each column for the removal of the residual bound proteins. The columns were 

incubated for 1 min, with occasional stirring, then centrifuged at 5000 x g for 30 s. The 

supernatant was discarded and the columns were stored in 20% ethanol in the fridge for re-

use. For buffer exchange, the eluted solutions were added to mini-centricons with 10 kDa cut-

out. 500 µL storage buffer was added and the mixtures were centrifuged at 12000 x g for 5 

min. This step was repeated 3 times. The final protein solutions were supplemented with 

glycerol (20% v%) and stored at -20 °C for further use. 

 

7.3.4 Protein purification using size exclusion chromatography 

Gel filtration for PsmD_Sa and PsmD_Sg was performed using an ÄKTA Purifier device. 

Cytiva, USA) at 

25 °C and a flow rate of 1 mL/min. The elution was performed with a Kpi 50 mM buffer 

containing 150 mM NaCl, with a pH of 7.5. Calibration was performed using a gel filtration 

markers kit for protein molecular weights 12000-200000 Da (Sigma). Analytical size exclusion 

chromatography was performed for PsmD_Sa using an ÄKTA Prime 25L device, and 

Cytiva) at 4 °C 

and a flowrate of 0.03 mL/min. The elution was performed with Kpi 50 mM buffer with a pH of 

7.5. BSA was used as a standard. 

 

7.3.5 Protein analysis by SDS-Page electrophoresis 

For SDS-Page electrophoresis, the desired protein samples were mixed with 20 % (v/v) 5X 

SDS loading buffer and incubated at 95 °C for 10 min to ensure the denaturation of the 

proteins. 10 µL samples were loaded into the gel wells using a Hamilton syringe and the 

electrophoresis was performed at 120 V for 10 min, followed by 150 V for approx. 1 h, until the 

dye front reached the lower edge of the gel.  
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Usually, the gels were manually prepared and cast in two layers: a 10% acrylamide gel for 

protein separation (bottom) and a 4% acrylamide gel for sample concentration (top). The 

bottom gel was first prepared by mixing all the components in a plastic tube. The activation of 

the polymerization was performed by adding TEMED and APS (10%) as the last components, 

the mixture was poured into the casting plates immediately and incubated until the gel fully 

solidified (approx. 30 min). After the lower gel solidified, the same procedure was repeated 

with the top gel layer, adding the gel comb, to produce the sample wells. The gels were used 

immediately after, or stored at 4 °C for a maximum of 2 weeks. As running buffers for 

electrophoresis, the cathode buffer occupied the inner gel cell and the anode buffer was added 

to the outer tank. After the electrophoresis, the gel was removed from the glass case, rinsed 

with dH2O and incubated in staining solution overnight, then in dH2O for 24 h.  

Table 22. Composition of the buffers used for the SDS-Page protein electrophoresis. 

Solution Components 
5X SDS loading buffer 10% (w/v) SDS 

30% (w/v) sucrose 
0.1% (w/v) bromophenol blue 
50 mM DTT 
0.5 M Tris/HCl solution, pH 6.8 as a solvent 

Cathode buffer 0.1 M TRIS 
0.1 M tricine 
0.1% (w/v) SDS 
Distilled H2O 
pH 8.25 

Anode buffer 0.1 M TRIS  
25.5 mM HCl 
Distilled H2O 
pH 8.9 

3X Gel buffer 3 M TRIS 
1 M HCl 
0.3% (w/v) SDS 
pH 8.45  

10% acrylamide gel 33% (v/v) acrylamide/bis-acrylamide 30% solution  
33% (v/v) 3X gel buffer 
8% (v/v) glycerol
Distilled H2O  
 
For polymerization activation: 
0.1% (v/v) TEMED 
1% (v/v) APS 10% solution in water 

4% acrylamide gel 13% (v/v) acrylamide/bis-acrylamide 30% solution  
25% (v/v) 3X gel buffer 
Distilled H2O  
 
For polymerization activation: 
0.1% (v/v) TEMED 
1% (v/v) APS 10% solution in water 
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Staining solution 2 % (w/v) ortho-phosphoric acid 
10% (v/v) ethanol 
5% (w/v) aluminium sulphate-(14-18)-hydrate 
0.02% (w/v) Coomassie Brilliant Blue© G-250 
distilled H2O  

 

In certain cases, commercial NuPAGE Bis-Tris pre-cast gels (Invitrogen, USA) were used in 

combination with the NuPAGE buffer, according to the specifications of the manufacturer. The 

samples were prepared as described. After electrophoresis, the gels were processed as 

previously described. 

7.3.6 Dynamic light scattering analysis of PsmD_Sa and PsmD_Sg 

DLS experiments were performed on a SpectroSize 300 device (Xtal Concepts, Germany), 

using protein solutions with concentrations of 1 mg/mL. The samples were centrifuged at 

20,000 × g and 4 °C for 30 min prior to the measurements. Scattering data was recorded over 

25 successive acquisitions of 10 s each. Fitting of diffusion coefficients to the intensity 

autocorrelation function and estimation of molecular masses based on the Stokes-Einstein 

equation were performed using software provided by the manufacturer (SpectroCrystal). The 

DLS measurements were performed in collaboration with Dr. Oliver Weiergräber (IBI-1, 

Forschungszentrum Jülich). 
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7.4 X-ray crystallography 

The crystallization of the PsmD_Sg was performed by Dr. Oliver Weiergräber (IBI-1, 

Forschungszentrum Jülich) and Nadiia Pozhydaieva (IBOC, Heinrich Heine University, 

Düsseldorf). The X-ray diffraction and data interpretation were performed by Dr. Oliver 

Weiergräber and made available for this work. Vapor diffusion screening experiments were set 

up at 293 K in sitting-drop geometry, using a Freedom Evo robotic system (Tecan, 

Switzerland). Protein crystals were observed for a number of conditions; diffraction-quality 

samples of PsmD_Sg used in this study were obtained with a reservoir solution containing 0.2 

M magnesium formate and a protein concentration of 24 mg/ml; successful conditions for the 

SAM complex were 30% (w/v) PEG 1000, 0.1 M Tris-HCl pH 8.5 (crystal form 1), and 10% 

(w/v) SOKALAN CP 42, 0.1 M Tris-HCl pH 8.5 (crystal form 2), using a sample containing 12.5 

mg/ml of protein and 2 mM SAM. In the case of form 2, the crystal was incubated in a reservoir 

solution containing 20% (v/v) 2-methyl-2,4-pentanediol prior to cryocooling, the other samples 

were mounted directly from their mother liquor. Diffraction datasets were recorded at 100 K on 

beamline P11 at the Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany) using 

an X-ray wavelength of 1.033 Å and a PILATUS 6MF detector. Following data integration and 

scaling with XDS,[446] the structure of PsmD_Sg in the presence of SAM (crystal form 1) was 

determined by molecular replacement using MOLREP[447] with the crystal structure of the 

methyltransferase from Pyrococcus horikoshii (PDB-ID: 1WZN) as search model. Correctness 

of the weak initial solution was verified by automated rebuilding in phenix.autobuild,[448] and 

the model was iteratively improved by reciprocal space refinement in phenix.refine[449] and 

interactive rebuilding in COOT.[450] An early version of this model served as a template in 

molecular replacement for the second crystal form of the SAM complex as well as the apo 

structure; these solutions were further processed according to the procedure described above. 

As confirmed by MolProbity[451] and the wwPDB validation, all three models exhibit good 

geometry with no outliers in the Ramachandran plot and a proportion of rare side chain 

rotamers in the expected range. For full data collection and refinement statistics refer to Annex 

8.8. 
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7.5 Biocatalytic analysis 

7.5.1 PsmD analytical scale reactions using the MTase-Glo  assay 

The specific activity of the selected hits was determined using the MTase- assay 

(Promega, Germany).[369] The reaction mixture contained 20 µM substrate, 30 µM SAM and 1 

µg enzyme in 1x MTase- mM TRIS buffer, pH 8, 50 mM NaCl, 1 mM EDTA, 3 

mM MgCl2, 0.1 mg/ml BSA, 1 mM DTT) in a final volume of 20 µL. The mixtures were incubated 

-bottom white 96-well plates, after which the assay was 

performed according to the manufactu

the quantification of SAH final concentration. The luminescence was measured using a Tecan 

Infinite M1000Pro microplate reader. The measurements were performed at 23 °C, with no 

attenuation and an integration time of 1000 ms. 

 

7.5.2 SAH calibration using the MTase-Glo  assay 

The SAH calibration of the MTase-Glo  Assay was performed in the same conditions as the 

activity measurements, without adding any methyltransferase to the initial mixture. A 15 µM 

SAH stock solution was provided by the kit manufacturer. Successive dillutions in 1X MTase-

Glo  buffer (20 mM TRIS buffer, pH 8, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 0.1 mg/ml BSA, 

1 mM DTT) lead to a range of SAH concentrations between 0 and 10 µM in 20 µL final well 

volumes. All the concentration points were prepared in triplicate. The further steps of the assay 

were performed according to the kit manual, including the addition of 5 µL TFA 0.5% solution 

in water. A linear dependency between the SAH concentration and the final luminescence 

yielded the calibration equation. The SAH calibration was repeated for each newly acquired 

MTase-Glo  kit. 

 

7.5.3 General MTase-Glo  assay procedure for PsmD activity determination 

The specific activity of PsmD variants was determined using the MTase- . The 

reaction mixture contained 20 µM substrate, 30 µM SAM and 1 µg enzyme in 1x MTase-

buffer (20 mM TRIS buffer, pH 8, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 0.1 mg/ml BSA, 1 

mM dithiothreitol) in a final volume of 20 µL. The mixtures were incubated at 35 °C or 40 °C for 

-bottom white 96-well plates, after which the assay was performed 

col. A SAH calibration curve was produced for the 

quantification of SAH final concentration. The luminescence was measured using a Tecan 
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Infinite M1000Pro microplate reader. The measurements were performed at 23 °C, with no 

attenuation and an integration time of 1000 ms. 

 

7.5.4 Determination of the optimum temperature for PsmD_Sa activity  

For every reaction, 1.5 mM substrate 10, 2 mM SAM and 50 µg PsmD_Sa were mixed in 

reaction buffer (50 mM KPi, pH 7.5) to a final volume of 500 µL. The mixtures were incubated 

at various temperatures ranging from 20 to 55 °C and 700 rpm for 3 hours. Afterwards, the 

reaction was quenched and the product was extracted by adding 2 x 500 µL ethyl acetate to 

the reaction mixture. The organic phase was collected and the solvent evaporated by vacuum 

centrifugation. The solvent-free samples were then prepared and measured via HPLC as 

described in Chapter 7.6.2.  

 

7.5.5 Determination of the optimum pH for PsmD_Sa activity  

1.5 mM substrate 10, 2 mM SAM and 50 µg PsmD_Sa were mixed in reaction buffer (50 mM 

KPi, variable pH) to a final volume of 500 µL. The mixtures were incubated at 35 °C and 700 

rpm for 3 hours. Afterwards, the reaction was quenched and the product was extracted by 

adding 2 x 500 µL ethyl acetate to the reaction mixture. After phase separation, the organic 

phase was combined and the solvent evaporated using a vacuum centrifuge (Eppendorf 

Concentrator 5301, Eppendorf). The conversion was determined via normal phase HPLC, as 

described in Chapter 7.6.2.  

 

7.5.6 Kinetic measurements using the MTase-Glo  assay 

The kinetic parameters were determined using the MTase-Glo  Assay. The enzymatic 

reactions were performed in Greiner white flat-bottom 96-well plates in a final volume of 20 µL 

reaction mixture containing 3 µM PsmD_Sa, 5 µL 4X MTase-Glo  reaction buffer (20 mM 

TRIS buffer, pH 8, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 0.1 mg/mL BSA, 1 mM DTT) and 

various SAM and substrate 10 concentrations. The kinetic parameters were determined both 

for SAM and substrate 10. In the case of the substrate kinetics, the concentration varied 

between 0 and 100 µM, while SAM concentration was kept constant at 40 µM. Conversely, for 

SAM kinetic parameters determination, the SAM concentration in the reaction mixture varied 

between 0 and 100 µM, while substrate concentration was kept constant at 50 µM. The 

reactions were performed according to the MTase-Glo  kit and the mixtures were incubated 

at 45 °C in the case of PsmD_Sa and 35 °C for PsmD_Sg, and stopped after 5, 10 and 15 min 
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by adding 5 µL 0.5% TFA solution (v% in water). Further processing was performed according 

to the MTase-Glo  kit and the SAH concentration was determined based on the standard 

calibration curve. Kinetic parameters were determined by non-linear regression using the 

standard Michaelis-Menten model.  

 

7.5.7 Substrate scope evaluation for PsmD_Sa  

The activity of PsmD_Sa towards the range of substrates was determined using the MTase-

Glo  Assay kit. The reactions were performed in Greiner white flat-bottom 96-well plates, in 

a total volume of 20 µL, containing 20 µM substrate, 30 µM SAM, 5 µL 4X MTase-Glo  

reaction buffer and 1 µg PsmD_Sa. The mixtures were incubated at 35 °C for 15 min, after 

which the reactions were quenched by adding 5 µL 0.5% TFA (v% in water) solution and the 

assay was performed further according to the MTase-Glo  kit.  

 

7.5.8 PsmD-HMT-coupled enzymatic reaction - Design of experiment 

Design of experiment samples were prepared in reaction buffer (50 mM KPi , pH 7.5), using 

1 mM substrate 10 and variable concentrations of MeI (0.1-20.5 mM) and SAH (0-80 µM), as 

well as variable volumes of PsmD_Sa (0.05 U/mL) and CtHMT (0.6 U/mL) lysates (volumes 

ranging from 25 to 350 µL), in a 500 µL final volume. A total of 15 µL of DMSO was present in 

all samples, used as solvent for MeI, SAH and substrate 10. The samples were incubated for 

16 h at 35°C and 700 rpm, after which the reaction was quenched and the product extracted 

with 2x 500 µL ethyl acetate. The samples were then analyzed via normal-phase HPLC, as 

previously described. The model used for data processing was a central composite design, 

from a total of 54 experiments. The validation of the model was performed using the same 

conditions and the predicted parameters for 10, 50 and 100% conversion. A temperature 

screening was performed using the predicted optimal parameters, incubating the reaction 

mixtures at 30, 35, 40 and 45 °C for 16 h and 700 rpm. The product was extracted with 2x 500 

µL ethyl acetate and the samples were analyzed via normal phase HPLC as previously 

described. Experimental design and model computation were performed using Design 

Expert 12 (12.0.7.0). The experimental parameters can be found in Annex 8.6. 

 

7.5.9 General procedure for PsmD-HMT coupled reactions in lysate format 

E. coli BL21 (DE3) mtn cells containing the expressed PsmD and HMT were lysed according 

to the procedure described in Chapter 7.2.5. The lysate was always prepared shortly prior to 
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the combined enzymatic reaction. Unless specified otherwise, the reaction mixture contained 

20% (v%) PsmD lysate, 14% (v%) HMT lysate, 1 mM substrate (supplemented from 200 mM 

stocks in DMSO) and 10 mM MeI (supplemented from 1 M stocks in DMSO) in 50 mM KPi 

buffer, pH 7.5. The mixture was incubated at 35 °C and 700 rpm for 18 h. After the reaction, 

an extraction of the product and remaining substrate was performed with EtOAc, followed by 

the vacuum evaporation of the solvent. The conversion was analyzed by NP-HPLC or RP-

HPLC.  

 

7.5.10 Activity determination of lysates 

7.5.10.1 PsmD_Sa lysate activity determination  

PsmD_Sa lysate was prepared as previously described. 1 mL of mixture containing 200 µL 

PsmD_Sa lysate, 1 mM substrate 10 and 1 mM SAM in KPi 50 mM, pH 7.5 buffer was incubated 

at 35 °C and 700 rpm. Samples were taken after 2, 5, 7 and 10 min and quenched with TFA 

5% aqueous solution to a final concentration of 0.5%. The protein debris was removed by 

centrifugation at 15000 rpm for 10 min, and the supernatant was used directly in RP-HPLC 

measurements.  

7.5.10.2 CtHMT lysate activity determination  

CtHMT lysate was prepared as previously described. 1 mL of mixture containing 100 µL CtHMT 

lysate, 1 mM SAH and 5 mM MeI in KPi 50 mM, pH 7.5 buffer was incubated at 35 °C and 700 

rpm. Samples were taken after 2, 4, 6 and 8 min and quenched with TFA 5% aqueous solution 

to a final concentration of 0.5%. The protein debris was removed by centrifugation at 13000 x 

g for 10 min, and the supernatant was used directly in RP-HPLC measurements.  

 

7.5.11 SAM derivative production using AcHMT 

The AcHMT reaction for cofactor derivative production was performed in 50 mM KPi buffer, pH 

7.5 containing 95 µM isolated AcHMT, 7 mM SAH and 70 mM alkyl/allyl iodide (supplemented 

from a 7 M stock in DMSO). The mixture was incubated at 35 °C and 800 rpm for 2 h. After, 

the mixture was used as such as cofactor derivative supplement in reaction with PsmD. The 

cofactor derivatives were prepared immediately before their use in the PsmD reaction. 
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7.5.12 SAM derivative production using TkMAT 

The TkMAT reaction for SAE production was performed in 100 mM TRIS buffer, pH 8 

containing 20 mM MgCl2, 200 mM KCl, 20 µM isolated TkMAT, 7 mM ATP and 7 mM L-ethionine. 

The mixture was incubated at 50 °C and 800 rpm for 1 h. After, the mixture was used as such 

as cofactor derivative supplement in reaction with PsmD. The cofactor derivatives were 

prepared shortly before their use in the PsmD reaction. 

 

7.5.13 PsmD reaction with SAM cofactor derivatives 

The reaction mixture containing 20% (v%) SAE mix (either prepared using AcHMT or TkMAT), 

30 µM isolated PsmD_Sa (or variant), 1 mM substrate 10 and 8 µM MTAN in 50 mM KPi buffer, 

pH 7.5. The mixture was incubated at 37 °C and 1000 rpm for 17 h. After, the reaction was 

quenched with 5% (v%) TFA 5% solution and the samples were centrifuged at 1000 x g for 10 

min. The supernatant was used directly in RP-HPLC analysis.  
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7.6 Analytical methods 

7.6.1 Reverse-phase HPLC  

Reverse phase HPLC was performed using a Jasco X-LC series device, equipped with a diode 

array; separation was achieved on a HyperClone 5µm ODS 120 Å (4 x 250 mm) C18 column. 

In the case of PsmD reactions using the natural substrate, distilled water and acetonitrile were 

used as eluents, using the following gradient sequence: min 0.00: 10% acetonitrile, 90% 

water; min 10.00: 20% acetonitrile, 80% water; min 12.00 20% acetonitrile, 80% water. For the 

evaluation of ethylation reactions, distilled water and acetonitrile were used as eluents, with 

the gradient sequence: min 0.00: 10% acetonitrile, 90% water; min 10.00: 20% acetonitrile, 

80% water; min 12.00 20% acetonitrile, 80% water; min 17.00 20% acetonitrile, 80% water; 

min 18.00 10% acetonitrile, 90% water. The column was maintained at 40 °C during both types 

of measurements.  

 

Figure 102. RP-HPLC chromatogram of PsmD substrate 10 (blue) and P10 (red) standards. Conditions: 
HyperClone 5µm ODS 120A (4x250 mm) C18, water:acetonitrile gradient, 40 °C, 30 µL, 1 mL/min, UV 
205 nm. 

For SAM detection in HMT reactions, the mobile phase was a mix of MeOH and 50 mM 

NH4CO2H, pH 4.0, using the following gradient sequence: 0 min: 5% MeOH, 1 min: 5% MeOH, 

7 min: 50% MeOH, 8 min: 100% MeOH, 10 min: 100% MeOH, 11 min: 5% MeOH at 25°C. The 

measurement was performed at 25 °C.  

For the detection of SAE and other cofactor derivatives, the mobile phase was a mix of buffer 

A (10 mM NaH2PO4, 5 mM sodium 1-heptane sulfonate, pH 3.5, adjusted with phosphoric acid) 

and MeCN. The gradient sequence is: 0.00 min 95% A, 5% MeCN; 5.00 min 95% A, 5% MeCN; 

20.00 min 80% A, 20% MeCN; 21.00 min 95% A, 5% MeCN; 23.00 min 95% A, 5% MeCN. 

The column temperature was kept at 25 °C. 
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In all cases, the injection volume was 30 µL and the flow rate was set at 1 mL/min. 

 

7.6.2 Normal-phase HPLC  

For the analysis of the enantioselectivity of PsmD variants, normal phase HPLC analysis was 

performed on a Lux Amylose-1, 250 x 4.6 mm, 5 µm column packed with a chiral stationary 

phase. 1 mM substrate, 2 mM SAM and 30 µg enzyme were mixed in Kpi buffer (50 mM, pH 

7.5) in a total volume of 200 µL. The reaction mixture was incubated at 40 °C and 800 rpm for 

20 h. After incubation, the substrate and product were extracted with 3 x 200 µL ethyl acetate. 

After evaporation of the extraction solvent, the samples were solved in 200 mL elution solvent 

mixture (90:10 n-heptane:2-propanol). The samples were run through the column at a rate of 

1 mL/min, using 20 µL injection volume, with detection at 205 nm for a total of 90 min per run.  

 

7.6.3 LC-MS  

LC-MS analysis was performed using a reverse phase HyperClone 5 µm ODS 120A 

(4x250 mM) C18 column coupled with an MS detector with electron spray ionization (ESI). The 

running conditions and solvent gradient sequences corresponded to the ones used in 

RP-HPLC analysis: water:acetonitrile gradient, 40 °C, 30 µL, 1 mL/min, UV 205 nm.  

 

7.6.4 Mass spectrometry 

High-resolution mass spectrometry (HRMS) was measured at the Heinrich Heine University in 

Düsseldorf using the Applied Biosystems MDS SCIEX QTrap 4000 with electron spray 

ionization (ESI). Low resolution mass spectrometry was performed on the Advion expression 

Compact Mass Spectrometer (CMS) using atmospheric pressure chemical ionization (APCI).  

 

7.6.5 Colorimetric indole detection assay  general procedure 

50 µL analyte aqueous solution was pipetted into a 96-well transparent microtiter plate. 50 µL 

H2SO4 98% was added to the analyte solution and the mixture was incubated at room 

temperature for 10 min. After, 50 µL DMAB solution in isopropanol (300 mM) was added to the 

mixture. The mixture was thoroughly mixed in a plate shaker at 800 rpm for 10 s. Thorough 

mixing is important in order to get homogenous mixtures  a lack of mixing leads to the 

formation of multiple phases, which can affect the spectrophotometric read-out. The plate was 
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exposed to 405 nm radiation for 10 min, using an LED lamp. After 10 min, the absorbance was 

measured using a Tecan® plate reader. 

 

7.6.6 NMR spectroscopy/quantitative NMR 

The NMR measurements were performed using an Advance/DRX 600 NMR Spectrometer 

(Brucker Corp., USA). The measurements were performed at 297 K using samples solved in 

CDCl3 or CD3OD at 600 or 151 MHz. Quantitative NMR was performed to determine compound 

purity using trimethoxybenzene (TraceCERT, >99% purity, Merck) as an internal standard. The 

characteristic peaks of the standard were used as references and normalized to 100% and the 

purity of the target compound was calculated using the following formula:  

 

Ia - Intensity of the analyte peak 
Istd - Intensity of the analyte peak 
Hstd - number of protons in the standard signal 
Ha - number of protons in the analyte signal 
Ma - molecular mass of the analyte 
Mstd - molecular mass of the standard 
mstd - weighted mass of standard 
ma - weighted mass of analyte 
Pstd - standard purity 

7.6.7 Optical rotation analysis 

The specific rotation of the enzymatically synthesized compounds was measured using a 

PerkinElmer 341 polarimeter using the sodium D-line at 589 nm in a 10 mm measuring cell. 

The compounds were solved in CHCl3 to a final concentration of 10 mg/mL. 5 measurements 

were performed and the average value was determined. The average optical rotation was 

calculated using the following formula:  

 

  average measured optical rotation (degrees) 
d  cuvette length (dm) 
c  sample concentration (mg/mL) 
T  temperature (°C) 

 wavelength (nm) 
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7.6.8 Mass photometry 

Mass photometry for the determination of the oligomeric state of PsmD proteins was performed 

by Nadiia Pozhydaeva (MPI Marburg), using a OneMP mass photometer (Refeyn Ltd., Oxford, 

UK). The data acquisition was performed with AcquireMP (Refeyn Ltd. v.2.3). The movies were 

recorded at 1 kHz. The calibration of the instrument occurred directly before measurement 

using NativeMark Protein Standard (ThermoFisher Scientific, USA). The concentration of 

measured protein was adjusted to 100 nM in PBS buffer. The analysis of the data was 

performed using DiscoverMP software. 
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7.7 Colorimetric assay development 

7.7.1 Time evolution of absorbance 

50 µL solution of compound 10 or melatonin (25) 1 mM in KPi buffer (50 mM, pH 7.5) was 

pipetted into a 96-well transparent microtiter plate. 50 µL H2SO4 98% was added to the analyte 

solution and the mixture was incubated at room temperature for 10 min. After, 50 µL DMAB 

solution in isopropanol (300 mM) was added to the mixture. The mixture was thoroughly mixed 

in a plate shaker at 800 rpm for 10 s. Afterward, the plate was exposed to 405 or 365 nm 

radiation for various amounts of time, using a LED or mercury UV lamp. After 10 min, the 

absorbance was measured using a Tecan® plate reader. 

 

7.7.2 Light source analysis 

50 µL solution of melatonin (25) 1 mM in KPi buffer (50 mM, pH 7.5) was pipetted into a 96-well 

transparent microtiter plate. 50 µL H2SO4 98% was added to the analyte solution and the 

mixture was incubated at room temperature for 10 min. Then, 50 µL DMAB solution in 

isopropanol (300 mM) was added to the mixture. The mixture was thoroughly mixed in a plate 

shaker at 800 rpm for 10 s. Afterward, the plate was exposed to various radiation sources for 

10 min, using either LED or UV lamps. A control mixture was incubated in the dark. After 10 

min, the absorbance was measured using a Tecan® plate reader. 

 

7.7.3 Acid and alcohol influence 

To assess the influence of the acid type, the assay was performed with compound 10 and 

melatonin (25) according to the procedure described above, using different types of acids at 

their maximum possible concentration, with isopropanol as the solvent for DMAB. In the case 

of the alcohol screening, the optimized assay procedure was used with various pure alcohols 

as solvents for DMAB. The concentration of DMAB was 300 mM in all cases, and the acid used 

was H2SO4 98%. The negative controls contained all the components, except for the analyte. 

 

7.7.4 DMAB concentration influence 

To assess the influence of DMAB concentrations, the assay was performed according to the 

optimized procedure, using melatonin as a model analyte and various DMAB concentrations 

in isopropanol. 
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7.7.5 Buffer pH influence 

Melatonin (25) was solved in different buffers to 1 mM final concentration and the assay was 

performed using the previously described procedure. For pH 5, sodium acetate 100 mM was 

used as buffer. KPi 100 mM was used for pH 6, 7 and 8, and sodium bicarbonate for pH 9 and 

10. Strong background coloration occurred when using TRIS buffer, after the DMAB 

supplementation. As such, TRIS buffer should be avoided for this analysis method, as it 

interferes with the assay.  

 

7.7.6 Methyltransferase activity evaluation using the colorimetric assay 

A reaction mixture containing 1 mM 10, 2 mM S-adenosyl methionine (SAM) and 100 µg/mL 

isolated PsmD from S. albulus in Kpi buffer (50 mM, pH 7.5) was incubated at 35 °C and 700 

rpm. At different time points, samples were taken and the reaction was quenched with TFA 

(final concentration 0.5% v/v). Each sample was then analyzed using each of the optimized 

assay procedures. The substrate concentration was plotted against time and the slope was 

used to calculate enzymatic activity. 

 

7.7.7 Methyltransferase mutant screening in whole cells  

E. coli cells expressing PsmD WT, R85A and E35A as well as cells containing the empty 

pET21a(+) vector were resuspended in 500 µL reaction mixture containing 1 mM 10 and 2 mM 

SAM in KPi buffer (50 mM, pH 7.5). A final OD600 of 6 was used in all cases. The mixtures were 

incubated at 35 °C and 700 rpm for 16 h. Afterward, the cells were separated from the mixture 

by centrifugation at 15000 rpm for 15 min. 50 µL (indole assay) or 200 µL (pyrroloindole assay) 

supernatants were then used in the respective optimized assay procedure. 200 µL of the 

supernatant were filtered and analyzed using RP-HPLC. 
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7.8 Substrate synthesis 

7.8.1 Synthesis of the natural substrate (10) 

7.8.1.1 Synthesis of N-(2-(5-(benzyloxy)-1H-indol-3-yl)ethyl)acetamide (14) 

This synthesis step was performed by Lisa Guo, as part of her bachelor thesis project. 

5 g (19.6 mmol) 2-(5-(benzyloxy)-1H-indol-3-yl) acetonitrile (39) were solved in 200 mL 

methanol at 0 °C on an ice bath. After, 3.6 mL (38.12 mmol) acetic anhydride and 3.95 g (30.5 

mmol) NiCl2 were added. Finally, 2.52 g (66.72 mmol) NaBH4 was added carefully to the 

mixture. The reaction was incubated at 0 °C for 30 min. After, the mix was incubated overnight 

at room temperature. The reaction was monitored by thin layer chromatography (TLC) using 

EtOAc as solvent. After the completion of the reaction, the solvent was evaporated, the 

remaining solid was solved in 20 mL EtOAc, and the mixture was filtered. The filtrate was 

washed with 2 x10 mL saturated NaHCO3 solution and brine. The two phases were separated 

and the organic phase was dried with MgSO4. After filtration, the solvent was evaporated, and 

the product was isolated by column chromatography, using ethyl acetate as elution solvent. 

1957 mg of product were obtained, corresponding to 33% yield.  

 

1H-NMR (600 MHz; methanol-d4 3J -H), 7.38 (t, 3J  
= 7.5 Hz, 3J  -H), 7.31 (t, 3J  -H), 7.25 (d, 3J7, 6 = 8.7 Hz, 
1H, 7-H), 7.17 (d, 4J4, 6 = 2.4 Hz, 1H, 4-H), 7.06 (s, 1H, 2-H), 6.85 (dd, 3J6, 7 = 8.8, 4J6, 4 = 2.4 
Hz, 1H, 6-H), -H), 3.45 (t, 3J  -H), 2.91 (t, 3J  = 7.4 Hz, 2H, 

-H), -H). 
13C-NMR (151 MHz; methanol-d4 3.26 (C- 4.01 (C-5), 139.45 (C- 3.66 
(C-7a), 129.41 (C- 9.12 (C-3a), 128.74 (C- 8.70 (C- 4.25 (C-2), 113.33 (C-
6), 113.12 (C-3), 112.88 (C-7), 103.25 (C-4), 72.16 (C- 1.47 (C- 6.26 (C- 2.62 (C-

. 
MS (APCI): m/z calculated for C19H20N2O2: 308.15 [M]+ found: 308.9  
 
 

 

 

7.8.1.2 Synthesis of N-(2-(5-hydroxy-1H-indol-3-yl)ethyl)acetamide (9) 

This synthesis step was performed by Lisa Guo, as part of her bachelor thesis project. 

1.92 g (30.47 mmol) ammonium formate and 414 mg (10% w/w) Pd/C were mixed in a round 

bottom flask. 41 was solved in 120 mL ethanol and added to the mixture. The reaction mix was 

stirred for 30 min at 120 °C, at reflux. After, the mixture was cooled down and filtered, and the 
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filtrate was washed with EtOAc. The solvent was then removed by evaporation. 1.658 mg 

crude product were obtained. 

 

N-(2-(5-Hydroxy-1H-indol-3-yl)ethyl)acetamide (N-acetylserotonin) (9) 

 

1H-NMR (600 MHz; methanol-d4 8.00 (s, 1H, 1-H), 7.17 (d, 3J7, 6 = 8.6 Hz, 1H, 7-
H), 7.02 (s, 1H, 2-H), 6.94 (d, 4J4, 6 = 2.4 Hz, 1H, 4-H), 6.68 (dd, 3J6,7 = 8.6, 4J6,4 = 2.4 Hz, 1H, 
6-H), 3.45 (t, 3J -H), 2.87 (t, 3J  -H), -H). 
13C-NMR (151 MHz; methanol-d4)  [ppm] = 173.26 (C- -5), 133.11 (C-7a), 
129.48 (C-3a), 124.19 (C-2), 112.64 (C-7), 112.52 (C-3), 112.36 (C-6), 103.48 (C-4), 41.45 (C-
2 ), 26.26 (C-1 ), 22.59 (C-5 ). 
MS (APCI): m/z calculated for C17H23N3O3+H+: 219.105 [M+H]+; found: 219.2. 
 

 

 

7.8.1.3 Synthesis of 3-(2-acetamidoethyl)-1H-indol-5-yl methylcarbamate (10) 

All steps were performed under inert conditions. 500 mg 9 were solved in 20 mL dry THF under 

N2 atmosphere. 1.59 mL (11.45 mmol) triethylamine were added to the mixture and stirred at 

room temperature for 30 min. 28 mg (0.23 mol) DMAP were then added, followed by 428 mg 

(4.58 mmol) 

inert atmosphere, overnight. The reaction progress was analyzed via TLC, using petrol 

ether:EtOAc (1:1) as elution system. Afterwards, the reaction was quenched with KPi buffer 

(50 mM, pH 7.5) until the mixture clarified. The product was extracted 3 times with EtOAc and 

dried on MgSO4. The solid was filtered, and the solvent evaporated. The product was isolated 

using flash chromatography with EtOAc containing 2.5 % (v%) MeOH as elution system. The 

product was obtained as a white solid. Multiple batches of compound 10 were synthesized, 

with overall yields ranging between 38 and 47%.  
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1H-NMR (600 MHz; MeOD):  [ppm] = 7.31 (d, 3J7,6 = 8.7 Hz, 1H, 7-H), 7.27 (d, 4J4,6 = 2.3 Hz, 
1H, 4-H), 7.13 (s, 1H, 2-H), 6.85 (dd, 3J6,7 = 8.6, 4J6, 4 = 2.3 Hz, 1H, 6-H), 3.45 (t, 3J  = 7.3 Hz, 

-H), 2.92 (t, 3J  = 7.3 Hz, 2H, 1 -H), 2.81 (s, 3H, 3 -H), -H). 
13C-NMR (151 MHz; MeOD)  [ppm] = 173.30 (C- - -5), 135.80 (C-
7a), 129.00 (C-3a), 124.95 (C-2), 116.87 (C-6), 113.66 (C-3), 112.44 (C-7), 111.67 (C-4), 41.54 
(C-2 -3 -1 -5 ) 
HRMS (ESI): m/z calculated for C14H17N3O3+H+: 276.1343 [M+H]+; found: 276.1350 
 
The 1H and 13C NMR data are in accordance with the data previously described in the 

literature.[358]  

 

 

7.8.2 Synthesis of t-Bu amide PsmD substrate (23) 

7.8.2.1 Synthesis of N-(2-(5-(benzyloxy)-1H-indol-3-yl)ethyl)pivalamide (41) 

500 mg (1.9 mmol) 2-(5-(benzyloxy)-1H-indol-3-yl) acetonitrile (39) were solved in 20 mL 

methanol at 0 °C on an ice bath. 816 µL (3.8 mmol) di-tert-butyl dicarbonate, and 395 mg 

(3.05 mmol) NiCl2 were added followed by 505 mg (13.3 mmol) NaBH4. The reaction was 

incubated with stirring at 0 °C for 30 min. After, the reaction mix was incubated for 4 h at room 

temperature. The reaction was monitored by TLC (eluent: EtOAc). After, the solvent was 

removed by evaporation and the remaining solid was solved in 20 mL EtOAc followed by 

filtration. The filtrate was washed twice with 10 mL saturated NaHCO3 solution and 10 mL 

brine. The two phases were separated and the organic phase was dried with MgSO4. After 

filtration, the solvent was evaporated. The product was separated by flash column 

chromatography (solvent: EtOAc). 298 mg (0.85 mmol) product were obtained as a white 

powder, corresponding to a 44% yield. 

N-(2-(5-(Benzyloxy)-1H-indol-3-yl)ethyl)pivalamide (41) 

 

1H-NMR (600 MHz, methanol- 7.48 (d, 3J ,  -H), 7.37 (t, 3J  = 
7.6 Hz, 3J 5 = 7.6 Hz, -H), 7.30 (t, 3J  -H), 7.22 (d, 3J 7,6= 8.7 Hz, 1H, 
7-H), 7.17 (s, 1H, 4-H), 7.03 (s, 1H, 2-H), 6.83 (d, 3J6,7= 11.2 Hz, 1H, 6- -H), 
3.29 (t, 3J  -H), 2.85 (t,3J - -H).  
13C NMR (151 MHz, methanol- pm] = 158.54 (C- -5), 139.46 (C-
(C-7a), 129.41 (C- - -3a), 128.70 (C- -2), 113.26 (C-
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6), 112.82 (C-7), 103.33 (C-4), 79.89(C- 16 (C- - - -
 

MS (ESI): m/z calculated for C17H23N3O3+K+: 389.163, [M+K]+ found: 389.3. 
 

 

7.8.2.2 Synthesis of N-(2-(5-hydroxy-1H-indol-3-yl)ethyl)pivalamide (42) 

252 mg (3.99 mmol) ammonium formate and 85 mg (10% w/w) Pd/C were mixed in a round 

bottom flask. 280 mg (0.8 mmol) 41 was solved in 20 mL ethanol and added to the mixture. 

The reaction mix was incubated for 30 min at 120 °C, at reflux. After cooling, the mixture was 

filtered, and the filtrate was washed with EtOAc. The solvent was then removed by evaporation, 

obtaining 174 mg crude product. The crude mixture was used in the following step. 

 

 

 

7.8.2.3 Synthesis of 3-(2-pivalamidoethyl)-1H-indol-5-yl methylcarbamate (23) 

All steps were performed under inert conditions. The crude 42 was solved in 15 mL dry THF 

under N2 atmosphere. 461 µL (3.31 mmol) triethylamine were added to the mixture and stirred 

at room temperature for 30 min. 8.16 mg (0.07 mmol) DMAP was then added, followed by 247 

mg (2.65 mmol) C under 

inert atmosphere overnight. The reaction progress was analyzed via TLC, using petrol 

ether:EtOAc (1:1) as elution system. Afterwards, the reaction was quenched with KPi buffer 

(50 mM, pH 7.5) until the mixture clarified. The product was extracted 3 times with EtOAc and 

dried on MgSO4. The solid was filtered, and the solvent evaporated. The product was isolated 

via flash chromatography using EtOAc containing 2.5 % (v%) MeOH as elution system. 105 

mg of product 23 were obtained as a white solid, corresponding to 50% yield.   

 

3-(2-pivalamidoethyl)-1H-indol-5-yl methylcarbamate (23) 

 
 
1H-NMR (600 MHz, methanol-  7.31  7.24 (m, 2H, 7-H, 4-H), 7.09 (s, 1H, 2-H), 
6.83 (d, 3J6,7 = 8.7 Hz, 1H, 6-H), 3.29 (t, 3J  -H), 2.86 (t, 3J  -

- -H). 
13C NMR (151 MHz,methanol- pm] = 158.96 (C- - -5), 135.64 
(C-7a), 128.89 (C-3a), 124.82 (C-2), 116.69 (C-6), 113.67 (C-3), 112.24(C-7), 111.67 (C-4), 
79.75 (C- - - - -  
MS (ESI): m/z calculated for C17H23N3O3+K+: 356.137 [M+K]+; found: 356.3. 
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The 1H and 13C NMR data are in accordance with the data previously described in the 

literature.[358]  

 

 

7.8.3 Synthesis of Phe-carbamate PsmD substrate (19) 

7.8.3.1 Synthesis of N-(2-(5-(benzyloxy)-1H-indol-3-yl)ethyl)acetamide (14) 

500 mg 2-(5-(benzyloxy)-1H-indol-3-yl) acetonitrile (39) were solved in 20 mL methanol at 0 

°C on an ice bath. After, 511 mg (3.81 mmol) acetic anhydride and 395 mg (3.05 mmol) NiCl2 

were added. Finally, 505 mg (13.3 mmol) NaBH4 were added carefully. The reaction was 

incubated at 0 °C for 30 min. After, the reaction mix was incubated overnight at room 

temperature. The reaction was monitored by TLC (solvent: EtOAc). After, the solvent was 

evaporated, the remaining solid was solved in 20 mL EtOAc, and the mixture was filtered. The 

filtrate was washed with 2 x 10 mL saturated NaHCO3 solution and brine. The two phases were 

separated and the organic phase was dried with MgSO4. After filtration, the solvent was 

evaporated, obtaining 573 mg of a brown oil. The crude product was used directly in the next 

step.  

 

 

7.8.3.2 Synthesis of N-(2-(5-hydroxy-1H-indol-3-yl)ethyl)acetamide (9) 

511 mg (8.11 mmol) ammonium formate and 172 mg (10% w/w) Pd/C were mixed in a round 

bottom flask. 500 mg crude 41 was solved in 20 mL ethanol and added to the mixture. The 

reaction mix was stirred for 30 min at 120 °C, at reflux. After, the mixture was cooled down and 

filtered, and the filtrate was washed with EtOAc. The solvent was then removed by evaporation. 

The product was purified by flash chromatography, using EtOAc with 7% (v%) MeOH for 

elution. 205 mg of product were obtained as a white powder, corresponding to a 57% yield. 

  
N-(2-(5-Hydroxy-1H-indol-3-yl)ethyl)acetamide (N-acetylserotonin) (9) 
 

 
 
1H-NMR (600 MHz, methanol- 7.15 (d, 3J7,6 = 8.6 Hz, 1H, 7-H), 6.99 (s, 1H, 2-H), 
6.93 (d, 4J4,6= 2.4 Hz, 1H, 4-H), 6.67 (dd, 3J6,7 = 8.6, 3J6,4 =2.5 Hz, 1H, 6-H), 3.42 (t, 3J = 7.4 

-H), 2.85 (t, 3J = 7.4 Hz, 2H - -H).  
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13C NMR (151 MHz, methanol- ppm] = 173.26 (C- -5), 133.07 (C-7a), 
129.48 (C-3a), 124.20 (C-2), 112.66 (C-3), 112.49 (C-4), 112.35 (C-6), 103.47 (C-7), 41.43 (C-

2 (C- 59 (C- .  
MS (ESI): m/z calculated for C17H23N3O3+H+: 219.1055 [M+H]+; found: 219.2. 
 

 

 
7.8.3.3 Synthesis of 3-(2-acetamidoethyl)-1H-indol-5-yl phenylcarbamate (19) 

All steps were performed under inert conditions. 213 mg (2.11 mmol) triethylamine and 163 

mg (0.7 mmol) 9 were solved in 4 mL dry THF and stirred under N2 atmosphere for 15 min. 92 

mg (0.77 mmol) phenyl isocyanate was added dropwise over 5 s and then 17 mg (0.14 mmol) 

DMAP was added. After stirring for 30 min at 23 °C, the reaction was quenched with saturated 

aqueous ammonium chloride solution (20 mL). The product was extracted with EtOAc (3 × 15 

mL). The combined organic layers were washed with brine, dried over Na2SO4 and 

concentrated under reduced pressure. The resulting residue was purified by flash 

chromatography (9:1 DCM/MeOH). 151 mg 17 were obtained as a white powder, 

corresponding to a 61% yield. 

 
3-(2-acetamidoethyl)-1H-indol-5-yl phenylcarbamate (19) 

 

1H-NMR (600 MHz, methanol-d4 = 7.50 (d, 3J  -H), 7.37  7.27 (m, 
4H, 7-H, 4- -H), 7.14 (s, 1H, 2-H), 7.05 (t, 3J  -H), 6.92 (dd, 3J6,7 = 8.6 
Hz, 3J6,4 = 2.3 Hz, 1H, 6-H), 3.45 (t, 3J  -H), 2.92 (t, 3J  -H), 

-H).  
13C NMR (151 MHz, methanol-d4 - - -5), 140.07 
(C- -7a), 129.90 (C- -3a), 125.05 (C-2), 124.31 (C- -

-6), 113.73 (C-3), 112.5 (C-4), 111.8 (C-7), 41.5 (C-  26.1 (C- - .   
MS (ESI): m/z calculated for C19H19N3O3+H+: 338.1426 [M+H]+; found: 338.3. 
 

The 1H and 13C NMR data are in accordance with the data previously described in the 

literature.[358]  
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7.9 Automated mutant library screening 

The protein expression module and enzymatic reaction module were run on an automated 

platform using a SpiNNaker2 BT (Thermo Scientific, Canada) for all material transfer between 

devices and the process was orchestrated by the Momentum Software (Thermo Scientific, 

Canada). The activity assay module was performed using an OT-2 liquid handler (Opentrons, 

USA).  

 

7.9.1 Expression module 

Per library, 66 colonies resulting from the mutant library transformation were picked using a 

liquid handler (Tecan Fluent, Tecan, Switzerland) with integrated colony picker (Pickolo, 

SciRobotics, Israel) and used to inoculate 900 µL of LB media in a square well deep well plate 

(sqDWP). Additionally, controls were carried on each plate. Cells transformed with WT 

PsmD_Sa were used as positive and cells transformed with the empty pET21a(+) vector as 

negative control. After incubation for 16 hours at 800 rpm and 37°C in an automated incubator 

(Cytomat2, Thermo Scientific, Germany), 10 µL of the precultures were transferred to fresh a 

sqDWP to inoculate 900 µL TB-autoinduction media and were incubated for another 24 hours 

before being passed down to the enzymatic reaction module. The TB media contained 

additionally 0.5% (w/v) glycerol, 0.05% (w/v) glucose and 0.2 (w/v) lactose for auto-induction.  

 

7.9.2 Enzymatic reaction module 

After cultivation, the cells were separated by centrifugation for 5 minutes at 3500 rpm (Rotanda 

450R, Hettich, Germany) and the TB medium was removed using the liquid handler. The cells 

were resuspended in 200 µL freshly prepared reaction mixture containing 1 mM substrate 

(100 mM stocks in DMSO were used, leading to 1% v/v DMSO content in the final mixture) and 

2 mM SAM in KPi buffer (50 mM, pH 7.5). The reaction was performed in sqDWP at 40°C for 

24, 7 or 3 hours in an automated incubator (Cytomat 10, Thermo Scientific, Germany). After 

the reaction, the cells were quenched by addition of 20 µL 5% TFA and separated via 

centrifugation. 100 µL of the supernatant was transferred to a fresh microtiter plate (MTP) and 

stored at -20 °C until further use.  

7.9.3 Activity assay module 

For the activity assay, 50 µL of the supernatant resulting from the enzymatic reaction module 

were mixed with 50 µL H2S04 98% and incubated for 30 minutes at room temperature. After, 

50 µL DMAB solution (300 mM in isopropanol) were added to each well, mixing thoroughly. 
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After another 1 h incubation step at room temperature, the absorbance at 580 nm was 

measured using a plate reader. Heat maps were generated based on absorbance values and 

the cells providing the lowest absorbance at 580 nm were subjected to plasmid isolation and 

sequencing.    
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7.10 Computational methods 

7.10.1 Structure visualization and analysis 

The visualization and analysis of 3D protein structures, as well as the analysis of the molecular 

docking results was performed using UCSF Chimera.[421]  

 

7.10.2 Homology model generation and structure editing 

The homology model of WT PsmD_Sa was generated by Dr. Benoit David (IBG-4, 

Forschungszentrum Jülich) using Modeller and the crystal structure of PsmD_Sg in the closed 

conformation as template.[2, 372] The mutant models were generated by the author by replacing 

residue W166 using the rotamer function in UCSF Chimera. The conformation of the new 

residue was chosen from the Dunbrack 2010 library, based on the highest probability.[422] 

 

7.10.3 Molecular docking  

For the docking of the natural substrate in the catalytic sites of PsmD_Sg and PsmD_Sa, the 

docking predictions were performed using the Schrödinger software suite (2021-4). Before 

docking, the modeled protein structures in open and closed conformations were prepared 

using the prepwizard module and the substrate was prepared using the ligprep module (version 

57156) at pH 7.4. The Glide module (version 90156) with the OPLS_2005 force field and the 

SP docking precision mode were used. To keep the C3 atom of the substrate close to the 

methyl group (C9 atom) of the SAM cofactor, a distance restraint was enforced within a radius 

of 3 Å from the center of mass calculated between the two atoms. This experiment was 

performed by Dr. Benoit David (IBG-4, Forschungszentrum Jülich) and made available for this 

work.  

 

An extensive docking within the active site of PsmD_Sa wt, W166P, and W166C has been 

performed by docking the substrates 21 and 17 using AutoDock Vina (V1.2.3), employing the 

Vinardo scoring function.[452] The configuration parameters were: 

center_x = 38.45; center_y = 41.65; center_z = 43.62; size_x = 20.90; 

size_y = 25.30; size_z = 32.27; scoring = vinardo; energy_range = 3; 

exhaustiveness = 8; num_modes = 50; cpu = 11 
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Figure 103. Docking box size and position within the structure of PsmD_Sa. A. Perspective overview. 
The center of the box is shown as a grey sphere juxtaposed with the reactive methyl group of SAM. 
W166 is shown explicitly superimposing tryptophan, proline, and cysteine. B-C Orthogonal, axial 
perspectives. The figure was produced for [3] and used without modifications according to the CC 
licensing of the Royal Society of Chemistry.

The energy range has been set to be restrictive (3 kcal/mol). Each docking could yield 50 

poses. To probe the conformational space allowing for quantitative analysis, each docking 

combination ([2a,3a]x[wt,W166C,W166P]) has been repeated 40 times. Scripting/coding in 

bash, python, Windows PowerShell, and UCSF Chimera were supported by ChatGPT, as 

implemented in the search engine Ecosia. The molecular docking in Autodock Vina and post-

processing were performed by Dr. Thomas Classen (Institute of Bioorganic Chemistry, 

Heinrich Heine University Düsseldorf) and made available for this work. 
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7.10.4 Docking post-processing  

For the comparative analysis, the dimensionality of the data set has been reduced by selecting 

pivotal atoms only representing the entire degree of freedom of the conformation. In total, the 

conformation could be represented by 11 atoms for substrates 17 and 21 together, leading to 

a 33-dimensional data set. This reduced data set of 11567 poses was subjected to principal 

component analysis, independent of substrate type or enzyme docked into, extracting three 

principal components resembling 67% (PC1), 9% (PC2), and 6% (PC3) of the entire variance. 

This was done to make the data set readable, representing the conformational space in a 3D 

manner. 

The three-dimensional conformational data set (principal component) has been clustered by 

distance into 10 clusters. These clusters represent different types of binding poses. The 

putative productive binding pose was selected based on the structural and mechanistic 

information previously acquired for the homolog PsmD_Sg.[1] Within the obtained data set, the 

productive binding pose corresponds to cluster 6. Various information such as substrate 

membership, enzyme environment, binding energy, distance between nucleophile and 

electrophile could be projected onto the data set. 

The molecular docking in Autodock Vina and post-processing were performed by Dr. Thomas 

Classen (Institute of Bioorganic Chemistry, HHU Düsseldorf) and made available for this work. 

The interpretation of the obtained data was performed by the author, in collaboration with Dr. 

Thomas Classen. 

 

7.10.5 Molecular dynamics simulations 

MD simulations of the dimeric structure of the selected PsmD_Sa models in complex with both 

the SAM cofactor and the docked substrate poses were performed using the pmemd.MPI 

(minimizations) and pmemd.cuda[12] (solvent relaxation and MD productions) modules of the 

AMBER20 package.[13] The ff14SB[14] and gaff2[15] force fields were used to describe the protein 

and the ligand respectively. The TIP3P water model[16] was used and 18 sodium ions were 

added to the solvent to neutralize the net charge of the protein. The protonation states of 

histidine and acidic residues were assigned using PROPKA 3.0.[17] The resulting system 

was minimized in four stages of 15000 steps each, including 5000 steepest-descent iterations 

and 10000 conjugate-gradient iterations. Positional restraints applied on the protein were 

gradually decreased at each stage from 10 to 5, 2.5 and 0 kcal/mol/Å2 respectively, while 

keeping water, ions and ligands unrestrained. The Particle Mesh Ewald algorithm[18] was used 

to treat long-range electrostatic interactions defined beyond a 9 Å inter-atomic distance cutoff. 
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The system was thermalized (NVT) for 500 ps at 300K and pressurized (NPT) for 10 ns at 1 

bar using a positional restraint of 10 kcal/mol/Å2 on all protein and ligands atoms. Unrestrained 

MD production runs were performed using a 2 fs time step. All subsequent analyses were 

conducted using the CPPTRAJ program[19]. MD snapshots were saved every 40 ps and the 

first 12 ns of production were excluded from all analyses. The MD simulations were performed 

by Dr. Benoit David (IBG-4, Forschugszentrum Jülich) and made available for this work. 

 

7.10.6 Residue conservation analysis 

The conservation scores were derived using the WebLogo server[22] taking as input a multiple 

sequence alignment (MSA) of 39 sequences built using the MAFFT-L-INS-i algorithm[23] 

implemented in the ConSurf server[24,25]. Homologous sequences to PsmD_Sa were searched 

in the UniRef90 database[26] using psi-BLAST[27] and only those presenting a pair-wise 

sequence identity between 40% and 90% were considered. The residue conservation analysis 

was performed by Dr. Benoit David (IBG-4, Forschugszentrum Jülich) and made available for 

this work. 
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7.11 Preparative scale enzymatic methylation 

7.11.1 Preparative methylation using the PsmD-HMT system  50-100 mg scale 

CtHMT (0.3 U/mL) and PsmD_Sa (0.1 U/mL) lysates were freshly prepared according to the 

previously described procedure and used immediately. 49 mL of HMT lysate and 73 mL PsmD 

lysate were combined and diluted with 239 mL buffer (50 mM KPi, pH 7.5). Compound 10 was 

added (1.82 mL of 200 mM stock solution in DMSO) to a final concentration of 1 mM. MeI was 

then added (10 M stock in DMSO) to a final concentration of 10 mM. When using 2 mM 

substrate, the MeI concentration was increased to 20 mM and the final volume was 182 mL, 

containing 14% (v%) HMT lysate and 20% (v%) PsmD volume. The reactions were performed 

in closed glass bottles (Schott Duran) at 35 °C and 300 rpm for 16 h. The reactions were 

quenched by adding 150 mL of saturated aqueous ammonium chloride solution. The 

precipitated protein debris was separated from the mixture by vacuum filtration on Celite. The 

product was then extracted from the filtrate with 3 x 500 mL ethyl acetate. The reunited organic 

fractions were washed with brine, dried over MgSO4 and filtered in vacuum. The solvent was 

evaporated and purification of the product was performed via flash chromatography, using a 

mixture of ethyl acetate:methanol (95:5) for elution. After solvent evaporation, 52-57 mg of 

product in the form of a white solid was obtained (90% qNMR purity). 

(3aS)-1-acetyl-3a-methyl-1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indol-5-yl 

methylcarbamate (P10) 

 

1H-NMR (600 MHz, chloroform- -H), 6.80-6.76 (m, 1H, 6-H), 6.52 (d, 
3J7,6= 8.3 Hz, 1H, 7-H), 5.17 (s, 1H, 8a-H), 3.57 (t, 1H, 3J2,3 = 8.3 Hz, 1H, 2-H), 3.28-3.23 (m, 
1H, 2-H), 2.88 (d, 3J13,12 = 5.0 Hz, 3H, 13-H), 2.29 (dd, 3J3,2=12.9, 4J3,14= 5.7 Hz, 1H, 3-H), 2.14-
2.05 (m, 1H, 3-H), 2.00 (s, 3H, 10-H),1.40 (s, 3H, 14-H). 

13C NMR (151 MHz, chloroform- -9), 156.36 (C-11), 146.51 (C-7a), 
144.18 (C-5), 134.31 (C-4a), 121.57 (C-6), 116.68 (C-4), 109.74 (C-7), 82.82 (C-8a), 52.82 (C-
3a), 47.72 (C-2), 37.46 (C-3), 28.08 (C-13), 24.46 (C-14), 22.98 (C-10).  
MS (APCI): m/z calculated for C15H19N3O3+H+: 290.1 [M+H]+; found: 290.0. 
 
The 1H and 13C NMR data are in accordance with the data previously described in the 

literature.1,37 
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7.11.2 Preparative methylation using the PsmD-HMT system  1 g scale 

1.05 g substrate 10 (1 equiv. final concentration 2 mM), 2.38 mL MeI (10 equiv. final 

concentration 20 mM) and 559 mg EDTA (final concentration 1 mM) were mixed with 1.87 L 

KPi buffer (50 mM, pH 7.5) in a 2 L Shott Duran closed glass bottle. 15 g E. coli BL21 mtn 

cells containing the expressed CtHMT and 30 g E. coli BL21 mtn cells containing the 

expressed PsmD_Sa were sealed together in a dialysis bag. The bag containing the cells was 

suspended in the liquid reaction mixture using straw rope, avoiding contact with the bottom of 

the flask. The flask was incubated in an orbital shaker for 21 h at 30 °C and 100 rpm. In an 

attempt to improve conversion, after 21 h a fresh identical cell-containing dialysis bag was 

added to the mixture and the flask was placed on a water bath at 35 °C with magnetic stirring. 

The reaction progression was monitored by TLC, using DCM with 10% MeOH as elution 

system and cerium molybdate stain for visualization. After another 19 h of incubation, the 

remaining MeI was quenched by adding 20 equiv. ammonium thiosulfate and incubating the 

mixture under magnetic stirring for 1.5 h. The dialysis bags were removed from the mixture 

and incubated in EtOAc for 48 h. The product was extracted from the remaining reaction 

volume two times with 2 L EtOAc the organic phases were mixed with the solvent in which the 

dialysis bags were incubated, dried with MgSO4, then filtered under vacuum. The solvent was 

removed by rotary evaporation and the product was purified using flash chromatography. Due 

to poor separation, two separate column purifications were performed. The first used DCM 

with 2.5% (v%) MeOH as elution system, while the second purification was performed using 

EtOAc as eluent. In the end, 496 mg of white solid product were obtained with 74% purity 

(qNMR). The gram scale enzymatic methylation was performed by Lisa Guo (HHU, 

Düsseldorf), as part of her bachelor thesis project. 

 

7.11.3 Immobilization of PsmD_Sa and CtHMT on Ni-NTA resin 

After protein expression, lysates were prepared using 0.2 g E. coli BL21 Gold (DE3) cells 

containing W166C mutant/mL buffer (Kpi 50 mM, pH 7.5). 10% (v/v) Ni-NTA agarose resin 

(Protino, Germany) slurry was added to the lysate and the mixture was incubated on ice for 1 

h, mixing gently by rotation. The mixture was then centrifuged for 2 min at 3000 rpm, the 

supernatant removed and the resin was resuspended in washing buffer (KPi 50 mM, 50 mM 

imidazole, pH 7.5) and incubated on ice for 5 min. The mixture was centrifuged 2 min at 3000 

rpm and the previous washing step was repeated. The resin was then washed once with 

reaction buffer (KPi 50 mM, pH 7.5) and was separated by centrifugation to be used in the 

preparative reaction. The immobilization of CtHMT was performed using the same procedure.    
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7.11.4 Preparative methylation using immobilized PsmD(W166C)-HMT  

The preparative enzymatic methylation of substrate 21 was performed using the mutant 

W166C and CtHMT immobilized on Ni-NTA resin. 3.2 mL resin slurry containing immobilized 

W166C and 2.2 mL resin slurry containing CtHMT were mixed and resuspended in 79 mL 

reaction mixture containing 50 mg substrate 21 (2 mM final concentration, added from 200 mM 

stock in DMSO), 0.2 mM SAH, 10 mM MeI (added from a 10 M stock in DMSO) in KPi buffer 

(50 mM, pH 7.5). The mixture was incubated at 35 °C and 300 rpm for 15 h. After, the Ni-NTA 

resin was separated by centrifugation and the product was extracted from the supernatant with 

3 x 100 mL ethyl acetate. The organic phase was then washed with brine and dried with 

MgSO4. After filtration and solvent evaporation, the product was isolated by column 

chromatography using a DCM:MeOH (9:1) mixture for elution. The product was obtained as a 

white powder, with 60% yield. 

(3aS,8aS)-3a-methyl-1-pivaloyl-1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indol-5-yl 

methylcarbamate (P23) 

 

1H-NMR (600 MHz, methanol- 6.83 (s, 1H, 6-H), 6.73 (d, 3J7,6 = 8.3 Hz, 1H, 7-H), 
6.65  6.55 (m, 1H, 4-H), 5.02 (s, 1H, 8a-H), 3.65  3.56 (m, 1H, 2-H), 3.05  2.97 (m, 1H, 2-
H -H), 2.20 (q, 4J  = 6.1 Hz, 1H, 3-H), 2.08  1.99 (m, 1H, 3-H), 1.53 (s, 5H, 

-H), 1.46 (s, 4H -H -H).  
13C NMR (151 MHz,methanol- pm] = 158.63 (C- - 155.67 (C- -
7a), 145.49 (C-5), 136.14 - 136.06 (C-4a), 122.28 (C-7), 117.50 (C-6), 110.44 (C-4), 83.84 (C-
8a), 81.65  81.19 (C- -54.32 (C-3a), 47.16 - 46.56 (C-2), 38.17 - 37.93 (C-3), 28.72 
(C-  (C- - 24.65 (C- .  
MS (ESI): m/z calculated for C18H25N3O3+K+: 370.153 [M+K]+; found: 370.3. 
 

The 1H and 13C NMR data are in accordance with the data previously described in the 

literature.[358]  

 

7.11.5 Preparative enzymatic methylation of the 7-halogenated substrates 

The preparative enzymatic methylation of the 7-chlorinated substrate 29 was performed using 

WT PsmD_Sa and and CtHMT in lysate format. 20 mL PsmD_Sa lysate 14 mL CtHMT lysate 

were prepared shortly before the reaction, according to the procedure described in Chapter 
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7.2.5. They were added to the reaction mixture containing 30 mg 29 (1 mM, from a 200 mM 

stock in DMSO) and 10 mM MeI (from a 10 M stock in DMSO) in Kpi buffer (50 mM, pH 7.5) to 

a final volume of 100 mL. The mixture was incubated at 35 °C and 300 rpm for 18 h, when full 

conversion was observed (using TLC). The MeI was quenched by adding 20 equiv. ammonium 

thiosulfate and incubating for 1 h, then the product was extracted with EtOAc, dried on MgSO4 

and purified using column chromatography. After purification, 15.5 mg product were obtained 

(50% yield). 

The preparative enzymatic methylation of the 7-brominated substrate 30 was performed using 

WT PsmD_Sa and and CtHMT immobilized on Ni-NTA resin. 900 µL resin slurry containing 

immobilized WT PsmD_Sa and 630 µL resin slurry containing CtHMT were mixed and 

resuspended in 45 mL reaction mixture containing 16 mg substrate 30 (1 mM final 

concentration, added from 200 mM stock in DMSO), 0.5 mM SAH, 10 mM MeI (added from a 

10 M stock in DMSO) in KPi buffer (50 mM, pH 7.5). The mixture was incubated at 35 °C and 

300 rpm for 20 h. After, the Ni-NTA resin was separated by centrifugation and the product was 

extracted from the supernatant with ethyl acetate. The organic phase was then washed with 

brine and dried with MgSO4. After filtration and solvent evaporation, the product was isolated 

by column chromatography. The conversion to product was determined at 57% (NMR). 2.7 mg 

product were isolated, with a 17% yield.  

The synthesis of the halogenated PsmD substrates 29 and 30, as well as the purification of 

the products after the enzymatic reactions were performed by Marchel Schatton (Institute of 

Bioorganic Chemistry, Heinrich Heine University, Düsseldorf), as part of his doctoral thesis 

project. 

 

7.11.6 Evaluation of the methyl iodide quenching methods 

Solutions were prepared containing 100, 500 or 1000 mM ammonium thiosulfate, 10 mM MeI 

and 1% (v%) DMSO in KPi buffer (50 mM, pH 7.5) to a final volume of 1.5 mL. A negative 

control was prepared without MeI. After 10 min incubation at room temperature, the mixtures 

were extracted with 600 µL CDCl3 and the organic phase was used for 1H NMR analysis. The 

relative peak intensity between the specific MeI peak (2.16 ppm) and the CDCl3 solvent peak 

was calculated and used for comparison. The MeI quenching experiment was performed by 

Lisa Guo (Heinrich Heine University, Düsseldorf), as part of her bachelor thesis project. 
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7.12 Protein sequences 

Chloracidobacterium thermophilum halide methyltransferase (CtHMT) 

MGHHHHHHAENLYFQGSGLGMDADTASFWEEKYRADLTAWDRGGVSPALEHWLAEGAL
KPGRILIPGCGYGHEVLALARRGFEVWGLDIALTPVRRLQEKLAQAGLTAHVVEGDVRTWQ
PEQPFDAVYEQTCLCALSPEDWPRYEAQLCRWLRPGGRLFALWMQTDRPGGPPYHCGLE
AMRVLFALERWRWVEPPQRTVPHPTGFFEYAAILERLV* 
 
GenBank: AEP12557.1 
Molecular weight: 24617.03 kDa 
Extinction coefficient (280 nm): 65680 M-1cm-1 
 

Streptomyces griseofuscus PsmD methyltransferase (PsmD_Sg) 

MMQGQPHQDAGMPEPYAATADVYDRLVDYAIAEWGECPRPQMADFVEQAWAARGHRVR
RVLELCCGTGLMTEQLVRRGYEVTAVDRSETMLALAKQRVGGAADFHQIELPAPLPDGADA
VVCTAAAFNYQASARSLGETLRAVATVLPAGATFVFDIETAALLKGHWGNRVWAADEGDLA
FIWDFTSEPDTTYCDVHYTQFTRHEAGADAYTGVREVHRLYAFDHDTVRAQARAAGFAQA
EVFDNYTERPATDTTRYETWVLTRDERHHHHHH* 
 
GenBank: AHL44342.15 
Molecular weight: 30497.87 Da 
Extinction coefficient (280 nm): 49640 M-1cm-1 
 

Streptomyces albulus* PsmD methyltransferase (PsmD_Sa)  

MQGQPHQDAGMPEPYAATADVYDRLVAYAIAQWGESPRPRMADFIEQAWKARGQRVRRV
LELCCGTGLMTEELVRRGYEVTAVDRSETMLALAKKRVGGAADFRQIELPAPLPGDTDAVV
CTAAAFNYQSSAHSLGETLHAVATVLPAGATFVFDIETAALLKGHWGNRMWAADEGDLAFI
WNFTSQPDTTYCDVHYTQFTRSEAGPDTYTGTREVHRLYAFDHDTVRAQARAAGFARAEV
FDNYTERPATDATHYETWFLTRDESLEHHHHHH* 
 
*Recently reclassified in databases as Streptomyces noursei 
 
GenBank: AIA00691.1 
Molecular weight: 30662.06 Da 
Extinction coefficient (280 nm): 49640 M-1cm-1 

Aspergillus clavatus halide methyltransferase (AcHMT) 

MGSTPSLIPSGVHEVLAKYKDGNYVDGWAELWDKSKGDRLPWDRGFPNPALEDTLIQKRAI
IGGPLGQDAQGKTYRKKALVPGCGRGVDVLLLASFGYDAYGLEYSATAVDVCQEEQAKNG
DQYPVRDAEIGQGKITFVQGDFFEDTWLEKLNLTRNCFDVIYDYTFFCALNPSMRPQWALR
HTQLLADSPRGHLICLEFPRHKDPSVQGPPWGSASEAYRAHLSHPGEEIPYDASRQCQFDS
SKAPSAQGLERVAYWQPERTHEVGKNEKGEVQDRVSIWQRPPQSSLLEHHHHHH* 
 
GenBank: EAW10780 
Molecular weight: 33453.36 Da 
Extinction coefficient (280 nm): 62255 M-1cm-1 

Thermococcus kodakarensis methionine adenosyl transferase (TkMAT) 

MAGKVRNIVVEELVRTPVEMQKVELVERKGIGHPDSIADGIAEAVSRALSREYVKRYGIILHH
NTDQVEVVGGRAYPQFGGGEVIKPIYILLSGRAVEMVDREFFPVHEIALKAAKDYLRKAVRH
LDLEHHVIIDSRIGQGSVDLVGVFNKAKKNPIPLANDTSFGVGYAPLSETEKIVLETEKYLNSD
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EFKKKYPAVGEDIKVMGLRKGDEIDLTIAAAIVDSEVDNPDDYMAVKEAIYEAAKGIVESHTE
RPTNIYVNTADDPKEGIYYITVTGTSAEAGDDGSVGRGNRVNGLITPNRHMSMEAAAGKNP
VSHVGKIYNILSMLIANDIAEQVEGVEEVYVRILSQIGKPIDEPLVASVQIIPKKGYSIDVLQKPA
YEIADEWLANITKIQKMILEDKVNVFLEHHHHHH* 
 
GenBank: Q5JF22 
Molecular weight: 45680.16 Da 
Extinction coefficient (280 nm): 30830 M-1cm-1 

Escherichia coli methylthioadenosine/S-adenosylhomocysteine nucleosidase 

(EcMTAN) 

MGSSHHHHHHSSGLVPRGSHMKIGIIGAMEEEVTLLRDKIENRQTISLGGCEIYTGQLNGTE
VALLKSGIGKVAAALGATLLLEHCKPDVIINTGSAGGLAPTLKVGDIVVSDEARYHDADVTAF
GYEYGQLPGCPAGFKADDKLIAAAEACIAELNLNAVRGLIVSGDAFINGSVGLAKIRHNFPQA
IAVEMEATAIAHVCHNFNVPFVVVRAISDVADQQSHLSFDEFLAVAAKQSSLMVESLVQKLA
HG* 

GenBank: KIH35059 
Molecular weight: 26517.29 Da 
Extinction coefficient (280 nm): 6210 M-1cm-1 

 

Streptacidiphilus griseoplanus (Peterkaempfera griseoplana) PsmD homolog methyltransferase 

(PsmD_Gp)  

MKGQPITAGIPEPYEAISDTYDRLAVWACEHWGESPRYKMAAFLEKVWSDHPAPVHSVLEV
CCGTGLMLEQLVRRGYAVSGLDRSGPMLARARTRLGSDVPLVRSELPEIPGDQQYDAVICA
AAALNYMPDEQTLQRTFEAVARTVRPGGSFVFDILAHRMVADRFGTSVWADDLGDLAFIWK
FQNHPGQSHTDLDYTQFLRDGDGPDTYTVVRETHRLFALDRETVRELARRAGFTDIAVYDN
YSFEPADGATDYETWTLTRGQATDPPRHHHHHH* 

GenBank: WP_055591319 
Molecular weight: 31215.89 Da 
Extinction coefficient (280 nm): 49640 M-1cm-1 

 
Streptomyces cattleya (Streptantibioticus cattleyicolor NRRL 8057) PsmD homolog 

methyltransferase (PsmD_Cat) 

MTTTTEPYAHLAPAYDRLVDWVVTERGECPRGRIADFLAEYWGGRPRPVRTVLEVCCGTG
LTLAELAGRGYAVTGLDRSAAMLEQAARRLGPDVPLVQAQLPSIPLRPGFDAVISAAAGLNY
LPDETALTETLAAVARVLAPGGTFVFDLLSTTLLERSFDPAAPRVQGAELEDVSYLWTFETP
PSRAHFDLTYVQFLRRPDAPGQTYVKTREVHRMYPVPQEAVRRAADRAGFTDVAVHDNYG
PHRAGPETLYETWTLALPAAPAAGEHGHHHHHH* 

GenBank: AEW99339.1 
Molecular weight: 30351.26 Da 
Extinction coefficient (280 nm): 38515 M-1cm-1 
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7.13 Gene sequences 

PsmD_Sa - native gene sequence: 

ATGATGCAGGGACAGCCGCACCAGGATGCGGGCATGCCCGAGCCGTACGCCGCGACC
GCCGACGTGTACGACCGGCTCGTCGCGTACGCCATCGCCCAGTGGGGAGAGTCTCCC
CGGCCGCGGATGGCCGACTTCATCGAGCAGGCATGGAAGGCTCGCGGGCAGCGCGTG
CGCCGGGTGCTGGAGCTGTGTTGCGGCACCGGGCTGATGACCGAGGAACTGGTGCGG
CGCGGTTACGAGGTGACCGCCGTCGACCGTTCCGAGACCATGTTGGCCCTGGCGAAG
AAGCGGGTCGGCGGTGCAGCCGACTTCCGACAGATCGAACTCCCCGCCCCGCTGCCC
GGCGACACGGACGCCGTGGTGTGCACCGCAGCCGCGTTCAACTACCAGTCCAGCGCG
CACTCGCTGGGAGAAACCCTGCACGCCGTGGCCACGGTGCTGCCGGCCGGTGCGACG
TTCGTCTTCGACATCGAGACTGCCGCGCTCCTCAAGGGACACTGGGGCAACCGCATGT
GGGCCGCCGACGAGGGCGACCTGGCGTTCATCTGGAACTTCACCAGTCAGCCGGACA
CCACCTACTGCGACGTGCACTACACCCAGTTCACGCGCTCCGAAGCGGGACCGGACAC
CTACACCGGCACCCGCGAGGTGCACCGGCTGTACGCCTTCGACCACGACACCGTCCG
CGCCCAGGCACGCGCCGCCGGATTCGCACGGGCGGAAGTGTTCGACAACTACACCGA
ACGCCCCGCCACCGACGCCACCCACTACGAGACGTGGTTCCTCACCCGGGACGAGAG
CTGA 
 
PsmD_Sa - codon harmonized: 

ATGCAGGGACAGCCGCACCAGGATGCGGGTATGCCCGAGCCATACGCCGCGACGGCC
GATGTGTACGACCGGCTCGTCGCGTATGCCATAGCCCAATGGGGAGAGTCTCCGCGGC
CTCGGATGGCCGACTTCATCGAGCAGGCATGGAAGGCTCGTGGGCAGCGCGTGGCCG
GGTGCTGGAGCTGTGTTGCGGCACCGGTCTGATGACTGAGGAACTGGTGCGGCGCGG
TTACGAGGTGACAGCTGTAGACCGTTCCGAGACCATGTTGGCCCTCGCGAAGAAGCGG
GTCGGCGGTGCAGCCGACTTCCGACAGATCGAGCTCCCCGCCCCGCTGCCCGGCGAC
ACGGACGCAGTGGTATGCACCGCAGCCGCGTTCAACTACCAGTCCAGTGCACACTCAC
TGGGAGAAACCCTACACGCCGTAGCCACGGTGCTGCCAGCCGGTGCAACGTTCGTCTT
CGACATCGAGACTGCAGCGCTCCTCAAGGGACATTGGGGCAATCGCATGTGGGCCGC
CGACGAGGGCGACCTGGCGTTCATCTGGAACTTCACTAGTCAGCCGGACACCACCTAC
TGCGACGTGCATTACACACAGTTCACGCGCTCTGAAGCGGGACCGGACACCTACACCG
GCACCCGCGAGGTACACCGGCTGTACGCGTTCGACCACGACACCGTCCGCGCCCAGG
CACGCGCCGCCGGATTCGCACGTGCGGAAGTGTTCGACAACTACACCGAACGCCCCG
CCACCGACGCCACCCACTACGAGACGTGGTTCCTCACCCGGGACGAGAGC 
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9. Annexes 

9.1 Plasmids 

Table 23. List of plasmids used in this work.  

Plasmid Genotype Origin 

pET21a(+) lacI, Ampr, T7 promoter, T7 terminator, f1 ori, pBR322 

ori 

Novagen 

pET28a(+) lacI, Kanr, T7 promoter, T7 terminator, f1 ori, pBR322 ori Novagen 

pET21a(+)-mat_Tk pET21a(+); TkMAT (C-His6) B. Chapplea 

pET21a(+)_psmd_Sa pET21a(+); Psmd_Sa (C-His6) P. Schneiderb 

pET21a(+)_psmd_Sa opt pET21a(+); Psmd_Sa optimized (C-His6) This work 

pET21a(+)_psmd_Sg pET21a(+); Psmd_Sg (C-His6) P. Schneiderb 

pET28a_CtHMT  pET28a(+); CtHMT (C-His6) P. Schneiderb 

pET28a(+)_AcHMT pET28a(+); Psmd_Sa (C-His6) B. Chapplea 

pET28a(+)_EcMTAN pET28a(+); EcMTAN B. Chapplea 

pET21a(+)_Sa_Mut(X) pET21a(+); Psmd_Sa mutant no. (X) (C-His6) This work 

pET21a(+)_Sa_opt_Mut(X) pET21a(+); Psmd_Sa optimized gene mutant no. (X) (C-

His6) 

This work 

pET21a(+)_Sa_opt_Lib(X) pET21a(+); Psmd_Sa optimized gene saturation library 

mix no. (X) (C-His6) 

This work 

pET21a(+)_psmd_GP pET21a(+)-PsmD_Gp  (C-His6) This work 

pET21a(+)_psmd_CAT pET21a(+)-PsmD_Cat (C-His6) This work 

a Benjamin Chapple, Institute of Bioorganic Chemistry, Heinrich Heine University, Düsseldorf 
b Pascal Schneider, Institute of Bioorganic Chemistry, Heinrich Heine University, Düsseldorf 
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Figure 104. Plasmid map of the codon harmonized PsmD_Sa gene in the pET21a(+) vector. Single-
cutter restriction enzyme sites are represented. 
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Figure 105. Plasmid map of the native PsmD_Sa gene in the pET21a(+) vector. Single-cutter restriction 
enzyme sites are represented. 
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Figure 106. Plasmid map of the codon harmonized CtHMT gene in the pET28a(+) vector. Single-cutter 
restriction enzyme sites are represented. 
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Figure 107. Plasmid map of the PsmD_Sg gene in the pET21a(+) vector. Single-cutter restriction 
enzyme sites are represented. 
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Figure 108. Plasmid map of the AcHMT gene in the pET28a(+) vector. Single-cutter restriction enzyme 
sites are represented. 
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Figure 109. Plasmid map of the TkMAT gene in the pET21a(+) vector. Single-cutter restriction enzyme 
sites are represented. 
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Figure 110. Plasmid map of the EcMTAN gene in the pET28a(+) vector. Single-cutter restriction enzyme 
sites are represented.
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Figure 111. Plasmid map of the PsmD_GP gene in the pET21a(+) vector. Single-cutter restriction 
enzyme sites are represented. 
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Figure 112. Plasmid map of the PsmD_Cat gene in the pET21a(+) vector. Single-cutter restriction 
enzyme sites are represented. 
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9.2 Primers 

Table 24. Primers used for mutant generation through site-directed mutagenesis.  

Identifier PsmD_Sa variant Primer sequence (5'-3') 
M1 Y15A ATGCCCGAGCCGGCCGCCGCGACCGC 

GCGGTCGCGGCGGCCGGCTCGGGCAT 
M2 Y22A GACCGCCGACGTGGCCGACCGGCTCGTC 

GACGAGCCGGTCGGCCACGTCGGCGGTC 
M3 R38A GGAGAGTCTCCCGCGCCGCGGATGGCC 

GGCCATCCGCGGCGCGGGAGACTCTCC 
M4 D84A GGTGACCGCCGTCGCCCGTTCCGAGACC 

GGTCTCGGAACGGGCGACGGCGGTCACC 
M5 R85A TGACCGCCGTCGACGCTTCCGAGACCATGTTG 

CAACATGGTCTCGGAAGCGTCGACGGCGGTCA 
M6 M89A CCGTTCCGAGACCGCGTTGGCCCTGGCG 

CGCCAGGGCCAACGCGGTCTCGGAACGG 
M7 Y128A GCCGCGTTCAACGCCCAGTCCAGCGCG 

CGCGCTGGACTGGGCGTTGAACGCGGC 
M8 E157A CGTCTTCGACATCGCGACTGCCGCGCTCC 

GGAGCGCGGCAGTCGCGATGTCGAAGACG 
M9 E215A GGCACCCGCGCGGTGCACCGGCTG 

CAGCCGGTGCACCGCGCGGGTGCC 
M10 H217A CCGCGAGGTGGCCCGGCTGTACGCCTTC 

GAAGGCGTACAGCCGGGCCACCTCGCGG 
M11 Y128S CGTTCAACTCCCAGTCCAGCGCGCACTCGCTG 

GACTGGGAGTTGAACGCGGCTGCGGTGCACAC 
M12 Y128E GTTCAACGAGCAGTCCAGCGCGCACTCG 

GGACTGCTCGTTGAACGCGGCTGCGGTGCAC 
M13 E35D GGGAGACTCTCCCCGGCCGCGGATGGCC 

GGGGAGAGTCTCCCCACTGGGCGATGGCGTAC 
M14 W33A CCCAGGCGGGAGAGTCTCCCCGGCCG 

CTCCCGCCTGGGCGATGGCGTACGCGAC 
M15 L25A CCGGGCCGTCGCGTACGCCATCGCCCAG 

CGACGGCCCGGTCGTACACGTCGGCGG 
M18 W182A GTTCATCGCGAACTTCACCAGTCAGCCGGACACCACC 

GTGAAGTTCGCGATGAACGCCAGGTCGCCCTCGTCG 
M19 Y22S CGTGTCCGACCGGCTCGTCGCGTACGC 

CGGTCGGACACGTCGGCGGTCGCGG 
M21 E35A GCCGGGGAGACGCTCCCCACTGGG 

CCCAGTGGGGAGCGTCTCCCCGGC 
M22 Q199A GGAGCGCGTGAACGCGGTGTAGTGCACGTC 

GACGTGCACTACACCGCGTTCACGCGCTCC 
M23 Y197A CTACTGCGACGTGCACGCCACCCAGTTCACGCG 

CGCGTGAACTGGGTGGCGTGCACGTCGCAGTAG 
M24 W166A CTCCTCAAGGGACACGCGGGCAACCGCATG 

CATGCGGTTGCCCGCGTGTCCCTTGAGGAG 
M25 Y22D *gene ordered from Genscript 
M26 Y22E *gene ordered from Genscript 
M27 Y128E * gene ordered from Genscript 
M28 Y128S * gene ordered from Genscript 
M29 W166F * gene ordered from Genscript 
M30 W182F * gene ordered from Genscript 
M31 Y197A * gene ordered from Genscript 
M32 T18A CCATACGCCGCGGCGGCCGATGTG 
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CACATCGGCCGCCGCGGCGTATGG 
M33 E13A GGTATGCCCGCGCCATACGCCGC 

GCGGCGTATGGCGCGGGCATACC 
M34 T88A CCGTTCCGAGGCCATGTTGGCCC 

GGGCCAACATGGCCTCGGAACGG 
M35 A123G GGTATGCACCGGAGCCGCGTTC   

GAACGCGGCTCCGGTGCATACC 
M36 A124G GTATGCACCGCAGGCGCGTTCAAC   

GTTGAACGCGCCTGCGGTGCATAC 
M37 W33F CCATAGCCCAATTCGGAGAGTCTCCG 

CGGAGACTCTCCGAATTGGGCTATGG 
M38 Y15F CCCGAGCCATTCGCCGCGACG   

CGTCGCGGCGAATGGCTCGGG 
M39 Y22F GCCGATGTGTTCGACCGGCTCG 

CGAGCCGGTCGAACACATCGGC 
M40 Y128F GCGTTCAACTTCCAGTCCAGTGC 

GCACTGGACTGGAAGTTGAACGC 
M41 E215D GCACCCGCGACGTACACCGGC 

GCCGGTGTACGTCGCGGGTGC 
M42 A125G GCACCGCAGCCGGGTTCAACTACCAG 

CTGGTAGTTGAACCCGGCTGCGGTGC 
M43 T18H CCATACGCCGCGCACGCCGATGTGTACG 

CGTACACATCGGCGTGCGCGGCGTATGG 
M44 F126L Phos*CGCAGCCGCGCTCAACTACCAGTCCAG   

Phos* GTGCATACCACTGCGTCCGTGTCG 
M45 F126C Phos* CGCAGCCGCGTGCAACTACCAGTCCAG   

Phos* GTGCATACCACTGCGTCCGTGTCG 
M46 T138A Phos*CACTGGGAGAAGCCCTACACGCCGTAG   

Phos*AGTGTGCACTGGACTGGTAGTTGAACG 
M47 F154V Phos*CAACGTTCGTCTTGGACATCGAGACTGC   

Phos*CACCGGCTGGCAGCAC 
M48 E157V Phos*CGACATCGTGACTGCAGCGCTCC   

Phos*AAGACGAACGTTGCACCGG 
M49 V227A Phos*CACGACACCGCCCGCGCCC   

Phos*GTCGAACGCGTACAGCCGG 
M18/15 W182A/L25A M18 primers 
M37/29 W33F/W166F M37 primers 
M18/31 W182A/Y197A M18 primers 

 

 

Table 25. Primers used for mutant library generation in site-saturation mutagenesis.  

Identifier PsmD_Sa variant Primer sequence (5'-3') 

S1 Y197X Fw: Phos*NDTACACAGTTCACGCGCTCTGAAGCGG 

Fw: Phos*VHGACACAGTTCACGCGCTCTGAAGCGG 

Fw: Phos*TGGACACAGTTCACGCGCTCTGAAGCGG 

Rev: Phos*ATGCACGTCGCAGTAGGTGGTGTCCGG 

S2 Y15X Fw 1: Phos*CCCGAGCCANDTGCCGCGACGGCCG 

Fw2: Phos*CCCGAGCCAVHGGCCGCGACGGCCG 

Fw3: Phos*CCCGAGCCATGGGCCGCGACGGCCG 

Rev: Phos*CATACCCGCATCCTGGTGCGGCTG 
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S3 W33X Fw 1: Phos* CATAGCCCAANDTGGAGAGTCTCCGC 

Fw2: Phos* CATAGCCCAAVHGGGAGAGTCTCCGC 

Rev: Phos* GCATACGCGACGAGCCGG 

S4 W166X Fw: Phos*GGGACATNDTGGCAATCGCATGTGG 

Fw: Phos*GGGACATVHGGGCAATCGCATGTGG 

Rev: Phos*TTGAGGAGCGCTGCAGTCTCGATG 

S5 W166C/Y15X Primer mix from S2 

S6 W166C/W33X Primer mix from S3 

S7 W166C/Y197X Primer mix from S1 

S8 W166P/W33X Primer mix from S3 

S9 Y256X Fw1: Phos* GCCACCCACNDTGAGACGTGGTTCCTC 

Fw2: Phos* GCCACCCACVHGGAGACGTGGTTCCTC 

Fw3: Phos* GCCACCCACTGGGAGACGTGGTTCCTC 

Rev: Phos* GTCGGTGGCGGGGCGTTC 

S10 W166C/Y256X Primer mix from S1 

S11 W166C/Y197H/Y15X Primer mix from S2 

S12 W166C/Y197H/W33X Primer mix from S3 

S13 W166C/Y197H/Y15F/W33X Primer mix from S3 

 

 

9.3 SDS Gels 
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Figure 113. A,B,C,D: SDS Page displaying the expression of PsmD_Sa mutants in E.coli BL21 Gold 
(DE3), and the mutants isolated via Ni2+ affinity chromatography (marked with "*"). "WT" stands for wild 
type PsmD_Sa, and "EV" refers to E. coli 
refers to isolated wild type PsmD_Sa. PsmD_Sa band is found at approx. 30 kDa (band at approx. 35 
kDa in the case of prestained Page ruler). 

 

Figure 114. SDS gel showing the expression of various PsmD_Sa mutants in E. coli BL21 Gold (DE3). 
The PsmD protein band is expected at 30 kDa. WT-wild type; EV  empty vector; IE  isolated enzyme. 
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Figure 115. SDS gel of the purification steps for AcHMT. Lys=lysate; FT=flow through; W=wash; 
E=elution; P=purge; Conc = final concentrated protein solution. PageRuler unstained was used as 
standard protein ladder.

          

Figure 116. SDS Page gels of the isolated PsmD_Sa mutants from the saturation mutagenesis libraries. 
The expected protein band is at 30 kDa.
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Figure 117. SDS Page gel of the isolated PsmD_Sa ethylation mutants. The expected protein band is 
at 30 kDa. 

 

9.4 Design of experiment 

Table 26. Design of experiment parameters tested for the PsmD_Sa/CtHMT coupled reaction. The 
reactions were performed at 500 µL scale 

    Factor 1 Factor 2 Factor 3 Factor 4 Response  
Sample Run C(MeI) (mM) C(SAH) (µM) Vol. HMT 

lysate (µL) 
Vol. 

PsmD_Sa 
lysate (µL) 

Conversion (%) 

2 1 3.6 11.7 72.6 72.6 13.5 
25 2 3.6 11.7 302.4 302.4 87.9 
15 3 20.5 68.3 302.4 72.6 29.9 
1 4 3.6 11.7 72.6 72.6 31.7 

18 5 3.6 11.7 72.6 302.4 73.8 
39 6 12.1 80.0 187.5 187.5 100.0 
14 7 3.6 68.3 302.4 72.6 44.3 
38 8 12.1 0.0 187.5 187.5 100.0 
8 9 20.5 68.3 72.6 72.6 32.7 

16 10 20.5 68.3 302.4 72.6 30.4 
3 11 20.5 11.7 72.6 72.6 33.9 

12 12 20.5 11.7 302.4 72.6 35.6 
45 13 12.1 40.0 187.5 25.0 9.4 
41 14 12.1 40.0 25.0 187.5 72.0 
34 15 0.1 40.0 187.5 187.5 100.0 
44 16 12.1 40.0 350.0 187.5 100.0 
43 17 12.1 40.0 350.0 187.5 100.0 
42 18 12.1 40.0 25.0 187.5 81.1 
6 19 3.6 68.3 72.6 72.6 39.7 
7 20 20.5 68.3 72.6 72.6 35.9 

50 21 12.1 40.0 187.5 187.5 100.0 
52 22 12.1 40.0 187.5 187.5 100.0 
40 23 12.1 80.0 187.5 187.5 100.0 
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53 24 12.1 40.0 187.5 187.5 100.0 
19 25 20.5 11.7 72.6 302.4 100.0 
35 26 24.0 40.0 187.5 187.5 89.6 
10 27 3.6 11.7 302.4 72.6 34.1 
29 28 3.6 68.3 302.4 302.4 64.2 
5 29 3.6 68.3 72.6 72.6 29.2 

11 30 20.5 11.7 302.4 72.6 31.1 
20 31 20.5 11.7 72.6 302.4 100.0 
28 32 20.5 11.7 302.4 302.4 100.0 
9 33 3.6 11.7 302.4 72.6 33.7 

31 34 20.5 68.3 302.4 302.4 100.0 
37 35 12.1 0.0 187.5 187.5 100.0 
30 36 3.6 68.3 302.4 302.4 56.0 
33 37 0.1 40.0 187.5 187.5 100.0 
22 38 3.6 68.3 72.6 302.4 23.9 
49 39 12.1 40.0 187.5 187.5 100.0 
24 40 20.5 68.3 72.6 302.4 100.0 
4 41 20.5 11.7 72.6 72.6 37.7 

17 42 3.6 11.7 72.6 302.4 34.3 
54 43 12.1 40.0 187.5 187.5 100.0 
23 44 20.5 68.3 72.6 302.4 100.0 
48 45 12.1 40.0 187.5 350.0 100.0 
27 46 20.5 11.7 302.4 302.4 100.0 
36 47 24.0 40.0 187.5 187.5 100.0 
13 48 3.6 68.3 302.4 72.6 24.1 
32 49 20.5 68.3 302.4 302.4 100.0 
21 50 3.6 68.3 72.6 302.4 21.6 
51 51 12.1 40.0 187.5 187.5 100.0 
26 52 3.6 11.7 302.4 302.4 24.6 
47 53 12.1 40.0 187.5 350.0 83.9 
46 54 12.1 40.0 187.5 25.0 10.0 

 

The fit function used for the design of experiment is:  

 

Where: 
A = MeI concentration (mM) 
B = SAH concentration (µM) 
C = HMT lysate volume (µL) 
D = PsmD_Sa lysate volume (µL) 
Fit parameters: R2: 0.9097; Adj. R2: 0.8913 Adeq. precision: 17.9788. 

Table 27. Design of experiment parameters tested for the PsmD_Sa/AcHMT coupled ethylation in the 
presence of MTAN. The reactions were performed at 50 µL scale. 

  
Factor 1 Factor 2 Factor 3 Response 

Sample Run Conc. PsmD 
(µM) 

Vol AcHMT 
mix (µL) 

Conc. MTAN 
(µM) 

Conversion 
(%) 

3 1 82 12 9 49.4 
7 2 82 33 9 33.8 

33 3 55 23 17 24.7 
10 4 28 12 26 16.2 
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8 5 82 33 9 27.4 
1 6 28 12 9 14.9 
4 7 82 12 9 37.0 

14 8 28 33 26 11.3 
11 9 82 12 26 33.3 
22 10 55 5 17 26.7 
26 11 55 23 3 22.4 
27 12 55 23 32 21.0 
5 13 28 33 9 11.6 

24 14 55 40 17 21.7 
17 15 10 23 17 4.0 
25 16 55 23 3 24.5 
19 17 100 23 17 36.1 
18 18 10 23 17 4.1 
9 19 28 12 26 12.6 

23 20 55 40 17 23.1 
34 21 55 23 17 20.6 
21 22 55 5 17 27.5 
15 23 82 33 26 31.3 
16 24 82 33 26 36.2 
29 25 55 23 17 23.2 
13 26 28 33 26 8.8 
30 27 55 23 17 22.5 
32 28 55 23 17 21.9 
12 29 82 12 26 34.9 
28 30 55 23 32 20.5 
20 31 100 23 17 34.4 
6 32 28 33 9 11.3 

31 33 55 23 17 22.2 
2 34 28 12 9 15.4 

 

The fit function used for the design of experiment is:  

 

Where: 
A = Conc. PsmD (µM) 
B = Vol. AcHMT mix (µL) 
C = Conc. MTAN (µM) 
 
Fit parameters: R2: 0.9686; Adj. R2: 0.9563 Adeq. precision: 31.1785. 
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Figure 118. Influence of parameters in the ethylation reaction using PsmD_Sa and SAE produced by 
AcHMT in the presence of MTAN, determined by a central composite design of experiment. The 
reactions were performed on a 50 µL scale.
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9.5 Calibrations  

 

Figure 119. Example of SAH calibration for the calculation of methyltransferase activity using the 
MTase-Glo  Assay. A stock solution of 15 µM SAH was provided by the kit and was used for the sample 
preparation. A new calibration was performed and used for each newly acquired MTase-Glo  kit. 

 

Figure 120. NP-HPLC calibration of product P10. 
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Figure 121. NP-HPLC calibration for substrate 10. 

 

Figure 122. NP-HPLC calibration for the double methylated N10. 
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Figure 123. RP-HPLC calibration for substrate 10.  

 

 

Figure 124. RP-HPLC calibration for product P10. 
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Figure 125. Size-exclusion chromatograms of standard calibration proteins from the gel filtration 
markers kit for protein molecular weights 12000-200000 Da (Sigma), and their molecular weight.  
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9.6 X-ray data collection and refinement statistics 

Table 28. X-ray data collection and refinement statistics. Values in parentheses refer to the highest-
resolution shell. The X-ray data collection and refinement were performed by Dr. Oliver Weiergräber 
(IBI-7, Forschungszentrum Jülich). 

Specimen 
  

PsmD_Sg 
  

PsmD_Sg + SAH 
(crystal form 1) 

PsmD_Sg + SAH 
(crystal form 2) 

PDB code 7ZGT 7ZKH 7ZKG 

Data collection statistics       

Beamline DESY P11 DESY P11 DESY P11 

Detector PILATUS 6MF PILATUS 6MF PILATUS 6MF 

Wavelength [Å] 1.033 1.033 1.033 

Space group P 21 21 21 P 21 21 2 P 61 2 2 

Unit cell parameters       

  a, b, c [Å] 71.1, 87.5, 89.0 64.2, 96.0, 40.4 138.7, 138.7, 162.1 

   90, 90, 90 90, 90, 90 90, 90, 120 

Resolution 
46.88 2.05 (2.10
2.05) 

53.36 1.40 (1.44
1.40) 

56.32 2.30 (2.36
2.30) 

No. reflections 35,369 (2572) 49,285 (3292) 41,427 (3019) 

Completeness [%] 99.6 (99.3) 98.6 (89.7) 100.0 (100.0) 

Multiplicity 13.1 (13.5) 8.2 (5.9) 39.3 (40.7) 

 17.2 (0.8) 22.7 (0.9) 28.6 (1.1) 

CC1/2 [%] 100.0 (35.4) 100.0 (40.2) 100.0 (54.0) 

Refinement statistics       

No. of reflections used 35,318 49,284 41,408 

Rwork 0.215 0.158 0.189 

Rfree 0.252 0.185 0.216 
RMSD from ideal 
values 

      

  Bonds [Å] 0.002 0.008 0.002 

  Angles [°] 0.415 0.990 0.481 
Mean B [Å2] (no. of 
atoms) 

      

  Protein 60.6 (4023) 29.6 (2303) 76.3 (3963) 

  Ligands 72.8 (29) 24.0 (50) 91.2 (114) 

  Water 55.6 (155) 38.8 (296) 67.5 (86) 
Ramachandran 
outliers [%] 

0.0 0.0 0.0 

Unusual rotamers [%] 0.5 0.0 0.0 
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9.7 NMR spectra 

 

Figure 126. 1H NMR spectrum of 10 (CD3OD, 600 MHz). 
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Figure 127. 13C NMR spectrum of 10 (CD3OD, 151 MHz). 
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Figure 128. 1H NMR spectrum of P10 (CD3OD, 600 MHz). 
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Figure 129. 13C NMR spectrum of P10 (CD3OD, 151 MHz). 
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Figure 130. 1H NMR spectrum of 14 (CD3OD, 600 MHz). 

 

Figure 131. 13C NMR spectrum of 14 (CD3OD, 151 MHz). 
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Figure 132. 1H NMR spectrum of 41 (CD3OD, 600 MHz). 
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Figure 133. 13C NMR spectrum of 41 (CD3OD, 151 MHz). 

 

Figure 134. 1H NMR spectrum of 23 (CD3OD, 600 MHz). 
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Figure 135. 13C NMR spectrum of 23 (CD3OD, 151 MHz). 
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Figure 136. 1H NMR spectrum of 9 (CD3OD, 600 MHz). 
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Figure 137. 13C NMR of 9 (CD3OD, 151 MHz). 
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Figure 138. 1H NMR spectrum of 19 (CD3OD, 600 MHz). 

 

 

Figure 139. 13C NMR spectrum of 19 (CD3OD, 151 MHz). 
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Figure 140. 1H NMR spectrum of P23 (CD3OD, 600 MHz). 
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Figure 141. 13C NMR spectrum of P23 (CD3OD, 151 MHz). 
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9.8 LC-MS spectra 

 

Figure 142. LC-MS chromatogram and mass spectrum of the ethylated PsmD product Et10 (Reverse 
phase C-18 column, retention time: 13 min, calculated [M+H]+: 304.15). 
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Figure 143. LC-MS chromatogram and mass spectrum of the propylated PsmD product (Reverse phase 
C-18 column, retention time: 22 min, calculated [M+H]+: 318.17). 
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Figure 144. LC-MS chromatogram and mass spectrum of the propylated PsmD product (Reverse phase 
C-18 column, retention time: 15 min, calculated [M+H]+: 316.15). 
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Indole C-methyltransferases – creating an efficient platform 
for the enantioselective methylation of bioactive compounds

Diana-Alexandra Amariei

The biosynthesis of the acetylcholinesterase inhibitor physostigmine includes a stereoselective 
methylation step catalyzed by the SAM-dependent C-methyltransferase PsmD. A new indole  
C-methyltransferase was identified, originating from Streptomyces albulus (PsmD_Sa). The 
structure, mechanism, and biochemical properties of the enzyme were analyzed. This revealed 
the high stability of the enzyme and excellent stereoselectivity of the methylation. The crystal 
structure of PsmD was determined using X-ray spectroscopy. Site-directed mutagenesis was 
used to map the catalytic site and, together with in silico docking and molecular dynamics  
simulations, to clarify the mechanism of action and provide an overview of PsmD catalysis. 

Semi-rational engineering of PsmD_Sa enhanced its activity toward bulky indole-containing  
substrates. To generate and screen the resulting mutant libraries, a modular strategy was  
designed to automate the enzyme expression, methylation reactions and activity screening. For 
activity screening, a high-throughput colorimetric assay was developed to detect and quantify  
indoles in the presence of isolated enzymes and whole-cell biocatalysts. The alkylation capacity 
of PsmD_Sa was also expanded through reaction optimization and site-directed mutagenesis, 
using SAM cofactor derivatives, leading to a 7-fold improvement of ethylation activity. Finally, 
preparative enzymatic methylation by PsmD_Sa was successfully performed using lysates, 
whole cells, and immobilized enzymes with cofactor recycling, reaching scales of hundreds of 
milligrams. 

Overall, the study offers practical insights into methyltransferase biocatalysis and showcases 
PsmD_Sa as a promising tool for stereoselective methylation.

Bioorganische Chemie an der Heinrich-Heine-Universität 
im Forschungszentrum Jülich
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