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2. Abstract

2. ABSTRACT

Natural products play a vital role in drug development, either directly as
pharmaceuticals or as templates for designing target-specific therapeutics. The
chemical synthesis of these compounds often presents significant challenges,
requiring multiple reaction steps and hazardous reagents. One prominent structural
motif found in numerous bioactive natural products is the hexahydropyrrolo[2,3-
blindole (HPI) framework. Its unique tricyclic structure and diverse biological activities
have driven significant synthetic interest, yet traditional methods struggle to achieve

stereoselectivity efficiently.

This thesis aims to develop a biocatalytic route for synthesising the HPI motif using
methyltransferases (MTases), which catalyses C3-methylation of tryptophan-based
cyclic dipeptides (DKPs). The MTase StspM1 from Streptomyces sp. HPH0547 was
selected as the starting point for these studies: Optimised reaction conditions, enzyme
immobilisation, and S-adenosyl methionine (SAM) cofactor recycling were investigated
to create a scalable, efficient method. To broaden the understanding of their catalytic
functions, homologs of StspM1 were explored, focusing on their structure and
mechanism. This investigation was supported by two crystal structures obtained during
the study. Computational docking and mutagenesis confirmed key residues critical for
activity. Among these homologs, SgMT from Streptomyces griseoviridis was
successfully integrated into the total synthesis of the natural product lansai B,

demonstrating its synthetic utility.

The gene clusters linked to these C3-MTases involve additional enzymes contributing
to the biosynthesis of lansai B, including a second MTase, a cyclodipeptide synthase
(CDPS) and a prenyltransferase (PTase). The second MTase was confirmed to
function as an N-MTase. The PTase was found to prenylate the Cb-position,

representing the final step in the biosynthesis of lansai B

This work advances biocatalytic strategies for synthesising complex natural product

frameworks, offering new methodologies for pharmaceutical development.
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3. Introduction

3. INTRODUCTION

3.1 Introduction into natural products

Since the beginning of human history, nature has served as a source for the treatment
of diseases.['®l For example, the Greek Hippocrates, the forefather of all medicine,
already knew in the 4th century BC that an extract of willow bark relieved pain of all
kinds. This knowledge was applied by various cultures without knowing the exact
reason for the pain relieve.! In 1828, the pharmacologist Johann Andreas Buchner
succeeded in isolating a compound from willow bark extracts called salicin (1) [Figure
1]. One year later, the French pharmacist Henri Leroux improved the process of salicin
(1) extraction and isolated pure crystals of this natural product. Salicin (1) is a glycoside
of salicylic alcohol, which is converted into salicylic acid in the body.*®! In 1874,
Friedrich von Heyden produced salicylic acid on a large scale using the Kolbe-Schmitt
reaction.!”l Salicylic acid became the first industrially produced and packaged medicine
in the world, but its medical use was limited due to side effects. The breakthrough of
this drug was achieved on August 10, 1897: the chemist Felix Hoffmann synthesised
by-product-free p-acetylsalicylic acid from acetic anhydride and salicylic acid at Bayer's
main factory in Elberfeld, which was pharmacologically evaluated by Heinrich Dreser.®
Today, acetylsalicylic acid is a widely used analgesic and antipyretic agent and has
been listed in 1977 on the World Health Organisation's (WHO) list of essential
medicines: Its common name is Aspirin®.1%"11 Aspirin® was present in Edmund Hillary's
first successful ascent of Mount Everest in 1953, it travelled to the moon as part of the
Apollo 11 mission's hand luggage in 1969 and was the subject of the studies of the
British pharmacologist John Vane, which was awarded the Nobel Prize in Medicine
1982.[6’ 12,13]

This success story serves as a prime example of the significance of natural products
and their impact on the pharmaceutical industry. By its definition, natural products are
organic compounds formed by a natural living system.l'" These sources of natural
products reach from plants over bacteria and fungi to animals from all over the world.[>
15171 In organic chemistry, natural products are often classified as primary and
secondary metabolites. Primary metabolites are essential components of basic
metabolic pathways necessary for life. In contrast, secondary metabolites are not
essential for survival. Secondary metabolites serve a wide variety of functions and are
especially interesting in drug discovery because of their function on other organisms.['4]
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The discovery of natural products is an ongoing field of research!'®l and not always as
lucky as in 1928, when the famous discovery of penicillin began with a mouldy bacterial
culture: Alexander Fleming, who was studying Staphylococcus species at St. Mary's
Hospital in London, inoculated an agar plate with Gram-positive bacteria before leaving
for summer vacation. When he returned, he found that a mould had grown on the
culture medium, preventing the bacteria from multiplying near the fungus (Penicillium
notatum). Fleming named the bactericidal substance extracted from the culture

medium penicillin G (2) [Figure 1]. [

HO

o %»&O
S
HO N
Hm o H%
¢!
OH © G ©_>—NH

salicin (1) penicillin G (2)

Figure 1: Chemical structures of salicin (1) and penicillin G (2).

This finding of penicillin started the “Golden Era” of natural products, where many major
pharmaceutical industries initiated natural product discovery programmes targeting not
just antibacterial compounds, but focussing all kinds of diseases. However, in the
1990s and early 2000s, many of these companies discontinued their natural product
discovery programmes due to the advances in chemistry and the rise of automated
high throughput screening tools, which provided an efficient way to generate and test
large numbers of new compounds to create large substance libraries. Traditional
extract-based screening was considered less favourable due to the frequent re-
discovery of known compounds and the extensive work on extraction and
indentification.[> 20 211 |n 1994 Corley and Durley estimated that it took on average
50.000 US Dollar and three months of work to isolate and identify natural products from

its source at that time.[22
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The method for isolating new compounds from biological samples has remained
relatively consistent over the past decades. But the introduction of advanced
spectrometric technologies combined with established bioassays and database
searching, has accelerated the identification process. The technique of identifying
known compounds responsible for a crude extract's activity before proceeding with
isolation is called dereplication.? 23241 In addition to the faster process of dereplication,
the diversity regarding taxonomy and geography has changed. Marine-derived natural
products have significantly expanded the scope of research in this field.[?% 261 Until
2023, 39.560 natural products have been identified from marine sources according to

the database MarinLit.[2"!

After identification of their biological activity, natural products usually need further
optimisation to enhance their pharmacokinetics and pharmacodynamics.[?8 2% Multiple
modification strategies have been developed to optimise natural products as drugs in
the recent years. These strategies focus on raising the activity, improving solubility,
increasing metabolic stability, modulating pharmacokinetic parameters and removing
toxicity (side effects).?] The pharmacokinetic parameters are summed up under the
term ADME: Absorption, Distribution, Metabolism and Excretion. High-throughput
ADME screening is a well-established technique in drug discovery that uses in vitro
assays to investigate a compound's properties.[?1 Another important guideline in drug
development is Lipinski's Rule of Five. In the studies from 1997 by Lipinski and his co-
workers, they analysed drug properties related to their permeability and solubility
necessary for oral absorption by calculating properties of several thousand drugs. They
found that having fewer than five hydrogen-bond donor groups and ten hydrogen-bond
acceptor groups is advantageous. Additionally, the molecular weight (MWT) should not

exceed 500 Da, and the calculated Log P should be less than 5.[32-34
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The discovery of new drugs from different sources gained a lot of attention in the past
years: On the 31st December 2019, SARS-CoV-2 was identified in Wuhan City,
China.® The resulting COVID-19 pandemic taught us that the fast development of
drugs is essential in a global health crisis. In silico screenings were conducted using
libraries of known natural products and synthetically derived compounds, evaluated
based on their ligand efficiency.[®®! The ligand efficiency of compounds measures the
binding energy per unit mass of a molecule relative to its drug target making it a crucial
factor in the early stages of lead optimisation.®% 37 For this process, the target protein
was modelled (or was based of the crystal structure) and the potential drugs were
docked into the protein.?3-4%1 Docking allows for the discovery of new drugs by
predicting how these ligands interact with targets at the molecular level. Techniques

like this do shape the future of drug discovery more and more.!#'-43]
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3.2 Goal of the thesis

Natural products often function directly as pharmaceuticals due to their inherent
biological activity or act as valuable starting points for target-oriented drug
development. However, the natural sources of these compounds frequently yield
insufficient quantities to meet the demands of the pharmaceutical industry, making
alternative production methods essential. Depending on their chemical complexity,
synthesising these compounds can be highly challenging, involving numerous reaction

steps and the use of hazardous reagents.

An example of a structural motif commonly found in various natural products is the
hexahydropyrrolo[2,3-blindole (HPI) framework.[“4-46l The unique tricyclic architecture
of the HPI motif, combined with its diverse biological activities, has made this motif an
attractive and highly sought-after target for synthesis. However, achieving the
stereoselective synthesis of the HPI motif continues to pose a substantial challenge

when using traditional organic synthesis approaches. [47-51]

The aim of this thesis is to develop a biocatalytic method for synthesising the HPI
structural motif on a preparative scale using MTases. A key enzyme for this approach
is the MTase StspM1 from Streptomyces sp. HPH0547, known for its ability to
methylate the C3-position of L-tryptophan-based cyclic dipeptides 3, thereby forming
the HPI motif in the corresponding reaction product 4 [Figure 2]. To enable practical
synthetic application, the reaction conditions must be optimised, and the enzyme
should be made accessible in a user-friendly format, such as through immobilisation.
Additionally, recycling the cofactor S-adenosyl methionine (SAM) offers the potential

for improved atom economy and greater efficiency in the reaction.

The natural product aimed for in this thesis is lansai B (5), which is a diketopiperazine
(DKP) featuring two HPI motifs [Figure 2]. Following the development of a robust
biocatalytic methylation method, the goal is to integrate this reaction into the total

synthesis of lansai B (5), demonstrating its practical utility and effectiveness.
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Figure 2: Reaction scheme of the biocatalytic methylation reaction with a MTase on a DKP
product forming a HPI motif (green) and the chemical structure of lansai B (5, box).

To gain deeper insights into this class of enzymes, obtaining a crystal structure is highly
desirable, particularly for studying the enzyme's catalytic mechanism. Additionally,
exploring homologs of StspM1 shall broaden the enzyme panel and reveal potential
structural and functional diversity. Since the original natural products resulting from
biosynthetic pathways involving the investigated C3-MTases remain unknown, further
investigation into other enzymes within the associated gene clusters are sought to

provide valuable context and enhance our understanding of their biosynthetic roles.

23



4. State of the art

4. STATE OF THE ART

4.1 Structural elements of lansai B like natural products

Lansai B (5) is a natural product first isolated from Streptomyces sp. SUC1, which is a
bacterium on the aerial roots of Ficus benjamina. It is weakly active against the breast
cancer cell line (ICs50=15 ug mL™").52 Structurally, lansai B (5) features a ring system
containing seven rings 6 that imparts rigidity, with the three-dimensional arrangement
governed by stereochemical information at the ring junctions: The central DKP ring is
fused to two HPI motifs with two methyl-groups on the C3-positions. These methyl
groups are trans-configured with respect to the hydrogens on the DKP core, which are
(S)-configured because of the origin of L-tryptophan as a natural building block. In
addition to this central ring structure, lansai B (5) contains one branched prenyl-group
at the C5-position of the HPI. Furthermore, both nitrogen atoms within the HPI motifs

are methylated [Figure 3].[5% 53]

A structurally similar natural product is nocardioazine B (7). Nocardioazine B (7) was
first isolated from a Nocardiopsis sp. (CMB-M0232) found in an Australian marine
sediment.l® In recent years, the absolute configuration of the stereogenic centres on
the DKP core of nocardioazine has been debated. Based on the discovery of L-
tryptophan derived precursor molecule 3 in the investigations of the biosynthesis and
NMR spectral studies, the stereogenic centres at the DKP core were proposed to have
an (S)-configuration.® The first attempt of a total synthesis of nocardioazine B (7)
started with L-configurated tryptophans and revealed that the synthetic product's
optical rotation was the opposite of that of the natural product.l5® Nocardioazine B (7),
like lansai B (5), has a seven ring system with two HPI motifs attached to the DKP
core. In comparison to lansai B (5), one C3-position is methylated, and the other C3-
position is prenylated. The methyl-group is cis-configured, while the prenyl-group is
trans-configured with respect to the hydrogen on the DKP core leading to a different
3D-strucuture compared to lansai B (5). Additionally, only the HPI nitrogen on the

prenylated side of the molecule is methylated [Figure 3].
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Figure 3: Structures of lansai B (5) (bottom left) and nocardioazine B (7) (bottom right). The
general seven-ring structure of these molecules include the DKP ring (grey) and the two HPI
rings (green).

The first and only total synthesis of lansai B (5) was published in 2014 [Figure 5]. The
HPI  structural motif is built via (3+2) cycloadditon of methyl 2-
trifluoroacetamidoacrylate (8) and the indole 9 in 85% yield and 92% ee. The
bottleneck of this synthesis route is the coupling of the two different HPIs 10 (R'=H or
prenyl). A coupling of this orthogonally protected HPIs under various conditions did not
lead to the DKP formation. Lansai B (5) was finally formed from the deprotected HPIs
11 and 12, leading to the desired hetero dimer 5 in a yield of 38% (yields of the other
homodimers 13 and 14 are each 20%) [Figure 4].51
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Figure 4: Final step of the total synthesis of lansai B (5).

In the first published synthesis route from 2012 and also in the latest total synthesis
from 2022 of nocardioazine B (7), the methylated HPI structural motif is synthesised
starting from protected L-tryptophan, which is brominated at the C3-position with NBS
giving the HPI motif in the intermediate 15. As a next step, an enolate formation was
promoted under basic conditions, followed by the rapid intramolecular displacement of
the bromide, resulting in the formation of a cyclopropylazetoindoline 16. By treating
this intermediate 16 with the Lewis acidic trimethylaluminium, a stereospecific
cyclopropane ring opening occurred with a final C3-methylation step to form the
methylated HPI 17. In contrast to the challenging coupling of two protected frans-
configured HPI as required in the synthesis of lansai B, the peptide bond formation of
the cis- and trans-configured HPIs in nocardioazine B proceeded without difficulty.
Wang and co-workers attribute this difference to the stereochemistry of the
pyrroloindoline partners, which contributes to the efficiency of peptide bond
formation.[®> %61 In 2018 another total synthesis of nocardioazine B (7) was published
starting from a oxindole 18 to form the HPI motif in the building block 19 [Figure 5].57]
In nature, the HPI structural motifs in this natural product are formed via a PTase and

a MTase.!%®!
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Figure 5: Retrosynthesis of nocardioazine B (7) and lansai B (5).

This chapter primarily focuses on the two central motifs found in lansai B-like natural
products: the DKP core and the HPI motif. The DKP scaffold serves as a foundational
structure in many natural products, offering rigidity and structural diversity that
contribute to their biological activities.*® The HPI motif, characterised by its tricyclic
framework, plays a critical role in molecular recognition and binding interactions within

biological systems.[47: 59
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4.1.1 Diketopiperazine natural products

A prominent class of natural products are the cyclic dipeptides containing the 2,5 DKP
structural motif 20 [Figure 6]. DKPs are formed by the condensation of two a-amino
acids building a six-membered ring with two amide bonds. Natural products containing
the DKP motif have a wide range of biological activities making them an interesting
target structure for drug discovery [Table 1].14% 60 61 Besides the application as
therapeutics with antibacterial,!®? antifungal,i®3 64 anticancer, %5 61 antiviral,[¢7- 68 and
anti-inflammatory®® activities, DKPs can be used as building blocks in material
science. Due to their molecular self-assembly properties driven by their unique
hydrogen bonding patterns, they form functional nano- and micro-architectures, which

can be used for example as hydrogel or nanotube.l70-72

The wide range of applications and especially the variety of bioactive properties is
influenced by a lot of factors based on the structure: The diversity of the DKPs can be
introduced to different positions on the core structure. Due to the peptide bonds in the
six membered ring, the core of the structure is semirigid meaning the difference in
energy between the planar and the boat form is rather low (1.3 — 1.7 kcal/mol).[”3]
Additionally, configuration plays an important role in bioactivity as the amino acids as
building blocks for the DKP are chiral. The multiple H-bond acceptor and donor
functionalities depending on the substituents enable a high affinity to a variety of

receptors.*
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Figure 6. Chemical structures of natural products containing a DKP structural motif 20 (grey)
organised by their biological activity.
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Table 1: DKP-containing natural products and their biological activity.

Natural product Origin (organism) Bioactivity

Tryprostatin B 21 Aspergillus fumigatus Mammalian cell-cycle
inhibitorf6® 741

(-)-Phenylhistin 22 Aspergillus ustus Microtubule binding
agentl’s 76l

Neoechinulin B 23 Eurotium rubrum Hiji025 | Antiviral effects against

the hepatitis C virus(®

Demethoxy-

fumitremorgin B 24

Aspergillus fumigatus

Antibacterial activity
against multiple bacterial

strains!l’’!

Cyclo (L-Arg-D-Pro) 25

Pseudomonas sp. 12208

Chitinase inhibitor(64

Oxocylopentylidene-2,5-
DKP derivative FR900452
26

Streptomyces

phaeofaciens

Anti-inflammatory

activityl’8]

These examples represent only a small selection of the wide-ranging biological

activities associated with the DKP core structural motif. This broad bioactivity

combined with its structural adaptability and functional diversity makes it an interesting

target for synthesis.

The first described syntheses of DKPs date back to the middle of the 19 century.[®-81]

Since then, many different strategies have been developed to produce the DKP core

structure 27. From a retrosynthetic perspective, two main disconnections are the most

favourable ones based on the DKP: The disconnection of the amide bond and the

disconnection of the C-N bond. Additionally, the cleavage of the C-C bond is found in

newer synthetic approaches [Figure 7].14% 61, 82]

0
A o
HN

B P NH
Co 27

Figure 7: Possible retrosynthetic cuts (A,B and C) of the DKP structural motif.
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The amid bound formation is the most commonly used way to create the DKP structure.
Even though the dipeptide ester cyclisation to the DKP ring can occur spontaneously
starting from a linear dipeptide 28 with an amine and an ester terminus, multiple
reaction optimisations were carried out in the past to reduce racemisation and optimise
the yield of the desired product.[*> 8-8] One example for a fast method is the
microwave assisted DKP formation which is universally applicable to many dipeptides.
By heating the dipeptide 28 in water as a solvent for 10 min in the microwave to 140 °C,

the DKP 29 is formed without any epimerisation [Figure 8].186

(0]
R' ', O H,0, 140 °C HNJ\(RZ
H N)\H/N\)J\O/
2 z 10 min, microwave R1 NH
O R? 28 29
(0]
63-97%

Figure 8: Synthesis of the DKP structural motif via a microwave assisted approach.

The linear dipeptide 30, which serves as a substrate for this kind of reaction, is usually
formed from two orthogonally protected amino acids 31 and 32 coupled by the standard
peptide synthesis. This protected peptide 33 yields the final product 30 by deprotection
of the amine [Figure 9A].[8% 871 Another approach to form a dipeptide is the Ugi-reaction
[Figure 9B].[88 An amine 34, aldehyde 35, isonitrile 36 and acid 37 serve as substrates
to form the coupled intermediate 38 and allow a huge chemical diversity of the
corresponding product 39.18% 90l

A
R’ o R’ o] R’ 0
H H
PG. OH + H2N ~ — PG. N —
R S AN AT
H o 31 R2 32 H o Rz 33 5 Rz 30
B — —_
o) ® o) o] o R?
NH J s
2 2 + + + - R -
34 35 36 37 =2N<, 38 RZ O 39

Figure 9: Synthesis of linear dipeptides. A: coupling of two orthogonal protected amino acids
31 and 32 forming the dipeptide 33 followed by the amine deprotection. B: Ugi-reaction of an
amine 34, aldehyde 35, isonitrile 36 and an acid 37 to form the linear peptide 39.
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The N-alkylation is the second most used approach in organic chemistry to form the
DKP structural motif. As an example, the ring-closure of two a-haloacetamides 40 in
presence of a base leads to DKP ring formation in high yields. Still, this synthesis is
only applicable for symmetric DKPs like compound 41 [Figure 10].°"]

CI\)J\ R R
N NaH, DMSO, 60 °C N
H H
_N
R el K{(N R
O 40

O 41

o 0

Figure 10: Synthesis of the DKP structural motif via ring-closure of two a-haloacetamides 40
under basic conditions.

The C-C bond formation to construct the DKP structural motif was for example utilised
in the asymmetric synthesis of the ABC-ring system of the antitumour antibiotic
MPC1001. The DKP unit was generated through a cyclisation process, where an

enolate attacks the carbonyl of a phenyl carbamate 42 to form the DKP 43 [Figure 11].
0 0

NaH, THF H o
COPh reflux
% - 2 > % -
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1

I

Figure 11: Synthesis of the DKP structural motif via C-C-bond formation.

4.1.2 HPI natural products

The HPI structural motif 44 is prevalent in multiple biologically active natural
products.[#4-46.921 The rigid tricyclic structure promotes high affinities for various protein
targets due to hydrophobic interactions.[*> 47- 98 HP| natural products can be
categorised based on the substituent at the C3-position: substituent-free (R = H; Type
A), hydroxylated (R = OH; Type B), alkylated (R = alkyl; Type C), arylated (R = Ar;
Type D), and dimeric HPIs (Type E) [Figure 12].5°1 Biochemically, various enzyme
classes, such as monooxygenases,!’” %] MTases,®": 99, 1001 gnd PTases,!'"-1% are
known to be involved in the biosynthesis of these natural products by catalysing an
intramolecular cyclisation step of a substituted indole, leading to dearomatisation and

the formation of HPI structural motif.[5°
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asperlicin E physostigmine aszonalenin
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Figure 12. Chemical structures of natural products containing the HPI structural motif
organised by their substituent at the C3-position: Substituent-free (R = H; Type A),
hydroxylated (R = OH; Type B), alkylated (R = alkyl; Type C), arylated (R = Ar; Type D), and
dimeric HPIs (Type E).
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Natural products containing the HPI structural motif exibit various different biological
activities [Figure 12]: leuconodine D (45) (Type A), isolated from the stem-bark extract
of Leuconotis griffithii, shows cytotoxicity toward KB cells.['% Eurotiumin A (46),
isolated from the fungus Eurotium sp. SCSIO F452, and asperlicin E (47), isolated from
the fungus Aspergillus alliaceus, contain a hydroxy-group at the C3-position (Type
B).1105. 1061 Agperlicin E (47) is known to be an cholecystokinin antagonist.['%! Alkylation
often influence the biological activity of compounds due to an increased lipophilicity
and membrane permeability.l'%7 1981 The C3-alkylated HPI containing natural products
(Type C) contain mostly either an methyl- or a prenylgroup. Physostigmin (48), isolated
from the seeds of Physostigma venenosum, is methylated at the C3-position and is a
known acetylcholinesterase inhibitor.['0% 110 Aszonalenin (49), isolated from
Neosartorya fischeri, is a prenylated HPI natural product active as a-
glucosidase inhibitor.['""- 112 Gliocladines C (50) (Type D), isolated from Gliocladium
roseum, shows nematicidal activity against Caenorhabditis elegans and Panagrellus
redivivus."31 C3-dimeric HPI natural products (Type E) contain two HPI cores
connected by a C3—C3linkage. For example, linkage in tetratryptomycin (51) is created
by the P450 TtpB1.['" Dimeric HPI natural products and their derivatives exhibit

various biological activities such as anticancer or antimicrobial activities.[5°: 119!

The interesting molecular tricyclic structures of the HPI motif, along with the various
biological activities, have made these compounds highly desirable targets for
synthesis. This has led to extensive research efforts within the synthetic community
over the past few decades. Still, achieving the stereoselective synthesis of HPI
structural motif remains challenging with traditional organic synthesis methods.[47-5]
Four main strategies have been developed to achieve the formation of the HPI motif
52 [Figure 13].[47]
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Figure 13: Retrosynthetic routes towards the HPI structural motif 52. A: indole-based strategy
via cyclisation (A1) or cycloaddition (A2), B: non-indole-based cyclisation strategy, C: aniline-
based strategy, D: oxoindole-based strategy.

Path A, starting from an existing indole core 53, includes a cyclisation (A1) and a
cycloaddition (A2) approach: Emulating nature, current synthetic strategies emphasise
a catalytic asymmetric dearomatisation reaction of indoles to produce HPIs starting
from tryptophan or tryptamine 54 (path A1). In this approach, an asymmetric C3-
functionalisation with an electrophile leads to the subsequent cyclisation towards the
HPI structural motif.5": 116. 1171 For the alternative catalytic asymmetric dearomative
[3+2] cycloaddition (path A2), the indole 55 reacts with a CCN 1,3-dipole 56 forming
the same intermediate 53.14% 118 1191 Path B involves a different cyclisation strategy
involving the intermediate 57, which is not necessarily derived from an indole.['?% |n
path C, the middle ring of the HPI structural motif is formed last from the aniline
intermediate 58.['2"- 122 |n addition to these paths, the HPI motif can be formed from

chiral 3,3-disubstituted oxindoles 59 via reductive cyclisation (path D).[48 123, 124]

As described before, biological activities of pyrroloindolines are greatly influenced by
the different moieties attached at the C3-position.[*”- %9 Therefore, the synthetic
flexibility to introduce a variety of substituents at the C3-carbon is a very important field
of research.
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Focussing in C3-alkylation, Stark's research group explored selective prenylation of a
tryptophan derivative 60. By using [Pd(PPh3)4] as a catalyst without a ligand and the
prenyl donor 61, they obtained linear prenylated products 62 and 63 in a 1:1 ratio.
However, when [Ir(COD)Cl], was used with a phosphoramidite ligand (64, L4),
branched prenylation products 65 and 66 were obtained. By switching the configuration
of the ligand, they were able to generate the corresponding isomers with a high
selectivity. Notably, their studies also included reversed prenylation on a DKP-based
substrate, demonstrating the applicability of this approach for such desired substrates
[Figure 14].1125]

OBoc

=
61

Catalyst, ligand,
additiVe, CH2C|2
O 23°C

H
B O/
\\  NHBoc .

N 60 O\

Catalyst and Additive Branched/linear | Transicis Yield [%]
ligand
[Pd(PPh3)4] Et;B, DBU <1:20 1:1 87
[Ir(COD)Cl],, PhsB, TBDI?! >20:1 >20:1 83
(R)-L4[
[Ir(COD)CI]y, Ph;B, TBD! >20:1 <1:20 n.d.
(S)-L4

Figure 14: Chemical prenylation reactions of protected L-Trp 60 forming different isomers
based on the catalytic system. [a] [Ir(COD)CI]2 (2.5 mol%), L4 (5 mol%), 1-benzyl-3-
methylimidazolium chloride (5 mol%). [b] Base (10 mol%). [c] Determined by
"H NMR spectroscopy of the crude reaction mixtures. DBU=1,8-diazabicyclo[5.4.0]Jundec-7-
ene, TBD=1,5,7-triazabicyclo[4.4. O]dec-5-ene
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One of the most difficult substituents to introduce in a stereoselective manner is the
methyl group. As C3-methylated natural products like physostigmine (48) are known
for their biological activity since the end of the 19th century,l'?l many strategies have
been developed to synthesise them. In 1935, the first total synthesis of physostigmine
(48) was published: The HPI motif was formed via path D with the oxindole 67 as
starting material. Resolution of the racemic mixture of intermediate 68 was
accomplished by crystallization, employing b-camphorsulfonic acid and D-tartaric acid
as chiral resolving agents. The (S)-amine 69 was reduced to form the HPI precursor

70, which was converted into physostigmine 48 in two steps [Figure 15].1'%7]

\ \
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~ —_—
cor” N IR
. 2 h N H © N H
70 H  80% \
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Figure 15: Oxoindole based (path D) synthesis of physostigmine (48).

Over the past decades, considerable effort has been devoted to the synthesis of chiral
3,3'-disubstituted oxindoles, which serve as key precursors to the HPI motif [Figure
16].151. 128131 For example, in 1993 Overman and co-workers reported a catalytic
asymmetric Heck cyclization of (Z)-2-methyl-2-butenanilide (71), delivering the
corresponding oxindole aldehyde 72 in 84 % vyield with 95 % ee.['3 Additionally,
transition-metal-catalyzed asymmetric allylic alkylation (AAA) strategies have been
developed to access the 3,3-disubstituted oxindoles. In 2006, Trost and co-workers
introduced the first molybdenum-catalyzed asymmetric allylation protocol for the
stereoselective installation of the quaternary C3 center in the oxindole substrate 73
with the ligand 74, affording allylated product 75.1'331 More recently, in 2020, a nickel-
catalyzed cycloisomerization reaction with ligand 76 of the substrate 77 was used to
form the desired configuration at the C3-position of the corresponding product 78
[Figure 16].1134.13%]
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Figure 16: Synthesis of 3,3'-disubstituted oxindoles as precursor for the HPI formation by
Overman!'32, Trost!'33 and Lautens!'®® and co-workers.

An alternative biomimetic approach towards the HPI (path A1) was published in 2017,
where a direct C3-methylation of the indole 79 was used to synthesise the HPI
precursor 80 of the racemic physostigmine analogue esermethol (81).1'%] In this
reaction, methyl iodide functions as the methylating agent, targeting the C3-position
and inducing the spontaneous formation of the HPI motif in a not stereoselective
manner [Figure 17]. Despite extensive efforts to develop an efficient methylation
protocol, the C3-methylated HPI scaffold still presents significant challenges in

achieving the required stereoselectivity.
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Figure 17: Indole based (path A1) synthesis of esermethol (81).
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4.2 Biosynthesis of lansai B-like natural products

As previously described, lansai B (5) and nocardioazine B (7) both feature a seven-
ring system composed of a central DKP core flanked by HPI motifs on either side
[Figure 3]. Despite their structural resemblance, these compounds exhibit notable
differences in their configuration, as well as distinct methylation and prenylation
patterns. However, it is likely that their biosynthesis involves the same class of
enzymes. In 2023, the biosynthetic pathway of nocardioazine B (7) was investigated,
revealing the gene cluster and characterizing the enzymes involved: A cyclodipeptide
synthase (CDPS) nozA or ncdA, an isomerase NozR, a PTase NozPT and a
bifunctional MTase NozMT.[%8 The CDPS acting on two molecules of L-tryptophanyl-
tRNA (82) forms the DKP structural motif 3a by condensing the two tryptophans carried
by each tRNA. The CDPS genes involved in the biosynthesis of nocardioazine B (7)
are located in a gene cluster (nozA/ncdA) separate from the noz2 cluster encoding the
MTase NozMT. As the configuration in the DKP ring of nocardioazine is (1R,4R), an
isomerase NozR is required for inverting the configuration at these stereogenic centres
to form intermediate 3b. Next, a PTase NozPT is prenylating one indole moiety of the
substrate on the C3-position, forming the first HPl 83. The N-methylation of the
prenylated HPI towards the intermediate 84 as well as the subsequent C3-methylation
of the other (non-prenylated) indole of the DKP are catalysed by the same MTase

NozMT, yielding nocardioazine B (7) [Figure 18].
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Figure 18: Gene cluster of nocardioazine B (7). The MTase is highlighted in green, the PTase
in pink, the isomerase in blue and the CDPS in grey. The structural elements created by these
enzymes are highlighted in the corresponding colour in the molecule.

The biosynthesis of lansai B (5) was unknown until recently?, but based on its structural
features, an enzyme forming the DKP core, like the CDPS in the biosynthesis of
nocardioazine B (7), a PTase and a MTase are necessary to achieve all individual
structural motifs [Figure 19]. This chapter focuses on analyzing these enzyme classes,

with particular emphasis on the MTases.

2 During the finalization process of this dissertation, a biosynthetic pathway for lansai B in Streptomyces
albus J1074 was proposed by Duan et al.[137] H. Duan, M. Zhang, Z. Chen, X. Wang, F. Xiao, W. Li,
Bioorg. Chem. 2025, 160, 108448; 'Unveiling a pyrroloindoline diketopiperazine biosynthetic pathway
featuring a phytoene-synthase-like family prenyltransferase with distinct regioselectivity’,
10.1016/j.bioorg.2025.108448., which aligns with the results presented in Chapter 5.7. and will be
discussed in the context of our own results presented.
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Figure 19: Potential biosynthesis of lansai B: An CDPS forms the cWW 3a as initial step. A
MTase and a PTase are involved to modify the cWW 3a towards lansai B (5).

4.2.1 DKP-formation: Cyclodipeptide synthases

In nature, the formation of the DKP motif occurs via enzymatic pathways and
nonenzymatic pathways. For example, the histidine-proline DKP cHP 85 is formed by
a non- enzymatic process as a metabolite of the hypothalamic tyrotropin-releasing
hormone [Figure 20]. The cyclic form was proven to have a higher stability against
peptidases than the linear form.['38140 Two enzyme families, the non-ribosomal
peptide synthetases (NRPSs) and the CDPSs, have been identified as catalysts for
the DKP structural motif. NRPSs are large (>100 kDa) multimodular enzymes, which
are able to synthesise structurally and functionally diverse peptides from free amino

aCidS.[141’ 142]
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In contrast to the well-studied NRPSs, CDPS are small (~30 kDa) enzymes, which
have been reported first in 2009:['43 The albonoursin (86) biosynthesis pathway was
the first DKP biosynthetic pathway discovered to involve a CDPS enzyme.['43 144]
Albonoursin (86), an antibacterial DKP produced by Streptomyces noursei, is derived
from the precursor cyclo (L-Phe-L-Leu) cFL 87 [Figure 20].l' In this study, scientists
uncovered that the CDPS AIbC uses tRNA-bound amino acids as substrates for the
formation of the DKP structural motif. Following its synthesis by AIbC, the cFL
cyclodipeptide 87 undergoes further modification by a cyclodipeptide oxidase, which
catalyses the a,8-dehydrogenation of the amino acid side chains, converting cFL 87
into the final product, albonoursin (86).1'431 As AIbC was the first identified CDPS, the
numbering of the amino acids for sequence alignment with other CDPSs refers to the
AlIbC sequence.

0]
J *N ' ONE
j\ H(NH
cHP 85 albonoursin (86) cFL 87

Figure 20: Structures of cHP 85 and the natural product albonoursin (85) and its pre-cursor
molecule cFL-DKP 87.

AIbC and other CDPS enzymes were crystallised to gain insights into their catalytic
site architecture and underlying mechanisms.['46-149 Despite sharing only about 27%
sequence identity, the structures of AIbC and other crystallised CDPSs (Rv2275 and
YvmC-Blic) exhibit a high degree of structural alignment. Each enzyme has a compact
a/B fold, featuring a central B-sheet composed of five parallel 8 strands flanked by a-
helices. The overall structure includes a Rossmann-fold domain, followed by a helical

region of three helices.['4°]

CDPS enzymes utilise a ping-pong-type catalytic mechanism, initiating with the binding
of the first aminoacyl-tRNA (aa-tRNA), which is transferred to a conserved serine
residue 88 (Ser37), forming an aminoacyl-enzyme intermediate.l'#6l In 2014, further
investigations into this mechanism revealed insights through the first crystal structure
of a CDPS (AIbC) complexed with an intermediate cFF-analogue and site-directed

mutagenesis [Figure 21].
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Figure 21: Crystal structure of AlbC bound with a cFF analog (PDB id: 4Q24). The catalytic
side with the amino acids Ser37 and Y202 is highlighted.

This study demonstrated that a second phenylalanine 89 binds to the first
phenylalanine, which remains attached to the serine in the intermediate 90, forming a
dipeptidyl enzyme 91. In the final step, a tyrosine residue (Tyr202) deprotonates the
primary ammonium group of the second phenylalanine in intermediate 91, creating a
nucleophile that attacks the enzyme ester bond, leading to the formation of the

cyclodipeptide product 92 [Figure 22].115]
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Figure 22: Mechanism of AlbC creating the cFF DKP 92.

The highly conserved catalytic residue Y202 plays a key role in a hydrogen bond
network with residues N40 and H203 in AIbC, ensuring the precise positioning of the
loops that contain the catalytic residues. In 2015, a study of 51 CDPSs revealed that
about half of the enzymes possess the 'N40, H203' pair, while others have an "X40,
P203' pair, where 'X' represents a non-conserved residue leading to the classification
of CDPSs into two subfamilies: 'NYH' and 'XYP,' based on the 'X40, Y202, X203’

sequence pattern.['51

The two aminoacyl-tRNAs bind to separate pockets within the enzyme. The first
aminoacyl-tRNA attaches to pocket P1, where its aminoacyl group interacts with basic
residues located on a helix structure. The second aminoacyl-tRNA binds to pocket P2,
where its tRNA moiety interacts with a flexible loop. Pocket P1 is characterised by eight
specific residues (33, 35, 65, 67, 119, 185, 186, 200), while P2 is defined by seven
residues (152, 155, 156, 159, 204, 206, 207) [Figure 23]. Since these residue positions
are conserved across CDPSs and their chemical properties correlate with the specific
aminoacyl groups they recognise, these consensus motifs can be used alongside

phylogenetic data to predict the main products of uncharacterised CDPSs.['51. 152]
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Figure 23: Crystal structure of AIbC bound with an cFF analog. The consensus motifs are
highlighted in green (P1) and violet (P2).

The formation of cyclodipeptides frequently represents the initial step in creating more
complex DKPs, which are produced after further modification reactions.[®”- 193. 154 The
most common DKP natural products are derived from the amino acids tryptophan and
proline.*5 When proline is part of cyclic dipeptides, the six-membered DKP ring fuses
with a five-membered imposing rigid constraints.l'%%-%7] |n the case of tryptophan-
based DKPs, further processing often occurs, for example by forming the HPI ring

systems which also increases rigidity.[53 5°
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4.2.2 Methylation: SAM dependent Methyltransferases

Methylation is a fundamental reaction in all living organisms, essential for various
biological processes like the methylation of biopolymers like nucleic acids!'®® 1% and
proteins!'6%. 1611 or for cell signaling.['62 1631 S-adenosyl-L-methionine (93, SAM)
dependent MTases are the focus of numerous recent studies due to their diverse
applications and significance in biomedical research.[164 1651 SAM-dependent MTases
catalyse the methylation of a substrate (Nu) with SAM (93) as methyl source forming
S-adenosyl homocysteine (94, SAH) [Figure 24].

NH, NH,
N X N X
N N
4 4
o Me < jl\)\/ MTase 0] < | ~
)J\/\/é+ | N) )J\/\/S " N)
HO™ ™ HO™ ™
- O - o
NH, NH,
Nu-H Nu-Me
OH OH +H* OH OH
S-adenosylmethionine (93, SAM) S-adenosylhomocysteine (94, SAH)

Figure 24: General reaction scheme for a SAM-dependent MTase: The methyl group is
transferred from SAM (93) to the substrate (Nu) with SAH (94) as byproduct.

SAM-dependent natural product MTases are structurally diverse and are often involved
in the secondary metabolism, where the methylation of various substrates often affects
the biological activities of the resulting natural product.l'®® The methyl acceptor atom
on the substrate usually is oxygen (54%), nitrogen (23%), carbon (18%) or sulphur
(3%).1'54.1¢51 The ability of these enzymes to selectively methylate various substrates

offers significant potential for therapeutic interventions and biocatalytic applications.

4.2.2.1 Pharmacological reasons for methylation

Having a look at the top 200 small molecule drugs by retail sales in 2022, three-quarter
are methylated.['8] Wermuth stresses in the book “The Practice of Medicinal

Chemistry” the importance of methyl groups for drug development:

“The methyl group, so often considered as chemically inert, is able to alter deeply the

pharmacological properties of a molecule.”"67]
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The reasons for this are diverse: the addition of methyl groups generally increases the
lipophilicity of a compound, enhancing its solubility in biomembranes. These
biomembranes act as barriers for the passage of compounds from the gastrointestinal
tract to the bloodstream and target tissues, so increased lipophilicity can improve
bioavailability.l'67-1701 In some other cases, methylation can also boost water solubility,
which is crucial for extremely nonpolar molecules. For instance, methylation can alter
the shape of a molecule, making it more globular, which is energetically favoured due
to entropic effects. As an example, neopentanol (95), which has a more globular
structure, is more soluble in water than pentan-2-ol (96) or n-pentanol (97) [Figure
25].1'67. 1711 |n addition to this effect, methylation can increase the water solubility by

hindering various intermolecular interactions.['67. 1721

NN
\J\OH /\)\OH OH
96

95 97
12.2g/100gH,0 5g/100gH,0  2.4g/100 g H,0

Figure 25: Chemical structures of pentan-1-ol (97), pentan-2-ol (96) and 2-methyl-butan-2-ol
(95) and the solubility of these alcohols in water (g/g).

Another aspect of the influence of methyl groups for the biological activities of
compounds are conformational effects.l'®’l The steric hindrance from an attached
methyl group can impact ligand-receptor interactions. For example, methylation of the
p38a MAP kinase inhibitor 98 with a biphenyl core structure resulted in a 200-fold
increase in its inhibitory activity. This enhancement is due to the conformational
preorganisation of the methylated molecule 99.1'"31 The ortho-substitution of the
biphenyl system changes the interphenyl dihedral angle from 30—-40° to approximately
55° [Figure 26].l'4 This adjusted conformation is similar to the conformation of the

inhibitor within the enzyme, thereby improving its activity.l'”]
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Figure 26. Chemical structures of the p38a MAP kinase inhibitor 99 and its demethylated
precursor molecule 98. The ortho-methylation on the biphenyl causes a conformational
change.

A similar conformational effect of ortho-methylation can be observed in the
antiarrhythmic drug lidocaine (100). Lidocaine's structure is derived from the natural
product cocaine (101), an alkaloid found in coca leaves.['”5 1761 Through molecular
simplification in multiple steps, eucaine (102) and procainamide (103) were
developed.['”] The final step, ortho-methylation, induces a conformational twist in the
molecule [Figure 27]. This change, along with the steric hindrance of the methyl
groups, protects lidocaine from amidases that could hydrolyze the amide bond at the

centre of the molecule.l'72 78]

cocaine 101 eucaine 102

HZN@”M\\ o= HzN@\‘(HJ“\\

lidocaine 100 procainamide 103

Figure 27. Development of lidocaine (100) starting from the natural product cocaine (101).
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The half-life of a drug is a crucial factor for its effectiveness. In the case of lidocaine
(100), methylation extended its half-life, but an excessively long half-life can be
problematic due to drug accumulation and persistent side effects.['7? Celecoxib (104),
used to treat degenerative joint diseases and chronic polyarthritis due to its inhibitory
effect on cyclooxygenase 2 (COX-2), was developed from a fluorinated analog 105.['7°]
The predecessor drug had a half-life of 117 hours, leading to accumulation of the drug
causing side effects. In contrast, the methylated celecoxib (104) has a half-life of 12
hours, as it is metabolised by cytochrome P450 on the methylated position to a
hydroxylated analogue 106, which is only a weak inhibitor of the target protein and can

be even further metabolised [Figure 28].1'79-181]

____________________________

: i CYP,C _
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: ~ >—CF,! >—CFy, ———— \_ ) —CFs
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| HoNO,S” : | HNO,S” : HoNO,S

: 105 celecoxib 104 106

Figure 28. Chemical structures of celecoxib (104) and its fluorinated predecessor molecule
105. Celecoxib (104) can be oxidised via a P450 (CYP2Co).

All these described effects are part of the "magic methyl effect." Some of these
parameters can be predicted and calculated, others are individual and not transferable
to other structures. Because of this magic methyl effect, the process of identifying
advantageous methylation positions in a molecule is a known practice in the

pharmaceutical industry.[182. 18]
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One of the most prominent examples of the "magic methyl effect" is morphine (107).
Morphine (107) is an analgesic that acts as an antagonist of opioid receptors in the
central nervous system.['® Removing the nitrogen's methyl group yields normorphine
(108), which has reduced activity compared to morphine (107). The decreased
lipophilicity hinders its ability to cross the blood-brain barrier.l'8-1871 Codeine (109) has
an additional methyl group at the phenolic position of morphine (107). Since the
hydroxyl group at this position is crucial for hydrogen bond interactions with the
receptor site, methylation decreases the activity in this case.l'8 188 However,
methylating the other hydroxyl group does not impact receptor binding but does
increase the drug's lipophilicity. As a result, heterocodeine's (110) activity is
significantly higher than that of morphine (107) [Figure 29]1172. 189, 190]

HO ;

HO"

normorphine 108 : codeine 109 heterocodeine 110
25% analgestic activity 20% 500%

compared to morphine

Figure 29. Chemical structures of normorphine (108), morphine (107), codeine (109) and
heterocodein (110). Their analgesic activity is given in percentage compared to morphine.['¢”]
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4.2.2.2 Structure of methyltransferases

MTases are categorised into five main classes based on their structural

characteristics:[191

The largest group, Class |, features a Rossmann-like superfold [Figure 30] and
performs methylation via an Sy2-type mechanism with high selectivity.['®? The a/B-
class Rossmann fold is one of the most common structural motives in enzymes.['93 |t
consists of six to seven pf-strands connected via hydrogen bonds, which are
intercalated by a-helices. In MTases, the last B-strand is oriented in antiparallel with
respect to the others six strands.['® The binding position of SAM (93) is located along
the C-terminal end of the core B-sheet (strain 1-11l), where SAM (93) is bound due to a
network of hydrogen bonds and van der Waals interactions. Three motifs are important
for the binding: Motif | [(V/I/L) (L/V) D/E (V/l) G (G/C) G (T/P) G] contains the
GxGxG sequence being in contact with the carboxypropyl portion of SAM (93), the
acidic residue in Motif Il [(P/G) (Q/T) (F/Y/A) D A (I/V/Y) (F/l) (C/V/L)] forms hydrogen
bonds with the ribosyl part of the cofactor and the motif lll [L L (R/K) P G G (R/I/L) (L/I)
(L/FNIIV) (I/L)] is located on the adenin-moiety.[165 195-19€]

Rossmann fold

Figure 30: C-MTase PsmD from Streptomyces griseofuscus with bound cofactor (PDB: 7ZKG).
Helices are marked in green, B-strands in blue. The cofactor SAM (93) is shown in grey.
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Class Il MTases form a domain within methionine synthase responsible for oxidizing
cobalamin.l'® Structurally, they feature a long antiparallel B-sheet surrounded by a-
helices, giving the enzyme its characteristic C-shape. SAM (93) binds in a shallow
surface groove near the conserved RXXxGY motif.[?%% Class Ill MTases are dimeric
enzymes, with SAM (93) binding in a deep pocket between the two domains. Each
domain consists of a central B-sheet surrounded by a-helices. These MTases primarily
methylate tetrapyrroles, which are bound in a groove along the N-terminal domain.[2°"
2021 Class IV MTases belong to the SPOUT enzyme superfamily, named after the RNA
MTases SpoU and TrmD.[?% They methylate post-transcriptional RNAs and rRNAs.
Structurally, they are composed of a 6-strand parallel B-sheet flanked by a-helices. A
unique knot structure at the C-terminus is necessary for SAM binding.[2%% 2091 | gstly,
Class V MTases are the SET domain proteins (suppressor of variegation, enhancer of
zeste, and trithorax). These MTases methylate proteins, such as lysines in histones.
Their structure consists of twisted 3-sheets surrounded by of four a-helices. SAM (93)
binds near a knot formed by the loop preceding the C-terminal helix, within a channel

at the protein's surface [Figure 31].[206. 207]
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Class Il

Class IV ClassV

Figure 31: Crystal structure of MTases of class Il - V. Helices are marked in green, 3-strands
in blue. The cofactor SAM (93) is shown in grey. Class Il: Methionine synthase (activation
domain) (PDB: 1MSK); Class lll: Cobalamin biosynthetic enzyme, cobalt precorrin-4 MTase
(PDB: 1CBF); Class IV: YibK from Haemophilus influenzae (HI0766): a MTase with a cofactor
bound at a site formed by a knot (PDB: 1MXI); Class V: Ternary complex of the human histone
MTase SET7/9 (PDB: 109S)

4.2.2.3 N-Methyltransferases

Methyltransferases can also be classified based on the atom that serves as the methyl
acceptor. Nitrogen-MTases (NMT) are found in metabolic pathways in plants, bacteria,
yeast, and animals.['®%] Natural product NMTs are known for their large substrate scope
reaching from peptides,?%] primary amines?®® to a variety of heterocycles.['6
Especially the N-methylation of heterocycles is a large field of research, because
nitrogen-containing heterocycles are among the most common structural motifs in
pharmaceuticals. In fact, 59% of all small-molecule drugs approved by the U.S. FDA

contain at least one nitrogen heterocycle.
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The most common heterocycle is piperidine (111), followed by pyridine (112) and
piperazine (113). The top ten also include cephem (114), pyrrolidine (115), thiazole
(116), imidazole (117), penam (118), indole (119) and tetrazole (120) [Figure 32A,
ordered by relative frequency].?'0-2121 As an example, ondansetron (121), a selective
serotonin 5-HT3 receptor antagonist, contains a methylated indole structure and an
imidazole ring.[?'3l The cholinesterase inhibitor pyridostigmine (122) contains a
methylated pyridine ring.[2'4 219 Sildenafil (123), known as Viagra®, includes both a
methylated piperazine and a methylated imidazole ring in its structure.?'®l The
psychopharmacological agent asenapine (124) has a methylated pyrrolidine ring
[Figure 32B].[210. 217]

COOH
1. Piperidine 2. Pyridine 3. Piperazine 4. Cephem 5. Pyrrolidine
(111) (112) (113) (114) (115)
N g N
N =S NN
D Ly
S N N N N
H O H H
COOH
6. Thiazole 7. Imidazole 8. Penam 9. Indole 10. Tetrazol
(116) (117) (118) (119) (120)

Figure 32: A: Top ten nitrogen containing heterocycles present small-molecule drugs approved
by the U.S. FDA; B: Ondansetron (121), pyridostigmine (122), sildenafil (123), asenapine
(124).
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N-methylation with conventional organic chemistry methods poses challenges in terms
of regioselectivity.l?'® 219 To address this, Hammer and his team investigated the
biocatalytic N-methylation of unsaturated heterocycles in studies published in 2020
and 2022.220. 2211 |nitially, they focused on the selective alkylation of pyrazoles 125.
Since no natural pyrazole N-MTase is known, they selected a nicotinamide N-MTase
(NMT), a phenylethanolamine N-MTase, and a histamine N-MTase known for their
broad substrate scope. Using the computational enzyme library design tool
FuncLib,l???l they engineered 50 variants of these enzymes, which were tested with
different pyrazole substrates for methylation towards the regioisomers 126 and 127.[220]
In the follow-up study two years later, they expanded the enzyme and substrate scope,
testing imidazoles 128+129, indazoles 130+131, benzimidazoles 132-135 and
benzotriazoles 136+137 in addition to the pyrazoles 125. This created enzyme library
allowed for the selective methylation of N-heterocycles with a high regioselectivity up

to >99% and a yield up to 99% on a preparative scale [Figure 33].[22]
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Figure 33: Biocatalytic formation of N-heterocycles. A: Selective methylation of pyrazoles 125
with engineered MTases (wild type + variants v17, v49, v36 and v28); B: Methylated
benzimidazoles 132-135, benzotriazoles 130+131, imidazoles 128+129, indazoles 136+137
and pyrazoles 126+127 methylated by MTases.
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4.2.2.3.1 Pyrroloindole N-methyltransferases

Several MTases have been reported in the literature to methylate the nitrogen atom
within the HPI structural motif, including NozMT, SazB-MT, DmtM2, and PsmC. These
enzymes play crucial roles in the biosynthesis of their bioactive natural products. These
MTases exhibit varying substrate specificities, which contribute to their diverse

catalytic activities and potential applications in drug development.

NozMT is involved in the biosynthesis of nocardioazine B (7) and acts post C3-
prenylation with the PTase using dimethylallyl diphosphate (DMAPP) as cofactor to
catalyse the nitrogen methylation on the prenylated side and the C3-methylation on
the other side of the DKP substrate [Figure 34].[%8

e
NH ’NH NozPT
\\ HN
N H DMAPP
M
N H
H

nocardioazine B (

NozMT

Figure 34: Biosynthesis of nocardioazine B (7). NozMT serves as a bifunctional enzyme
methylating the C3 position and the N1-position.

SazB-MT is the methyltransferase domain of the bifunctional enzyme SazB, which also
includes a prenyltransferase domain, SazB-PT. SazB-MT methylates the N7-HPI motif
created by SazB-PT via C3-prenylation in the precursor 138 for the natural product
streptoazine C (139) [Figure 35].[223]

58



4. State of the art

NH ’ NH SazB-PT

- DMAPP

streptoazine C (139)

Figure 35: Biosynthesis of streptoazine C (139). SazB-MT serves as N-MTase methylating and
the N1-position as final step.

DmtM2 is involved in the biosynthesis of different drimentines. Starting from the cWV
DKP 140, this substrate is further modified by a PTase DmtC1, which farnesylates at
the C3-position forming the HPI motif and a terpene cyclase. The DmtM2 MTase
methylates the N7-position of the HPI in the intermediates 141-143. This reaction
proceeds at various stages in the biosynthesis proving its broad substrate acceptance
and the formation of a variety of products 144-146 [Figure 36].[2%4]
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Figure 36: Biosynthesis of various drimentines 144-146. DmtMT2 serves as a N-MTase
methylating the N7-position at different stages within the biosynthesis. DmtA2 is a terpene
cyclase, DmtC1 a PTase and DmtMT1 a MTase.

PsmC plays a role in the biosynthesis of physostigmine (48). The Trp derivative 147 is
processed by four enzymes (PsmA, PsmE, PsmF, and PsmH) to produce the precursor
148, which undergoes C3-methylation by PsmD. PsmC introduces a methyl group to
the nitrogen atom in the HPI 149. Following deacetylation of this compound 150 by
PsmB, PsmC further N-methylates the resulting intermediate 151, ultimately leading to

the formation of physostigmine (48). [Figure 37].122%
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Figure 37: Biosynthesis of physostigmine (48). PsmC serves as a N-MTase for both nitrogen
atoms in the HPI motif.

These N-MTases participate in distinct biosynthetic pathways. However, research on
these enzymes remains limited, leaving many aspects of their structure, function, and

potential applications unexplored.
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4.2.2.4 C-Methyltransferases

Carbon-MTases are less common than Nitrogen-MTases, being predominantly found

in bacteria and plants rather than in eukaryotic systems.[164. 165, 226]

However, their use remains highly valuable, especially in the organic synthesis of small
molecules. One prominent class of small molecule C-MTases can enantioselectively
methylate the B-position of a-ketoacids 152 and 153 forming the methylated products
154 and 155. Subsequent conversion with aminotransferases produces non-
proteinogenic B-methyl-a-amino acids 156 and 157, which serve as valuable building

blocks for the total synthesis of pharmaceuticals [Figure 38].[227-22°
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Figure 38: Formation of non-proteinogenic B-methyl-a-amino acids 156 and 157: C-MTases
(Marl, GImT) enantioselectively methylate the B-position of a-ketoacids 152 and 153 prior to
the conversion with aminotransferases (MarG,IIVE).

The mechanism of C-MTases is based on a Sy2-like displacement of the methyl group
of SAM (93) by nucleophilic attack of the substrate, but the details vary from enzyme
to enzyme. More and more crystal structures and mechanistic studies are helping to

understand the similarities and differences within this specific class of enzymes.[%°: 230-
233]
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The mechanism of two C-MTases is discussed exemplary:

The Friedel-Crafts alkylation of coumarin 158 and naphthalene 159 substrates
catalysed by the C-MTases CouO and NovO towards the methylated products 160 and
161 has been extensively studied in recent years. Based on the crystal structure of
CouO in complex with SAH (94) and molecular docking studies, the catalytic residues
were identified. Site-directed mutagenesis revealed that a histidine is necessary to
activate the coumarin 158 before the nucleophilic attack of the SAM (93) proceeds
[Figure 39].1230. 234]
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Figure 39: The Friedel-Crafts methylation of coumarin 1568 and naphthalene 159 substrates
catalysed by the C-MTases CouO and NovO. A catalytic histidine activates the coumarin 158
by deprotonation prior to the nucleophilic attack on the SAM (93).

The C-MTase SibL from Streptosporangium sibiricum is a class | C-MTase containing
a Rossman fold domain. The crystal structure of this enzyme along with mutagenesis
studies propose a two-step catalytic mechanism to catalyze the methylation of 3-
hydroxykynurenine (162) yielding the methylated product 163. The proposed
mechanism involves a tyrosine clamp of two tyrosine residues that activate the
substrate 162 and are necessary for hydrogen transfers within the active site with the
intermediate 164 [Figure 40].123]
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Figure 40: Methylation of 3-hydroxykynurenine (162) by the MTase SibL. A tyrosine clamp
activates the substrate 162 via hydrogen transfers within the active site.

4.2.2.4.1 Indole C3-methyltransferases

As described previously, C-MTases are also involved in the formation of HPI motif
containing natural products. A key example of such an enzyme is PsmD, which
participates in the biosynthesis of physostigmine (48).1°% 110 PsmD is a class | C-indole
MTase, which methylates at the C3-position of the indole substrate 148 forming a
reactive intermediate 165, which cyclises to the HPI. Detailed studies, including
crystallisation and alanine scanning mutagenesis, have revealed important insights
into the catalytic site of PsmD. The mechanism of this enzyme involves a catalytic triad

including a tyrosine, histidine and glutamate [Figure 41].[°]
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Figure 41: Methylation of a physostigmine precursor molecule 148 by the MTase PsmD. A
catalytic triade of a tyrosine, histidine and glutamate activates the substrate by deprotonation.

PsmD is the most extensively studied C3-indole MTase, with only two additional

MTases identified so far methylating a DKP based substrate.[58 87 239]

The first study involving a C3-MTase with a DKP substrate was published in 2015. This
study involved a bioinformatic analysis of the genome of Nocardiopsis sp. CMB-M0232
to explore the potential biosynthesis of nocardioazine A and B. The nocardioazine
biosynthetic pathway is distributed over multiple genomic loci. The Nocardiopsis sp.
CMB-M0232 strain was cultivated, and the resulting alkaloids were analysed using
mass spectroscopy and HPLC, comparing them with chemically synthesised
standards. The observed intermediates suggest a biosynthetic pathway, where the LL-
cWW 3a is formed via a cyclodipeptidase NozA prior to conversion into a bb-cWW 3b
by an isomerase (the LL/DD nomenclature derives from the stereochemical
configuration of the amino acid building blocks). The C3-methylation by NozB occurs
according to this study before C3-prenylation and N-methylation forming intermediate
166. The exact order of C3-prenylation and N-methylation remained uncertain, as
intermediates 83 and 167 for both steps were identified [Figure 42]. NozB was not

isolated or tested with specific substrates separately in this study.[®7]
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Eight years later, the same gene cluster of Nocardiopsis sp. CMB-M0232 was
investigated further in detail. The MTase NozMT (earlier called NozB) was isolated and
tested with various unsubstituted cWW isomers, showing no conversion. Instead,
NozMT catalyses C3- and N-methylation post C3-prenylation by the PTase NozPT
[Figure 18]. This result contradicts previous findings, as the formed intermediates were

not detected in the alkaloid profile of the Nocardiopsis sp. extracts.[8 871
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Figure 42: Potential biosynthesis of nocardioazine B (7) proposed in 2015 including a MTase

NozB methylating the C3 position of the bD-cWW 3b on one side of the molecule. The order
of N-methylation and prenylation remained unclear.
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In 2019, another C3-MTase, StspM1, was studied. StspM1 shares 43.23% sequence
homology with NozMT and is part of a gene cluster that includes a CDPS, a PTase
(StspPT), and another MTase (StspM2). StspM1 was found to methylate the LL-cWW
3a substrate, forming the HPI structural motif on one side of the DKP 168a. Based on
these findings, the authors proposed a biosynthesis pathway where prenylation
towards intermediate 169 and N-methylation occur after C3-methylation, resulting in a
nocardioazine B isomer 170 [Figure 43].2%% Since this potential nocardioazine B
isomer has never been isolated from nature, the proposed biosynthesis remains

completely speculative.

g i StspM1
E NH SP
NH ’ MTase
\ HN z SAM
N o 3a
StspM2
MTase
SAM

Figure 43: Proposed biosynthesis of a nocardioazine B isomer 170. The MTase StspM1
methylated the LL-cWW 3a to form the HPI motif on one side of the molecule prior to C3
prenylation by a PTase StspPT and N-methylation by StspM2.

4.2.2.5 Solving the bottleneck of SAM availability

Most MTases require SAM (93) as a cofactor, which is expensive when purchased in
pure form from commercial suppliers.[?3¢l Furthermore, with SAM (93) having a
molecular weight of nearly 400 g/mol, its stoichiometric use as a methyl donor results
in poor atom economy. To make MTases viable for preparative synthesis, effective
cosubstrate supply or recycling systems are essential. In recent years, the demand for
reliable methods to facilitate the in situ generation of SAM (93) has increased. This has
led to the exploration of various (chemo-) enzymatic solutions differing in their

underlying strategy.[?37-239]
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In nature, SAM (93) is formed from adenosine triphosphate (ATP, 171) and L-

methionine (172), which are separately regenerated from the SAH cleavage products

ribosyl-adenosine (173) and L-homocysteine (174).1240-2421 |nspired by this natural

process, Andexer and coworkers implemented a biomimetic approach for the SAM (93)

formation in 2017 focussing on the regeneration of the building block ATP (171): The

consumed SAM (93) is converted into SAH (94), which is then cleaved into ribosyl-
adenine 173 and homocysteine (174) by a SAH-hydrolase (SAHH). Subsequently,
ATP (171) is regenerated through three phosphorylation steps catalysed by an

adenosine kinase (ADK) and two polyphosphate kinases (PPK2) | & II. Finally, a

methionine adenosyltransferase (MAT) catalyses the formation of SAM (93) from the

regenerated ATP (171) and additional supplied methionine (172) [Figure 44].12%8
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Figure 44: Catalytic cycle of biomimetic SAM (93) regeneration.
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This system, along with a simplified linear version containing only MAT and SAH
hydrolase, has been integrated into various MTase systems.[237 238,243, 244] A pottleneck
of this system is the number of achievable regeneration cycles, which is caused by the
instability of SAM (93) and SAH (94). One non-enzymatic degradation of SAM (93) is
the process of depurination, where the SAM (93) is degraded into adenine (175) and
S-ribosylmethionine (176) [Figure 45A].241 To address this, SAM isosteres 177 with
different purine and pyrimidine nucleobases 178-180 were progressively incorporated
into the regeneration cycle [Figure 45B]. Stability studies conducted at 37 °C and pH
8.0 with the purified 7dzSAM isostere confirmed its enhanced resistance to
depurination (7dzSAM t,/, = 1243 min; SAM t,/, = 942 min).[?43 Although this approach
effectively prevented the non-enzymatic depurination of SAM (93), it led to a reduction
in the efficiency of the coupled reaction, as not all enzymes in the regeneration system

were equally compatible with the nucleoside isosteres.[?4¢]
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Figure 45: Depurination of SAM (93). SAM isosteres 177 with different adenine surrogates
were synthesised to inhibit the depurination process.

An alternative linear approach uses a chlorinase (SallL) or fluorinase (FDAS), which
catalyse the formation of SAM (93) from methionine (172) and 5’-chloro/fluoro-5’-
deoxyadenosine (181) (CIDA) [Figure 46].247-249 For example, the chlorinase SallL
from the marine bacterium Salinispora tropica was utilised for tandem chemo-
enzymatic methylation of the antibiotic teicoplanin. The produced SAM (93) from L-Met
(172) and CIDA (181) can be directly used as a methyl donor for methyltransferase-

catalysed reactions without the need for purification.[?48l
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Figure 46: Linear SAM (93) formation via chlorinase (SalL) or fluorinase (FDAS) catalyzing the
formation of SAM (93) from methionine (172) and 5’ chloro/fluoro-5’-deoxyadenosine (181).

In 2019, Liao and Seebeck developed a new SAM recycling system that does not
require expensive additional substrates. In this system, the SAH (94) produced during
the MTase reaction is recycled by a halide MTase (HMT), which re-methylates SAH
(94) using methyl iodide as the substrate forming SAM (93) and iodid [Figure 47]. To
prevent the biocatalytic degradation of SAH (94), a SAH nucleosidase-deficient strain
of E. coli was engineered. This system utilises only catalytic amounts of SAM/SAH and
was tested for over 500 turnovers.[?39 This publication marked a significant milestone
in the field of MTases, as it facilitated the preparative use of this enzyme class.[239 250
This SAM recycling system was used by multiple researchers for different MTase

reactions showing its broader applicability.[110. 251-253]
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Figure 47: SAM recycling system based on a HMT: SAH (94) is methylated by an HMT, which
uses methyl iodide as methyl source to form SAM (93).
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A disadvantage of the HMT-based SAM recycling system is the use of volatile methyl
iodide as a methyl source. In 2022, Seebeck and his team developed a SAM
regeneration system using methyl p-toluenesulfonate as an alternative methyl donor:
They tested 14 enzymes from the thiopurine MTase (TPMT) family for their ability to
utilise various methyl donors, including dimethyl sulfate (182, DMS), methyl
methanesulfonate (183, MeOMs), methyl p-toluenesulfonate (184, MeOTs), and
methyl 4-nitrobenzenesulfonate (185, MeONs) [Figure 48]. The TPMTs showed
varying activity depending on the substrate for the methylation of SAH (94). One of the
most effective enzymes for this recycling system, a MTase from Ustilago maydis
(Uma), was successfully combined with different secondary MTases, highlighting the

potential of this improved SAM recycling system.[2%4

DMS 182 MeOMs 183 MeOTs 184 MeONs 185

N @, 9y Q
0-S-0 0=S-0 0=S-0 0=S-0
1] \
(@)
NO,

Figure 48: Chemical structures of dimethyl sulfate (182), methyl methanesulfonate (183),
methyl p-toluenesulfonate (184) and methyl 4-nitrobenzenesulfonate (185).
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4.2.2.6 Beyond methylation

In recent years, these systems have been further investigated for the production of
SAM analogs.[?552%8] These analogs enable MTases to transfer groups beyond
“methyl”, thereby expanding their applicability for synthesising various compounds.[?>9

Studies from 2014 suggest that sulfonium-to-selenonium substitution in SAM (93) can
enhance the compatibility with certain MTases to accept less reactive SAM
analogs.l?®8 In the same year, a large platform for the synthesis of SAM/SeAM analogs
186 was created by synthesising methionine/se-methionine analogues 187 converting
them with different MATs [Figure 49A].12600 MATs have in general a rather broad
substrate spectrum for SAM analogs compared to HMTs. For example, the MAT from
Sulfolobus solfataricus produces a large variety of SAM analogs from methionine

analogues 187 and ATP (171) without further enzyme enegeering./?6"l

The HMT from Chloracidobacterium thermophilum (Ct-HMT), which was the first
enzyme used in Seebeck's SAM recycling system, does only accept a few alkyl halides
(R-X) besides methyl iodide also with a low activity. To overcome this limitation,
researchers expanded the list of characterised HMT enzymes through homology-
based searches and engineered HMTs to produce SAM analogues 188. In 2020,
Bornscheuer's research group generated HMT variants based on a halide MTase from
Arabidopsis thaliana using directed evolution. These optimised variants exhibited a
broader alkyl halide substrate spectrum and higher enzyme activity compared to Ct-
HMT [Figure 49B].[?%%1 In 2021, Hammer's team further expanded the list of HMT

enzymes and created substrate profiles for each enzyme.[?%°
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Figure 49: Synthesis of SAM analogs containing different alkyl chains. A: Methionine/se-
methionine variants are converted by a MAT towards SAM/SeAM analogs 186. B: HMTs are
used for creating SAM analogs 188 from different alkyl halides.

In addition to investigating the transfer of various alkyl groups, Seebeck's research
group turned its attention to fluoromethylation.?2l Organofluorine compounds play a
crucial role in a wide array of fields, including pharmaceuticals, agrochemicals and
polymers. The unique advantages of incorporating fluorine, such as increased stability
and hydrophobicity, have been well-known for years. Fluorine substitution can also
alter the conformational behaviour of organic molecules, making it a valuable tool for

enhancing the efficacy of therapeutic compounds.[263. 264]
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In 2021, a HMT was employed to synthesise S-adenosyl-S-(fluoromethyl)-L-
homocysteine (fluorinated SAM, 189) [Figure 50A] from SAH (94) and
fluoroiodomethane. The compatibility of this fluorinated SAM analogue 189 was
evaluated across various MTases, leading to the production of fluorinated products.
However, the enzyme cascade for fluoromethylation was not universally successful,
primarily due to the instability of fluorinated SAM 189 in combination with the lower

turnover frequencies of the MTases. The fluorinated SAM 189 could not be isolated. 22

Two years later in 2023, Wang et al. successfully synthesised fluorinated SAM 189
and confirmed its rapid decomposition in buffer at pH 8, with a half-life of less than one
hour.l?6%1 SAM’s decomposition is next to the depurination additionally driven by an
intramolecular attack by the carboxylate group on Cy-Met, leading to the formation of
5'-methylthioadenosine (190, MTA) and L-homoserine lactone (191, HSL) [Figure
50B].1?%¢1 The electron-withdrawing effect of the CH,F group further increases the
electron deficiency of the sulfonium group, thereby accelerating F-SAM’s
decomposition. To address this issue, an analogue of fluorinated SAM 192 (dcSAM)
without the carboxy group was synthesised [Figure 50A], significantly improving its
stability by preventing the intramolecular formation of a five-membered ring. Under the
same conditions, fluorinated dcSAM 192 exhibited a half-life exceeding 24 hours. This
fluorinated dcSAM 192 was then tested with various MTases proving its applicability
as cofactor analogue. The dcSAH was additionally tested as a substrate for a HMT

enabling the cofactor recycling system with this more stable analog.[?%°]
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Figure 50: Chemical structures of fluorinated SAM 189 and fluorinated dcSAM 192. SAM (93)
degrades into of 5-methylthioadenosine (190) and L-homoserine lactone (191) due to the
carboxy-group of the methionine.

4.2.3 Prenylation: Aromatic Prenyltransferases

Biocatalytic alkylations can also be catalysed by PTases: PTases transfer isoprenyl
moieties to various acceptor molecules, using different isoprenyl pyrophosphates as
cosubstrates. These cosubstrates vary in the length of their alkyl chains like
dimethylallyl diphosphate (193, DMAPP; C5), geranyl diphosphate (194, GPP; C10),
and farnesyl diphosphate (195, FPP; C15) [Figure 51A].1267]

Isoprenylation can enhance the lipophilicity and the binding affinity to target proteins,
thereby directly influencing biological activity.[?8-2701 For example, prenylating
naringenin to form 8-prenylnaringenin (196) enables the molecule to interact with a
hydrophobic pocket in estrogen receptors, resulting in stronger estrogenic activity.[?%8l
In case of the chalcone 197, prenylation and geranylation leads to an increased
cytotoxic activity against the human tumour cell line K562 [Figure 51B].[27]
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Figure 51: Cosubstrates of iso-PTase: dimethylallyl diphosphate (193), geranyl diphosphate
(194) and farnesyl diphosphate (195). Chemical structures of 8-prenylnaringenin (196) and a
chalcone 197 as examples for prenylated drugs.

The C-prenylation of natural products like these aromatic molecules is catalysed by a
specific class of PTases. These aromatic PTases specifically catalyze the transfer to
aromatic substrates, leading to a diverse array of primary and secondary metabolites
in plants, fungi, and bacteria. They are categorised into four major groups based on

their structural properties.[?72 273]

4.2.3.1 Structure of Aromatic Prenyltransferases

The first group, UbiA-like PTases, comprises membrane-embedded enzymes, which
are often involved in the primary metabolism. They play a crucial role in synthesising
ubiquinones, hemes, vitamin E, and various structural lipids, making these compounds
soluble in biomembranes.[?’4 275 UbiA is involved in the biosynthesis of ubiquinon
geranylating the meta-position of 4-hydroxy benzoic acid (198) forming the
corresponding product 199.1276 The first crystal structure of these enzymes was solved
in 2014, revealing that the UbiA homolog contains nine transmembrane helices forming
a U-shaped architecture with a large central cavity. This cavity is sealed by a cap

domain containing Asp-rich motifs [Figure 52].12771
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Class I: UbiA like PTases
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Figure 52: Crystal structure of a UbiA homolog from Aeropyrum pemix K1 (PDB: 40D4).
Geranylating of the meta-position of 4-hydroxy benzoic acid (198) catalysed by UbiA.

The second and third group both belong to the ABBA-superfamily: the CloQ/NphB-like
and the dimethylallyl tryptophan synthase (DMATS)-like PTases.[?78

CloQ, identified as a PTase that prenylates at C3 of 4-hydroxyphenylpyruvate (200)
(4HPP) forming the prenylated product 201 [Figure 53], is involved in the biosynthesis
of the antibiotic clorobiocin produced by Streptomyces roseochromogenes.l?”! CloQ is
soluble and lacks sequence similarity, including the characteristic DDXXD motif,
compared to known class | PTases.[?8% NphB from Streptomyces sp. strain CL190 was
identified through its sequence similarity to CloQ. For structural insights into this class
of enzymes, the homologue PTase Orf2 was crystallised and revealed a novel S/a fold
with antiparallel strands in an a-B-B-a architecture.l?8' This barrel structure and large
central cavity are the reason for the enzyme's promiscuity towards various aromatic

substrates [Figure 53].272 2731
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Class II: CloQ/NphB like PTases
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Figure 53: Co-crystal structure of Orf2 an aromatic prenyl transferase from Streptomyces sp.
strain CL190 complexed with GPP (PDPB: 1ZCW). Prenylation of the C3 position of 4-
hydroxyphenylpyruvate (200) catalysed by CloQ.

The first identified dimethylallyl tryptophan synthase (DMAT) was DmaW from
Aspergillus fumigatus, which catalyses the prenylation of L-tryptophan (202) at the C-
4 position of the indole ring yielding the prenylated product 203 [Figure 54A]. This
soluble enzyme contains a (N/D)DXXD motif.[?82-284 Qver the past decade, numerous
PTases with significant sequence homology have been identified, forming the DMATS
superfamily. Between 2009 and 2023, 12 crystal structures of this enzyme class were
solved, revealing the characteristic a-B-B-a architecture. These enzymes
predominantly accept DMAPP (193) as the prenyl donor and catalyze prenylation at
aromatic substrates 204 in either a regular/linear or branched manner towards the
corresponding regioisomers 205 and 206 via the cationic intermediated 207 and 208
[Figure 54B].[285, 286]
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Figure 54: A: Crystal structure of the dimethylallyl tryptophan synthase FgaPT2 from
Aspergillus fumigatus (PDB: 314Z). Prenylation of tryptophan (202) by DmaW or FgaPT2 at the
C4 position. B: Reaction schemes for a linear and reversed prenylation on an aromatic
substrate catalysed by a DMAT.

The fourth group consists of squalene synthase (SQS)-like PTases, which have not
been extensively studied. The crystal structure of the SQS-like PTase LvgB4 from
Streptomyces viridochromogenes 2942-SVS3 in complex with a cofactor analogue
shows a structure similar to SQS, with the prenyl donor and acceptor stacking
interactions resembling those of known aromatic PTs.[?87] LvqB4 is homologous to
CqsB4 from Streptomyces exfoliatus 2419-SVT2, which is involved in the biosynthesis
prenylating the carbazole substrate 209 to form carquinostatin A (210).12%81 However,
LvgB4 uses a different cosubstrate, cyclolavandulyl diphosphate (211, CLPP), yielding
a different reaction product 212. LvgB4’s structure mainly comprises 12 a-helices that
form a large cavity surrounded by these helices, with two aspartate-rich motifs located

on the upper side of the cavity [Figure 55].1287]
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209 193 carquinostatin A 210

Figure 55: Crystal structure of the carbazole PTase LvqB4 (PDB: 7VWS). Prenylation of a
carbazole substrate by CqsB4 or LvgB4.

4.2.3.1.1 Trp-Diketopiperazine prenyltransferases

Most Trp-DKP PTases are classified under class Ill PTases. These DKP-DMATs
feature a relatively hydrophobic and more spacious active site compared to Trp-
DMATSs, with the size of the binding pocket playing a critical role in determining the
substrate scope.[?®. 28 For example, the binding pocket of FtmPT1 from Aspergillus
fumigatus, prenylating a cWP DKP 213, has a solvent-accessible volume of about 1600
A3, while the binding pocket of PTases prenylating cWW substrates 3a, like CdpNPT

from the same organism, is approximately 500 A2 larger [Figure 56].
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As a result, CdpNPT is capable of prenylating a way wider range of substrates.[290. 291]
Although substrate binding interactions in DKP-DMATS are typically conserved, relying
mainly on hydrophobic interactions and hydrogen bonds with the substrate's
heteroatoms, these enzymes display unique regioselectivities and prenylation types.
These differences arise not only from the overall size of the binding pocket but also
from its rigidity and the orientation of the indole moiety within the pocket.[286: 292-294] For
example, FtmPT1 catalyses prenylation in the regular/linear manner to form the C2-
prenylated product 214.[290. 2951 CdpNTP catalyses linear N-prenylation yielding the N-
methylated cWW 215.12%1 AnaPT and CdpC3PT from Neosartorya fischeri catalyse
reverse prenylation at the C3-position of the indole of c(WA 216 forming the HPI

structural motifs in the diastereomers 217 and 218 [Figure 56].[2°°

FtmPT1
DMAPP
o)
H §
H
N CdpNPT | NH
P HN A
DMAPP o H
215
/
o)
H
AnaPT ’ 3 NH CdpC3PT
DMAPP HN HNWT%;\ DMAPP
o)
216 218

Figure 56: Prenylation of DKP substrates by DMATS: FtmPT1 catalysis C2 prenylation,
CdpNPT and CTrpPT catalyse N-prenylation. AnaPT and CdpC3PT catalyse C3 prenylation
in a reverse manner forming different isomers.
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Although Trp-PTases are known to catalyze prenylation at every position on the indole
ring,[?®’1 DKP PTases primarily target the nitrogen atom or the C2 and C3 positions like
shown in the previous examples.[?® 2971 CTrpPT from Aspergillus oryzae and
CdpC7PT from Aspergillus terreus are the only cyclic dipeptide PTase known to
catalyze prenylation on the C7 position,?%6 2% whereas FgaPT2 from Aspergillus
fumigatus and CpaD from Aspergillus oryzae prenylated the C4 position of the Trp
containing DKP 219 [Figure 57].[102, 299, 300]

CpaD
FgaPT2
5 4 o
® 3
; ] NH
HN—2 HN
/‘ 1 \H)\R
CTrpPT/ o)

CdpC7PT 219

Figure 57: Prenylation of the benzene ring of DKPs. CpaD and FgaPT2 prenylate at the C4
position, CtrpPT and CdpC7PT at the C7 position.

EchPT2 from Aspergillus ruber is the only known PTase that catalyses prenylation at
the C5 position of the indole ring in a DKP, producing compound 220. This reaction
takes place on the cWA substrate 216 only after the C2 position has been prenylated
by the PTase EchPT1 from the same organism, leading to the formation of the
intermediate 221. [Figure 58].301

Figure 58: Prenylation of cWA. EchPT1 catalyses C2-prenylation, EchPT2 C5-prenylation.
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In recent years, a few SQS-like PTases have been identified that accept DKP
substrates. In 2018, genome mining of marine Streptomyces strains uncovered a
three-gene locus in Streptomyces youssoufiensis OUC6819, which includes a new
PTase, DmtC1. This enzyme uses geranyl pyrophosphate to isoprenylate the C3-
position of the cWP substrate 213 forming the corresponding HPI 222 [Figure 59].
Phylogenetic analysis indicated that DmtC1 clusters with squalene synthases rather
than with typical indole PTs.[3%2 Another example from 2021 involves genome mining
of Streptomyces leeuwenhoekii NRRL B-24963, which revealed a two-gene locus with
a PTase SazB fused with a MTase. SazB prenylates the C3-position of the cWW 3a
forming the HPI motif in compound 223.122% Similar to this enzyme, the PTase GczB
from Streptomyces griseocarneus 132 prenylates the same substrate, but leading to

the diastereo-complementary product 224 [Figure 59].13%I

0

H
o
HN HN_ -~
A

213

Figure 59: Prenylation by SQS like PTases. DmtC1 catalyses C3-gemylation, SazPT C3-
prenylation.
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5. RESULTS

5.1. Pyrroloindole based assay

As previously described, the HPI motif is a common building block in biologically active
natural products.[*4-46] The stereoselective synthesis of this motif, however, remains a
significant challenge using traditional organic methods.*’l Therefore, enzymes
involved in the formation of HPIl-based compounds are increasingly studied. These
biocatalytic reactions often feature an intramolecular cyclisation of a substituted indole
225, leading to dearomatisation and the formation of the HPI scaffold 226.[5° %9 Several
enzyme classes have been identified to produce HPIs, including cytochromes P450,l77:
97, %8 monooxygenases,®-%] MTases,[87- 9. 190 gnd PTases,['1-193 which catalyze the
addition of various functional groups, such as hydroxyl, methyl, or prenyl groups
[Figure 60].

2 R3
Enzyme =
- R1_ | N\R2
XN H
H
226

Figure 60: Reaction scheme of an enzymatic HPI formation from an indole substrate 225.

Nevertheless, enzyme optimisation, often via enzyme engineering and directed
evolution, is frequently required to meet industrial demands on a catalyst. This
optimisation is key for enhancing enzyme properties like selectivity, stability, and
activity. Robust high-throughput screening strategies are essential for generating large
enzyme libraries and optimizing biocatalytic processes for drug and natural product

synthesis.[304-306]
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As part of this thesis, a specialised assay was established to quantify the formation of
the HPI reaction product. The inspiration for this HPI product based assay is driven by
a common staining solution in organic chemistry: The cerium molybdate stain (CAM
stain, also known as Hanessian’s stain or Moly-Dip) is commonly used in thin-layer
chromatography (TLC) for detecting a wide range of compounds, including aromatic
alcohols, alkaloids, and lipids.[19.307-309 The staining solution contains cerium sulfate,
ammonium molybdate, and sulphuric acid. Ilts mechanism of action involves the
reduction of Mo(VI) to a lower oxidation state, producing molybdenum blue-like
structures that result in visible colour changes. The Ce(lV) from cerium sulfate acts as
a potent one-electron oxidant.?'% 3" Traditionally, CAM stain is employed for the
qualitative detection of compounds, but recent applications have shown its utility in the

semi-quantitative analysis of lipids on high-performance TLC plates.[308]

5.1.1 Assay development

To develop an assay suitable for enzymes that form HPIs from indole substrates, a
suitable indole/HPI compound pair is required to ensure that the assay specifically
detects the enzymatic product. Melatonin (227) and its C3-methylated derivative 228
were selected as model compounds for this purpose due to their availability and ease
of modification. The C3-methylation of melatonin was achieved using iodomethane as
the methylating agent under basic conditions, with triethyl borane added to prevent N-
methylation. The reaction yielded the C3-methylated HPI melatonin derivative 228 in a
good yield of 76% [Figure 61].
a. 3 equiv. t-BuOK

rt, 30 min
b. 5 equiv. Et3B |

o . Me
| NJQ rt, 30 min o)
c. 4 equiv. Me-I N H \f
N 40 °C, 24 h, THF H

H
melatonin 227 228 76%

Figure 61: Synthesis of C3-methylated melatonin 228.
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As previously mentioned, the HPI assay based on the principle of the CAM stain:
Normally, a TLC plate is dipped into the CAM staining solution, and upon heating, blue
spots develop against a yellow background due to the reduction of the stain’s
components and the formation of molybdenum blue-like compounds as described
before. When this stain is applied to a TLC plate containing both indole and HPI
compounds, the HPI spot becomes colourful without heating, while the indole spot
remains colourless. This observation inspired the development of a microtiter plate

absorbance assay for enzymes involved in HPI formation.

In a first attempt, 5 vol% CAM stain were added to a 1 mM solution of melatonin 227
and C3-methylated melatonin 228 (in 50 mM KPi buffer, pH 7.5) in a 96-well plate.
Only the solution containing the HPI gradually developed a blue colour, further
supporting its potential as a tool for monitoring HPI-forming enzymes. After 20 min, the
absorption spectrum was measured giving an absorption maximum of 608 nm for the

C3-methylated melatonin [Figure 62].

300 500 700
wavelengh [nm]

——melatonin

C3-methylated melatonin

Figure 62: Absorption spectra of 1 mM solutions of melatonin (227) and methylated melatonin
228 after treatment with 5 vol% CAM stain and incubation for 20 minutes.

The assay was optimised by adjusting both the incubation time and the volume of CAM
staining solution. To determine the optimal incubation time, the reaction was repeated
under the same conditions, while measuring the absorbance at different time points.
The maximal absorbance of 0.5 was reached after 30 minutes. For optimizing the CAM
stain volume, the absorbance was recorded after 30 minutes after adding different
amounts of the staining solution. The maximum absorbance was observed with the
addition of 3-5% (v/v) CAM stain. Adding more than 5% led to the formation of a

precipitate, which interfered with absorbance measurements [Figure 63].
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Figure 63: Absorption at 608 nm of a 1 mM solution of melatonin (227) and methylated
melatonin 228 after treatment with 5 vol% CAM stain and different incubation times (left).
Absorption at 608 nm of a 1 mM solution of melatonin (227) and methylated melatonin 228
after treatment with different concentrations of the CAM stain and incubation for 30 min (right).

To determine which component of the cerium molybdate (CAM) stain is responsible for
the blue colouration, the individual components of the stain were added separately to
a solution of C3-methylated melatonin 228. The CAM stain is composed of 25 mM
cerium(lV) sulfate (Cer), 15 mM phosphomolybdic acid (PMA), and 1 M sulphuric acid
(A) in water. Each component was added in proportions equivalent to the amount
present in a 3% (v/v) CAM solution. The most intense colour change was observed
when cerium sulfate and sulphuric acid were combined. The PMA and the complete
CAM stain produced a light blue/violet colour after incubation with the HPI substrate.
In the CAM stain, the blue colour typically arises from the reduction of Mo(VI) to a lower
oxidation state, resulting in molybdenum blue-like pigments.1%. 3121 Ascorbic acid, a
known reducing agent, was tested as a positive control to verify this mechanism using
the individual components of the CAM stain. Only the solutions containing PMA
exhibited the characteristic blue colour. However, the colour formation observed in the
HPI-containing solution, when treated with acid and cerium sulfate, cannot be
attributed to the formation of these molybdenum blue pigments, indicating a different

underlying mechanism [Figure 64].
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Cer Cer - - Cer Cer
= = PMA PMA PMA PMA

C3-methylated |
melatonin

Ascorbic acid Q

Figure 64: Screening of CAM stain components. 1 mM solution of C3-methylated melatonin
228 or ascorbic acid after treated with CAM stain components and incubation for 30 min. The
CAM stain is composed of 256 mM cerium(lV) sulfate (Cer), 15 mM phosphomolybdic acid
(PMA), and 1 M sulphuric acid (A) in water. Each component was added in proportions
equivalent to the amount present in a 3% (v/v) CAM solution.

To compare the CAM stain with the newly developed acidic cerium sulfate stain, a
dilution series of the model substrate, C3-methylated melatonin 228 in KPi buffer, was
prepared. Each dilution was treated under the same optimised conditions: 3% v/v
staining solution and 30-minute incubation. With the CAM stain, precipitation occurred
at HPI concentrations below 0.5 mM, resulting in diminished colour intensity. In
contrast, the acidic cerium sulfate stain did not produce any precipitation even at lower

HPI concentrations, making it more effective for detecting these compounds at lower

levels.
——Cerium Molybdate Stain Cerium sulfate + Acid
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Figure 65: Dilution row of C3-methylated melatonin 228 (0-1 mM, 200 uL) after adding the
staining solutions (3 Vol% CAM or acidic cerium sulfate solution) and incubation for 30 min.
The absorption was measured at 608 nm after centrifuging the solution and pipetting 100 uL
in a new plate.
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Since cerium sulfate and sulphuric acid appeared to be crucial for the colouration of
the HPI-containing solution, these components were selected for individual
optimisation. Either the sulphuric acid or the cerium sulfate concentration was varied,
while keeping the other component stable (same amount like in the starting condition:
3 vol% acidic cerium sulfate solution). The optimisation was conducted at two HPI 228
concentrations (0.25 mM and 0.75 mM) to assess both low and high concentrations in
KPi buffer (50 mM, pH 7.5) in a total volume of 200 uL. At concentration of 0.25 mM of
the HPI1 228, the highest absorption was observed with 0.02 M acid and 0.5 mM cerium
sulfate. For the concentration of 0.75 mM of the C3-methylated melatonin 228, optimal
absorption required higher amounts: 0.03 M acid and 1.25 mM cerium sulfate. In an
additional experiment, the incubation temperatures were varied (20 °C, 35 °C, and 50
°C) revealing the highest absorption when incubating 35 °C, even though the

temperature has only little impact [Figure S 3].

m 0.25 mM pyrroloindole = 0.75 mM pyrroloindole 1

0,8 . ) i ) 0,8 z = I
) 0,6 06 I ]
204 2 <04

0,2

02 _ .
Olinllliloll|||||

0,005 0,01 0,015 0,02 0,025 0,03 0,035 0,04 0125 025 05 075 1 125 15

Cone. acid [M] Cerium sulfate [mM]

0.25 mM

) 0.75 mM C K K |

Figure 66 Optimisation of the HPI assay. Single parameter optimisation of acid concentration
or cerium sulfate concentration for 0.25 mM and 0.75 mM of the HPI 228.

To account for potential interactions between parameters, a design of experiment was
conducted using sulphuric acid and cerium sulfate concentrations as variables, with
absorption as the response measure. The findings confirmed the results from the single
parameter optimisation for the higher HPI concentration. For the lower concentration,
the acid concentration was optimised to 22.5 mM, while the cerium sulfate

concentration was maintained at 0.5 mM [Table S 1, Table S 2].
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Figure 67: Result of the design of experiment approach varying the acid and cerium sulfate
concentration for 0.25 mM and 0.75 mM of the C3-methylated melatonin 228.

Using the newly optimised conditions, the linear range for each concentration was
determined. The optimised parameters for low HPI concentrations exhibited a linear
range from 0.1 to 0.4 mM, while the conditions for high HPI concentrations showed a

linear range from 0.5 mM to 1 mM.

e 0.25 mM conditions e 0.75 mM conditions
1,2

08 y = 1,1361x - 0,0969 e

w
206 R2 = 0,9964 &

04 ot -y =1,7569x - 0,7159
0,2 & Rz =0,9937

0 0,2 04 0,6 0,8 1
Pyrroloindole conc [mM]

0.75 mM cond. | 00 Q ! O .;|

0.25 mM cond OO0 @ Q’ Q‘\)“Q

Figure 68: Calibration of the C3 methylated melatonin 228 under optimised conditions for low
and high concentrations.
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5.1.2 Substrate scope

In the class of HPI natural products, C3-hydroxylated (class B) and C3-alkylated
(class C) derivatives are widely found and display a variety of biologically significant
properties. To demonstrate the utility of the developed assay for enzymes transferring
these groups to form the HPI motif, the model substrate melatonin (227) was modified
respectively: The melatonin was selectively modified at the C3-position by methylation,
prenylation, and hydroxylation. The prenylation was accomplished using
prenylbromide as alkylating agent yielding the C3-prenylated melatonin 229. The C3-
hydroxylated melatonin 230 was synthesised via a four-step process: the indole N17-
nitrogen of melatonin (227) was first protected with a tert-butyloxycarbonyl (Boc) group,
resulting in the Boc-protected melatonin 231. The HPI motif in the intermediate 232
was formed by adding potassium bromide and Oxone® in equimolar amounts to the
protected melatonin 231 in acetonitrile for 4h at room temperature. After the
deprotection of the nitrogen under acidic conditions towards intermediate 232, the
bromine was substituted by the hydroxy group by the reaction with silver sulfate in
water and acetonitrile yielding the protected C3-hydroxylated melatonin 233. An overall

yield of 49% was achieved for these four reactions [Figure 69].
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Figure 69: Synthesis of C3-prenylated 229 and C3-hydroxylated melatonin 230.

To test the applicability of the developed assay for these substrates, each derivative

was prepared in a 1 mM solution in KPi buffer (50 mM, pH 7.5) and tested under the

optimised conditions. The substituted derivatives exhibited absorption maxima

between 595 nm and 615 nm, indicating that the colourimetric assay is not reliant on

specific substituents at the C3-position. Therefore, the HPI assay is not only suitable

for methyltransferases but also holds potential for use with cytochromes P450,

monooxygenases, prenyltransferases, and other enzymes involved in HPI motif

formation, although additional research is needed to confirm its broader applicability.

92



5. Results

Additionally, various natural products and derivatives were tested to extend the
substrate scope like esermethol (81), phenserine (234), eseroline (235), rivastigmine
(236) and physostigmine (48). Only those containing a HPI motif displayed colour
(absorption maxima between 455 and 475 nm) after treatment with the staining
solution. Additionally, physostigmine precursor analogues 148+149 and 237-239
(provided by Diana Amariei and Pascal Schneider), which differ in their C5-position
and nitrogen substituents in the HPI ring, showed absorption maxima ranging from 560
nm to 570 nm. The dipeptide 3a, which is a core structure for many HPI-containing
natural products, was also tested. A vibrant red precipitate formed after adding the
staining solution to the HPI containing DKP 240. Interestingly, when the experiment
was repeated using ten times the amount of sulphuric acid, no precipitate formed
indicating a better solubility, resulting in a high measurable absorption at 475 nm. This
molecule, containing two HPI motifs, exhibited an absorption more than double that of

the other tested compounds [Figure 70].
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Figure 70: Application of the HPI assay for the melatonin derivatives, physostigmine analogs,
a dipeptide, and other natural products. The ring filled colour indicates the colour after applying
the assay to the corresponding compound. The absorption was measured at the absorption
maximum.

As cerium-based staining solutions rely usually on redox mechanisms, the redox
properties of the tested compounds were analysed. To determine their oxidation
potential, an ABTS-based method was employed. In this approach, a pre-generated
ABTS-+ radical cation reacts with the antioxidant, causing the characteristic absorption
peak at 734 nm to disappear.?3l This change in absorbance was compared to a
standard (ascorbic acid) to calculate the relative oxidation potential of each compound.
Results showed that the HPI form of melatonin, the physostigmine analogs, and the
dipeptide exhibited significantly higher oxidation potentials compared to their non-
cyclised indole forms. Additionally, the reduction potential of melatonin derivatives was
assessed using cyclic voltammetry with the equipment of the working group of Prof.
Dr. Constantin Czekelius. Melatonin's reduction potential was measured at 0.98 V,
consistent with values reported in the literature.[3'¥ The C3-substituted derivatives

showed lower reduction potentials, around 0.6 V [Figure 71].
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Figure 71: Oxidation potential measured with the ABTS assay (left) and reduction potential
measured with cyclic voltammetry of selected compounds (right).

In a similar experiment, solutions of C3-substituted HPI melatonin derivatives were
electrochemically oxidised using a carbon felt anode and Ag/AgCl cathode at 0.1 A
and 15 V. Gradually, the solutions turned blue. Absorbance measurements revealed
an absorption profile with a peak at approximately 608 nm, confirming the characteristic
colour formation. This suggests that the colour formation is due to the oxidation of the
C3-substituted HPI melatonin derivative itself, triggered by the cerium sulfate.
However, the coloured compound could not be isolated or crystallised, preventing

further structural elucidation [Figure 72].
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Figure 72: Absorption spectrum of a solution of 1 mM C3-methalted melatonin in 50 mM KPi
buffer and 0.03 M sulphuric acid after 5 min at 0.1 A and 15 V. Picture of the same solution
after 5 and 10 min.
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5.1.3 Application for Methyltransferases

The assay was applied to determine the activity of the C3-indole MTase PsmD from
Streptomyces albulus (PsmD_Sa), an enzyme involved in the biosynthesis of the
acetylcholinesterase (AChE) inhibitor physostigmine (48). The enzyme was provided
by Diana Amariei. A dilution series of the C3-methylated product 149 was used as a
calibration curve to quantify the product concentration during the enzymatic reaction
[Figure S 5]. The reaction was stopped at various time points by addition of TFA, and
the samples were directly analysed using the assay. The product concentration was
plotted against time, allowing for the calculation of the specific activity of PsmD_Sa.
Using the HPI assay, the specific activity was determined to be 0.047 + 0.006 U/mg
[Figure 73]. A comparison with RP-HPLC measurements provided a similar specific
activity of 0.046 + 0.003 U/mg.
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Figure 73: Reaction scheme of the reaction catalysed by PsmD_Sa in the presence of the SAM
cofactor. The conversion was calculated at different time points during the reaction catalysed
by isolated PsmD_Sa. The slope corresponds to comparable activity.
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To demonstrate proof of concept for high-throughput screening applications, the HPI
assays were tested to monitor reaction conversions using whole cells containing the
biocatalyst. Wild-type PsmD_Sa and its mutants R85A and E35A were expressed in
E. coli, and the harvested cells were resuspended in a reaction mixture containing
compound 148 and supplemented with SAM (93). E. coli cells carrying an empty
pET21a(+) vector served as a negative control. After 16 hours of incubation, the
reactions were quenched, and cell debris was removed by centrifugation. The
enzymatic reaction was performed by Diana Amariei. The resulting supernatant was
subjected to the HPI assay, following standard protocols. For validation purposes,

conversion was also assessed via RP-HPLC.

The results from the HPI assay showed significant influence from the background
signal in the reactions containing cells, leading to discrepancies from the HPLC results,
particularly at lower conversion rates. However, at higher conversions, the trend was
consistent, although the absolute conversion values varied. Thus, under these
conditions, the HPI assay can be effectively used for qualitative screening, but not for

precise quantitative analysis when not working with purified enzyme.
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Figure 74: Conversion of 148 to 149 for the tested mutants, determined from the supernatant
using the HPI assay (orange) and RP-HPLC (grey).
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The assay, however, is not limited to these specific reactions and can be broadly
applied to quantify substituted indoles and HPIs. For instance, C3-hydroxyl melatonin
230, an oxidised melatonin metabolite with a HPI structure, serves as a biomarker for
oxidative stress.®'5 3161 The assay has the potential to be applied for detecting similar
compounds across various fields. Its flexibility allows it to be adapted for diverse
applications, making it useful in enzymatic activity studies, drug discovery, or high-

throughput screening in biosynthetic research.

In this chapter, a high-throughput assay was established for detecting pyrroloindoles
using the cerium molybdate (CAM) stain. The method selectively identifies HPIs but
not indoles, making it suitable for monitoring enzymes such as P450s,
monooxygenases, methyltransferases, and prenyltransferases that generate HPIs
via indole cyclisation. Using melatonin and its C3-methylated derivative as model
compounds, the assay was simplified to an acidic cerium sulfate system and
optimized via a design of experiment approach. It reliably detects a broad range of
C3-substituted HPIs and natural products, regardless of substituents. The assay
successfully quantified the activity of the methyltransferase PsmD, giving results
consistent with  HPLC measurements, and demonstrated potential for high-

throughput screening.
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5.2 DKP C3-indole methyltransferases

C3-MTases play a role in the biosynthesis of some interesting natural products
containing the HPI motif. One objective of this thesis is to explore their potential as
biocatalysts for the stereoselective synthesis of this structural motif, highlighting their
synthetic utility. A prominent example is the MTase from Streptomyces griseofuscus
PsmD, which is involved in the production of physostigmine.l®® 1% PsmD is the most
extensively studied C3-indole MTase, with only two additional MTases identified so far,
which both methylate a DKP based substrate: the MTase from Nocardiopsis sp. CMB-
M0232 NozMT and the MTase from Streptomyces sp. HPH0547 StspM1.158.87. 235 The
MTase NozMT catalyses C3 and N-methylation within the biosynthesis pathway of
nocardioazine B (7).1% 871 The C3-MTase StspM1 was found to methylate the LL-cWW
substrate 3a forming the HPI structural motif on one side of the DKP.123% Furthermore,
a homolog of NozMT, named NozB-CYIM, has been identified in Nocardiopsis
chromatogenes YIM 90109. However, its biochemical properties and functional

characterisation remain unexplored.[®’]

In this study, StspM1 was used as a reference for a homology search as this enzyme
accepts the DKP substrate without further modifications. This search revealed three
potential homologs based on sequence similarity: SgMT from Streptomyces
griseoviridis, SeMT from Saccharopolyspora erythraea, and SaMT from Streptomyces
albus. Furthermore, two homologs of NozB-CYIM were identified by homology search
on this uncharacterised enzyme: MtMT from Marinactinospora thermotolerans and
ThMT from Thermobifida halotolerans. These enzymes (StspM1, SgMT, SeMT, SaMT,
NozB-CYIM, MtMT, and ThMT) were analysed for similarities in their sequences and

their structures [Table 2].
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Table 2: Origin organism and gene bank entry number of the MTases NozMT, NozB-CYIM,

ThMT, MtMT, StspM1, SgMT, SeMT and SaMT.

Enzyme Organism Gene bank entry

NozMT Nocardiopsis sp. CMB- UYF26243.1
M0232

NozB- Nocardiopsis WP_026123683.1

CYIM chromatogenes

ThMT Thermobifida WP_068687933.1
halotolerans

MtMT Marinactinospora WP_078762832
thermotolerans

StspM1 Streptomyces sp. QEI59523.1
HPH0547

SgMT Streptomyces WP_189425200.1
griseoviridis

SeMT Saccharopolyspora WP_009942263.1
erythraea

SaMT Streptomyces albus WP_205630362.1

5.2.1 Sequence and structural comparison

The sequences of the new MTases SgMT, SeMT, SaMT, MtMT, and ThMT were

compared to those of the literature known MTases PsmD, NozMT, StspM1, and NozB-

CYIM. Based on sequence similarity, the enzymes can be classified into two groups.
The first group, consisting of NozMT, StspM1, SgMT, SeMT, and SaMT, shows 37%
to 45% sequence identity with the well-studied PsmD. The second group includes
NozB-CYIM and its homologs, MtMT and ThMT, which exhibit lower similarity to PsmD
(around 20%). Among StspM1 and its homologs, sequence similarity varies: SaMTs
sequence is 98% identical to the sequence of StspM1, SQMT 79%, and SeMT 56%.
SaMT has the highest similarity but is shorter by 21 amino acids at the N-terminus.
The sequences of the group two MTases NozB-CYIM, ThMT, and MtMT are over 80%
identical (85.19% between ThMT and MtMT) [Table 3].
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Table 3: Sequence identity of literature known MTases with the analysed enzymes.

Sequence identity with
Enzyme | o mD |NozMT |StspM1 |NozB-CYIM
NozMT | 37,26 - 43,61 20,60
StspM1 = 39,69 43,61 - 22,39
SgMT 4023 4453 7918 20,90
SeMT 4440 4356 56,39 21,11
SaMT 38,59 43,67 97,59 22,39
NozB-
CYIM 18,46 20,60 22,39 -
ThMT 2154 20,10 21,89 80,99

The literature known and characterised C3-MTases NozMT and StspM1 belong to
class | MTases, characterised by a Rossmann-like superfold.58 1 This domain
typically consists of six to seven B-strands connected by hydrogen bonds, interspersed
with a-helices. In MTases, the final B-strand is oriented antiparallel to the other six
strands.l'®! The structures of NozMT, StspM1, and its homologs SgMT, SeMT, and
SaMT as well as NozB-CYIM and its homologs ThMT and MtMT were analysed for
their overall structural features. Structural models were generated using RobettaFold
from the BakerLab.7]

The group one MTases display a high degree of structural similarity, featuring the
typical Rossmann fold and a B-cap domain, both of which have also been described
for PsmD [Figure 75A]. The generated models generally have high structural
confidence, with low estimated errors for most amino acid positions. However, larger
errors were noted at the N-terminus and in loop regions around amino acids 170 and
210 [Figure 75B].
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Figure 75: A: Structures of StspM1 (blue), SQMT (pink), SeMT (green), SaMT (orange) and
NozMT (grey) generated using RobettaFold. B: Structural confidence of the created structures:
Estimated errors in angstrom for each amino acid position of the modelled enzyme.

Similarly, the group two MTases exhibit strong structural similarity to one another
containing the Rossman fold [Figure 76A]. Higher estimated errors were observed at
the C-terminus and in loop regions around amino acids 140, 190, and 210, compared

to the rest of the enzyme [Figure 76B].
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Figure 76: Structures of NozB-CYIM (green), MtMT (violet) and ThMT (red) generated using
RobettaFold. B: Structural confidence of the created structures: Estimated errors in angstrom
for each amino acid position of the modelled enzyme.
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When comparing the group one and group two MTases, both share the characteristic
Rossmann fold. However, the most significant difference is observed between amino
acids 175 to 225 in NozMT (exemplary for group one) and NozB-CYIM (exemplary for
group two) and the corresponding regions in their homologs. In the group one MTases,
this region forms a §-cap domain, whereas in the group two MTases, the cap domain
is composed of a-helices. Additionally, the positioning of these cap domains differs

relative to the active site in each group [Figure 77].

N-Terminus

aa 175-225
NozMT

aa 175-225
NozB-CYIM

Rossmann fold

Figure 77: Structures of NozMT (grey) and NozB-CYIM (green) as representants of group one
and two MTases aligned. The cap domains are highlighted showing a different secondary
structure and positioning.

To identify the active site of a MTase, the SAM binding site can be located. In MTases,
the SAM binding position is found along the C-terminal end of the core -sheet (strand
I-111), where SAM (93) is stabilised by a network of hydrogen bonds and van der Waals
interactions. The SAM-binding motif is typically characterised by the sequence [(V/I/L)
(L/V) D/IE (V) G (G/C) G (T/P) G], which interacts with the carboxypropyl group of
SAM (93). Identifying this motif in unknown enzymes can provide an initial indication

of MTase activity.165 195-19]
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StspM1 and its homologs SgMT, SeMT, and SaMT as well as NozMT, NozB-CYIM,
and its homologs ThMT and MtMT were analysed for the presence of the SAM-binding

motif. In all these MTases, the core SAM-binding motif was identified, with only minor

amino acid variations [Table 4, Figure 78]. For instance, in the group one MTases, the

first glycine in the GxG/CxG motif is replaced by cysteine, resulting in a CxGxG

sequence. Despite this variation, NozMT and StspM1 have been shown to be active,

indicating that this difference does not hinder SAM binding.[8: 2391

Table 4: SAM binding motif identified in the listed MTases.

MOTIF VIL LW DE VI G GC G TP G
NozMT | E L C C G T G
NozB-CYIM L D L G C G G G
ThMT L D L G C EEEE
MtMT L D L G C G G G
StspM1 L E I C C G T G
SgMT L E I C C G T G
SeMT L E I C C G T G
SaMT L E | C C G T G

o,
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B
'*%v‘v,
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Figure 78: Structures of NozMT (grey) and NozB-CYIM (grey) as representatives of group one
and two MTases aligned. The SAM binding motif of NozMT is highlighted in yellow, the binding

motif of NozB-CYIM in orange.
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The active site differs in size between the two groups due to the variation in their cap
domains. Group one MTases have a 3-cap domain along with an N-terminal helix ("lid")
that covers the active site. In contrast, the a-cap domain in group two MTases is
positioned differently, resulting in a more open active site [Figure 79].

Group

Figure 79: Structures of NozMT (grey, left) and NozB-CYIM (green, right) as representants of
group one and two MTases displayed with the protein surface and the active site with SAM
(93) (pink).

The active site of a C3-MTase was analysed in literature on PsmD: A comprehensive
study, which included crystallisation and alanine scanning mutagenesis, provided
significant insights into its catalytic site. The enzyme's mechanism involves a catalytic
triad composed of tyrosine, histidine, and glutamate [Figure 41]. The MTases from
both group one and group two were analysed for the presence of this catalytic triad.
Group one MTases possess this triad in the equivalent positions, although in StspM1,
SgMT, and SaMT, the glutamate found in PsmD is replaced by aspartate. SeMT and
NozMT retain the glutamate [Figure 80]. Since the histidine and aspartate residues are
located in the B-cap domain, group two MTases do not contain these residues. The
tyrosine of the catalytic triade is replaced by a histidine in all the enzymes from group
two [Figure S 8].
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Catalytic triade Q

Figure 80: Structures of StspM1 (blue), SgMT (pink), SeMT (green), SaMT (orange) and
NozMT (grey) generated using RobettaFold. The active site is zoomed in showing the catalytic
triade containing a Tyr, His and Asp/Glu depending on the enzyme.

As the goal of this thesis is to utilise C3-MTases for the synthesis of natural products
with a DKP core (lansai B), the initial analysis suggests focusing on group one MTases:
Within this group, both StspM1 and NozMT have been shown to accept derivatives of
the cWW DKP [Figure 18, Figure 19]. Since lansai B 5 is based on an LL-cWW 3a
structure, StspM1 appears to be a promising candidate, as it accepts this substrate,
though it is only known to methylate one side of the DKP. Therefore, StspM1 and its
homologs SgMT, SeMT, and SaMT will be focused within this study.
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5.2.2 Substrate synthesis

Since StspM1 and NozMT are known to accept DKP substrates, a range of DKP-
containing and structurally related compounds were synthesised to evaluate the
substrate specificity of selected MTases. The main substrate for StspM1 is LL-cWW
3a, but no other stereoisomers have been explored yet. The aromatic side chain on
the second tryptophan residue in 2,5-DKP may be important for StspM1 activity, as it
could play a role in substrate recognition and configuration.[?3® Therefore, all
stereoisomers of c(WW 3a-c, cWY 241a-d, cWF 242a-d, and cWH 243a-d were
selected as the primary substrate set. To investigate whether the aromatic side chain
is essential, a second set of substrates—cWA 216, cWV 244, and cWL 245—was
chosen, varying the side chain length of the second amino acid. Lastly, two
benzodiazepine-2,5-dione substrates 246a+b were selected, which features a seven-
membered ring as the central motif while maintaining aromaticity on both sides of the
molecule [Figure 81]. Noteworthy, prenylation of this substrate at the C3-position
results in the formation of the natural product aszonalenin (49) [Figure 12].2'8 The
synthesis of these substrates was carried out with help of students from the
“Naturstoffsynthese” practical course, namely A. Wassing, S. Malaczynski, S. Dewi, A.

Apostolidis, S. Przetak, N. Hassani, and E. Pfirmann during his bachelor thesis.
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Figure 81: Set of compounds which have been synthesised as substrates for the methylation
reaction with the MTases. For cWW 3, cWF 242, cWY 241 and cWH 243 all different isomers
(a-d) have been synthesised, for cWA 216, cWL 244 and cWV 245 only L-amino acids were
used. The cWBenz 246 were synthesised as both enantiomers.

The synthesis of the DKP substrates involved three reaction steps. First, Cbz-protected
tryptophan 247 was coupled with an orthogonally protected methyl ester amino acid
248. Bis-(2-oxo0-3-oxazolidinyl)phosphinic chloride (BOP-CI) was used as the coupling
agent, except for the cWH substrates 243, where ethylcarbodiimide hydrochloride
(EDC-HCI) was employed under different conditions due to lack of conversion. After
deprotecting the amino group using Pd/C and hydrogen generated from ammonium
formate of the dipeptide 249, the final step involved cyclizing the DKP ring by adding a
solution of ammonia in methanol to the amine 250 and applying heating for 3 h. Each
final DKP product 251 was purified via column chromatography [Figure 82]. The yields

of the DKP products were determined for the three steps [Table 5].
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y 3 equiv. BOPCI
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Figure 82: Synthesis scheme for the synthesis of the DKP substrates.

The synthesis of the benzodiazepine-2,5-dione substrates 246 were completed in two
steps, starting with tryptophan 202 and isatoic anhydride 252 [Figure 83]. First,
triethylamine was added as a base together with water and the reaction was stirred for
5 hours at room temperature. After removing the water as solvent under reduced
pressure, acetic acid was added, and the mixture was refluxed for 5 hours. The final

product was purified by recrystallisation [Table 5].

a) 1.0 equiv. Et3N
H,O, 5 h, rt

H H
N
H b) acetic acid, 5 h N
NYO Y, 120°C H 2 A\
0 + >
H,N NH
0 CO,H
252 202 O 246

Figure 83: Reaction scheme for the synthesis of the benzodiazepine-2,5-dione substrates 246.
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Table 5: Yields and scale of the synthesised DKP substrates. The L/D nomenclature derives
from the stereochemical configuration of the amino acids used as starting material.

DKP Stereo- No. Final yield Scale of final Scale of final
information [%] product [mmol]  product [mg]
LL 3a 91 1.11 409
cWW DD 3b 90 1.38 514
LD 3c 85 0.8 298
LL 241a 71 1.21 423
DD 241b 89 1.21 424
cWY LD 241c 85 1.19 415
DL 241d 55 0.98 343
LL 242a 91 1.35 449
WE DD 242b 90 1.34 447
LD 242c 75 1.20 401
DL 242d 74 0.98 328
LL 243a 57 0.99 320
cWH DD 243b 35 0.59 190
LD 243c 46 0.55 178
DL 243d 41 0.51 165
cWA LL 216 62 1.53 393
cWV LL 244 80 0.77 220
cWL LL 245 77 0.87 260
cWBenz L 246a 31 0.76 231
246b 33 0.78 249
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This chapter gives an introduction into the C3-MTases investigated in this thesis.
NozMT from Nocardiopsis sp. CMB-M0232 and StspM1 from Streptomyces sp.
HPHO0547 are literature known DKP C3-MTases. NozB-CYIM from Nocardiopsis
chromatogenes was mentioned in literature as a potential homologous catalyst to
NozMT. Using StspM1 as a reference, a homology search identified additional
potential C3-MTases, including SgMT from Streptomyces griseoviridis, SeMT from
Saccharopolyspora erythraea, and SaMT from Streptomyces albus. Homologs of
NozB-CYIM include MtMT from Marinactinospora thermotolerans and ThMT from
Thermobifida halotolerans. These enzymes were analyzed for sequence and

structural similarities, revealing two distinct groups:
1. Group One: NozMT, StspM1, SgMT, SeMT, and SaMT
2. Group Two: NozB-CYIM, MtMT, and ThMT

Structural models generated with RobettaFold revealed that group one MTases
share structural similarities, including the Rossmann fold and a 3-cap domain, while
group two MTases display a-cap domains, contributing to differences in active site
configuration. The SAM-binding motifs in all analyzed MTases are conserved, with
minor variations. Group one MTases possess a catalytic triad (tyrosine, histidine,

and glutamate/aspartate), while group two MTases lack this specific configuration.

Various DKP substrates were synthesized including all sterecisomers of cWW 3,
cWY 241, cWF 242, and cWH 243, as well as the L- amino acid based cWA 216,
cWV 244, and cWL 245 to explore the role of aromatic side chains in substrate
recognition. Additionally, two benzodiazepine-2,5-dione substrates 246 were

synthesized.
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5.3 StspM1
The indole C3-MTase from Streptomyces sp. HPH0547 is the first identified enzyme

capable of converting the LL-cWW 3a as a substrate. It catalyses the indole C3-
methylation in this DKP substrate, resulting in a mono-methylated HPI product. While
previous studies have explored the enzyme's pH and temperature optima, its natural
substrate and precise role in the biosynthesis of HPI-containing natural products
remains unclear. Li et al. proposed a potential biosynthetic pathway in Streptomyces
sp. HPHO0547, suggesting the (S)-isomer of nocardioazine B (7) as the pathway's final
product [Figure 43].2%%1 However, naturally occurring nocardioazine B (7) is now
recognised to contain D-tryptophan amino acids.® This discrepancy underlines the
importance of investigating the enzyme's acceptance of bb-cWW 3b as a substrate in
further studies. The gene of StspM1 was synthetically constructed in a pET28a(+)
vector (GenScript, USA) by Pascal Schneider during his doctoral thesis and cloned
into a pET21a(+) expression vector with a C-terminal His6-tag by Nadiia Pozhydaieva

during her master thesis.

5.3.1 Characterisation

The MTase StspM1 was heterologously expressed in E. coli BL21 Gold (DE3). After
cell lysis, the enzyme was purified via nickel NTA affinity chromatography according to
the protocol of Nadiia Pozhydaieva using a washing buffer containing 100 mM
imidazole and a elution buffer containing 250 mM imidazole.'% The molecular weight
of StspM1, including the C-terminal His-tag, is calculated to be 30.9 kDa. A distinct
band at approximately 30 kDa is observed at the SDS-gel electrophoresis of the lysate-

, washing- and elution fractions collected during the purification process [Figure 84].
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Figure 84: SDS-Gel of the purification of StspM1 according to the protocol of Nadiia
Pozhydaieva. Ref. = Unstained protein Standard, P = pellet, Lys = lysate, FT = flow through,
W = wash (100 mM ImH), E = elution (250 mM ImH). The band at 30 kDa is highlighted.

In the initial purification attempt using a washing buffer with 100 mM imidazole and an
elution buffer containing 250 mM imidazole, a significant portion of the protein was lost
in the washing fraction. To optimise the process, a linear imidazole gradient was
applied using an AKTA system, with protein elution monitored by absorbance at
280 nm [Figure 85A]. During the gradient, unbound protein was observed to elute in
the early fractions with no imidazole, and a second peak appeared in fractions 5 to 8
(ca. 80 mM imidazole), corresponding to impurities as confirmed by SDS-gel. The
target protein, StspM1, eluted in fractions 9 to 14 (ca. 160 mM imidazole), displaying a
strong band at approximately 30 kDa on the gel [Figure 85B]. Based on these
observations, an optimised purification protocol was developed. A washing buffer with
80 mM imidazole was selected to elute the impurities, and an elution buffer with

160 mM imidazole was chosen to efficiently release StspM1.
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Figure 85: Optimisation of the purification process via Ni-NTA of StspM1. A: Chromatogram of
the purification with the Akta: A linear imidazole gradient was applied. The absorption at
280 nm was measured during the process. B: Corresponding SDS-Gel to the purification.

Using this updated imidazole concentrations, the purification process involved washing
with five column volumes of the 80 mM imidazole buffer (fractions W1-W5) followed by
elution with three column volumes of 160 mM imidazole buffer (E1-E3). The SDS-gel
analysis of the elution fractions confirmed the high purity of StspM1, with no visible
contaminating proteins [Figure 86]. The optimised protocol significantly improved the
enzyme yield, achieving 1.6 mg of StspM1 per gram of wet cell weight, representing a

240% increase compared to the initial method.
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Figure 86: SDS-Gel of the optimised purification process of StspM1: The washing buffer
contained 80 mM ImH, the elution buffer 160 mM ImH.

After the purification via IMAC, the oligomerisation state of StspM1 was assessed using
size-exclusion chromatography. The calibration for the analytic size exclusion
chromatography was performed using a gel filtration marker kit including blue dextran,
a-amylase, cytochrome C, alcohol dehydrogenase, BSA, and carbonic anhydrase
[Figure S 9, Table S 3]. StspM1 eluted at an elution volume of 78.4 mL, which
corresponds to an experimentally determined molecular weight of 70.5 kDa, which
differed from the predicted weight based on the sequence (61.8 kDa). This discrepancy
can be attributed to the dimer's non-ideal globular shape, a phenomenon also reported
for the homologous MTase PsmD.[* Additionally, a dimeric structure was supported
by predictions from GalaxyHomomer32% which is a bioinformatics tool used for protein
structure and oligomeric state prediction, by Benoit David. The B-cap domain,
containing solvent-exposed apolar amino acids, likely facilitates dimerisation through

interactions mediated by this region [Figure 87].
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Figure 87: A: Dimeric model of StspM1 in complex with LL-cWW 3a and SAM (93). B: Predicted
dimerisation interface: 1 and 2 highlight the parts of the 3D structure corresponding to the
Rossmann fold and the 3-cap domain, respectively. Figure by Benoit David.

As previously stated, StspM1 is known to catalyze the indole C3-methylation of LL-
cWW 3a, producing a mono-methylated HPI product 168a.3®! For comparison, a
chemically synthesised reference product was prepared through methylation using a
base, triethyl borane and methyl iodide as the methylating agent [Figure 88].['3¢ The
lack of stereoselectivity in this chemical synthesis resulted in the formation of two single
methylated diastereomers 253, requiring separation via column chromatography. This
process yielded the individual isomers in low amounts. In addition to the desired mono-
methylated product 253, methylation on both sides of the substrate was also observed
forming the dimethylated products 254. A HPLC method was developed to effectively
separate the diastereomers and to serve as a standard for evaluating the biocatalytic
methylation products with the help of Birgit HenRen [Figure 88].
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Figure 88: Chemical methylation reaction using -BuOK, triethylborane and methyl iodide as
the methylating agent. The substrate and products were submitted to RV-HPLC (hyperclone
column, gradient of water and acetonitrile) eluting at different time points visible by absorption
measurement at 284 nm.

In an initial attempt, the enzymatic reaction was repeated with the LL-cWW 3a, its
isomers DD-cWW 3c as well as LD-cWW 3¢ under the same conditions as previously
published by Li et al. (pH 7.5, 50 mM TRIS, 100 mM NaCl, 1 mM SAM (93), 1 mM
cWW 3, 40 uM StspM1, 30 °C, 120 min).[23% The methylation reaction proceeded at a
rate ten times slower than reported. More surprisingly, the enzyme StspM1 not only
catalysed single methylation, but also exhibited double methylation for the LL-cWW 3a
to form the product 240. In comparison, bb-cWW 3b was only converted to the single-
methylated product, and LD-cWW 3c¢ did not show any conversion under the tested
conditions [Table S 4, Figure 89A]. To determine the relative configuration of the newly
formed stereogenic centres in methylated LL-cWW 3a and bb-cWW 3b, ROESY NMR
spectra were recorded to identify spatially adjacent protons. For single-methylated bD-
cWW 168b, a correlation between 3-Me and 11-H was observed, confirming a relative
configuration in which the 11-H proton and 3-Me methyl group are on the same side of
the molecule (cis) [Figure 246, Figure 89B]. In contrast, no correlation was observed
between 3-Me and 11-H in methylated LL-cWW 168a (trans) [Figure 245, Figure 89B].
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The absolute configuration of the newly formed stereogenic centres in both isomers
aligns with those found in nocardioazine B (7) and lansai B (5).1°% Regarding selectivity,
StspM1 demonstrated exceptional diastereoselectivity (dr >99:1) as a catalyst for
synthesising the HPI structural motif found in these natural compounds. For
comparison, the recently studied MTase NozMT from Nocardiopsis sp. CMB-M0232,
which is involved in the biosynthesis of nocardioazine B (7), does not accept any of the

cWW-substrates 3a-c.[%8!
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Figure 89: A: Substrate acceptance (cWW isomers 3) of the MTase StspM1. B: DFT-structures
(r2SCAN-D4/def2-TZVP/C-PCM(H20)) of single methylated LL-cWW 168a (left) and DD-cWW
168b (right) created by Sebastian Myllek. ROESY correlation was only observed between 11-
H and 3-Me in the single methylated DD-cWW 168b.
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To further investigate these findings and compare the enzyme's performance with both
enantiomeric cWW substrates 3a and 3b, 3D Michaelis-Menten kinetic (MMK)
analyses were conducted to determine the kinetic parameters of StspM1 for each
substrate [Figure 90, Figure 91]. During the experiments, the concentration of either
SAM (93) or the respective cWW substrate 3 was fixed at 50 uM, while the other
substrate was varied across a range of 0.2—200 yM. Reactions were carried out in a
96-well plate using an enzyme concentration of 1.5 yM. Substrate conversion rates
were determined using the commercially available MTase Glo Assay (Promega), a
bioluminescence-based method that detects the formation of SAH and, therefore,

measures SAM (93) consumption during the MTase reaction [Figure S 1].

By plotting the reaction rate against substrate concentrations, a K, value of 3.86 uM
was determined for LL-cWW 3a, while its enantiomer bb-cWW 3b exhibited a K,,, value
of 14.75 pM, indicating a higher substrate affinity of the enzyme for LL-cWW 3a
[Table 6].

Table 6: Kinetic parameters of LL-cWW 3a (left) and bb-cWW 3b (right) for the biocatalysed
methylation using SAM (93) as a cofactor.

LL- cWW 3a pb- cWW 3b
Km (CWW) [uM] 3.86 +0.28 14.75 + 1.90
Km (SAM) [uM] 10.39+0.79 12.31+1.59
Keat [s'] 0.0036 0.0011
Vmax [MM/min] 0.32+0.01 0.10 + 0.004
R2 0.986 0.987
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v [UM/min]

Figure 90: Michaelis Menten kinetics of LL-cWW 3a (left) and bb-cWW 3b (right) for the
biocatalysed methylation using SAM (93) as a cofactor.

Furthermore, the K, value for the second methylation step of LL-cWW 168a was
measured at 33.43 uM, which is approximately 10 times higher than the K, for the
initial mono-methylation. For the second methylation reaction, in addition to the MMK
model, a McMurray model was applied to account for potential substrate inhibition by
SAM (93). Both models yielded comparable values for the kinetic parameters and
demonstrated a strong correlation with the experimental data, as reflected by high R?

values [Table 7].
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Table 7: kinetic parameters for the C3-methylation using the single methylation LL-cWW 168a
as substrate for the second methylation step. Two models were picked: MMK (left) and Mc

Murray (right).

Singe methylated LL-cWW Single methylated LL-cWW

168a 168a

- MMK — Mc Murray
Km (cCWW) 33.43 £3.38 32.45 +2.83
Km (SAM) 3.20+ 0.34 4.20+ 0.46
Vmax 0.14 £0.01 0.16 £0.01
Keat [s7] 0.0016 0,0016
R? 0.974 0.981
Ki (SAM) - 612.15 £160.01

v [uM/min}

Figure 91: Michaelis Menten kinetics for the C3-methylation using the single methylation LL-
cWW 168a as substrate for the second methylation step. Two models were picked: MMK (left)

and Mc Murray (right).
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In addition to the well-characterised cWW substrates 3a and 3b, various other DKP
derivatives containing different amino acids on the second side of the molecule, as well
as benzodiazepine-2,5-dione substrates 246a and 246b, were tested for conversion
using the MTase Glo Assay. Among the tested compounds, minimal conversion was
observed only for LD-cWW 3c, LL-cWF 242a, and LL-cWL 245, apart from the known
substrates LL-cWW 3a and DD-cWW 3b. These results highlight the high specificity of
the MTase StspM1 for its substrates.
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3 241 242 243 216 244 245 246

Figure 92: Substrate scope of StspM1. The activity of the MTase was determined via the
MTase Glo Assay, which detects the consumption of SAM (93). The substrates are numbered,
with letters indicating stereoisomers (a, LL; b, DD; c, LD; d, DL). The first stereodescriptor
refers to the tryptophan and the second stereodescriptor to the respective second amino acid
residue.

5.3.2 Binding mode of cWW substrates

To understand the relationship between substrate stereoselectivity of the cWW
isomers 3 and the reactivity in this reaction at the molecular level, a 3D model of the
protein in complex with SAM (93) and each tested cWW 3 was generated for use in

subsequent molecular dynamics (MD) simulations by Benoit David.[321-324]

In the biocatalytic methylation reaction of the cWW substrate 3, the methyl group from
the cofactor SAM (93) is transferred to the C3 position of the indole ring in cWW 3,
generating an electron deficiency on the indole nitrogen and forming a highly reactive
imine intermediate 255. Subsequently, the nucleophilic nitrogen of the DKP ring
attacks the C2 position of the indole, resulting in the formation of the desired
methylated product. StspM1 features a catalytic triad comprising residues Y127, D219,
and H223 supporting this mechanism, similar to the triad in PsmD [Figure 93, Figure
94].19
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Figure 93: 3D model structure of StspM1 with SAM (93, pink) and the LL-cWW 3a substrate
(orange). The active site is zoomed in showing the catalytic triade containing of Y127, H221
and D219.

HO ~
CWW 3 o 255
HoN
SAM (93) &

SAH (94)

b "~ N
/\NH\ on HNNNr\ Q
> % &3

Tyr His Asp

Catalytic triade Catalytic triade

Figure 94: Mechanism for the methylation of cWW 3 with a MTase. The methyl group from
SAM (93, red) is transferred to the C3-position of the indole ring of the cWW 3 (orange) forming
the HPI structural motive as the final step. The catalytic triade contains a Tyr, His and Asp.

Molecular modelling demonstrates that the configuration of cWW 3 plays a critical role
in determining their preferred conformations within the enzyme's binding pocket. Using
MD simulations, the important geometric factors were established to identify
conformations of cWW 3 that are conducive to an SN2 methyl transfer mechanism: the
distance C3sav—C7indgole, the angle S7sau—C3sam—N7ingole [Figure 95A], the angle
C3sam—C7indole—N9ingole [Figure 95B], and the distance between the two atoms involved
in HPI cyclisation [Figure 95C]. These criteria allowed for the characterisation of
reactive conformations, providing insights into the structural requirements for

successful catalysis.
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In addition to these geometric criteria based on the cWW 3 and SAM (93) substrates
themselves, the positioning of residue Y127 and the residue Y223 play a critical role
in catalysis through polar interactions with the substrate’s reactive indole group. To
validate the significance of these residues, Y127 was mutated to alanine or
phenylalanine using degenerate primers [Figure S 12, Figure S 13]. The Y127A mutant
replaces tyrosine with a small, non-aromatic alanine residue to evaluate the
significance of aromaticity at this position. In comparison, the Y127F mutant substitutes
tyrosine with phenylalanine, retaining the aromatic ring but lacking the hydroxyl group,
to investigate the specific functional role of the hydroxyl group in the proposed catalytic
mechanism. Both mutations resulted in complete loss of enzyme activity, confirming
the essential role of the phenolic function of this residue for catalysis. The Y223F
mutant, genetically constructed by GenScript, was found to be inactive, confirming the
importance of the phenolic function of Y223 similar to Y127. These polar interactions
of Y127 and Y223 were in addition to previously described criteria used to explain the

differences in reactivity among the cWW isomers 3a-c [Figure 95D].

Figure 95: Geometry criteria chosen for the definition of reactive conformations. Examples of
DD-cWW 3b conformations (orange) showing acceptable values for the distance C3sav—C7ingole
and the angle S7san—C3sam—N7ingoe @and the angle C3sav—C7indoe—N9ndoe (B). The distances
between the Y127 hydroxyl group and the sulphur atom of the SAM (93) cofactor are shown
by dashed lines with their corresponding value. C: Examples of compatible and incompatible
distances (dashed lines) between the two atoms involved in HPI cyclisation. D: Orientation of
the Y127 and Y223 side chain suitable for catalysis. Modified figure by Benoit David.
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Among the tested cWW substrates, the unmethylated LL-cWW 3a displayed the
highest conformational flexibility within the binding pocket. Despite this flexibility, only
one reactive conformation [Figure 96A] was identified twice during the MD simulation
trajectory. In this conformation, the reactive indole group forms a hydrogen bond with

the side chain of Y127, indicating a potential catalytic interaction.

The unmethylated bb-cWW 3b adopted two types of reactive conformations, observed
in 19 frames out of approximately 137,000 frames from the MD trajectory. Four of these
conformations exhibited an envelope-like geometry [Figure 96B,C], while the
remaining conformers adopted a boat-like structure [Figure 96D]. The DD configuration
facilitates close proximity between the two indole moieties, stabilizing the boat-like
conformations [Figure S 22]. However, hydrogen bonding between the reactive indole
and the Y127 or Y223 side chains was observed only in the envelope-like
conformations. In contrast, the boat-like conformations lacked any interaction with

catalytic residues and are therefore unlikely to be catalytically relevant.

The unmethylated LD-cWW 3c did not form any reactive conformations, consistent with
experimental findings indicating that this substrate is nearly inactive. Only a single
conformation [Figure 96E] meeting two of the four geometric criteria (C3sam—C 7indole,
the angle C3sav—C7indole—N9ndole) Was identified, further corroborating its lack of

catalytic activity.

Y127 Y223 1 27 H221 Y127h e

1;!;?23

Sl

Y127 H221

Y223 ‘”27§ ¢Y223

Ceo ) Qg

Figure 96: Binding modes of the reactive conformations of the unmethylated LL-cWW 3a (A)
and unmethylated bb-cWW 3b (B, C, D). E: Unreactive conformation of the unmethylated LD-
cWW 3c. Selected binding pocket residues (green), SAM (93) sulphur and methyl group
(golden and blue spheres), and cWW substrates (orange) are shown. Polar interactions: yellow
dashed lines. Figure by Benoit David.
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Experimental data demonstrate that the singly methylated LL-cWW 168a product can
act as a secondary substrate, accepting an additional methyl group on its second
reactive indole. This substrate adopts reactive conformations in 12 frames of the MD
simulation trajectory. While Y223 predominantly interacts with the DKP moiety during
most of the simulation, a hydrogen bond between the reactive indole and the hydroxyl
group of Y223 is observed in 5 frames. In QM-optimised geometries, the reactive indole
forms a hydrogen bond with the Y127 side chain in 3 of these 5 frames. In contrast,
the singly methylated bb-cWW 168b substrate is experimentally inactive. Despite
forming reactive conformations in 18 frames of the MD trajectory, the reactive indole
in these conformations does not establish hydrogen bonds with either Y127 or Y223
[Figure 97]. This lack of interaction with these critical catalytic residues may account

for the substrate's inactivity.

A B
Y127 H221 Y127

n/$?23 ng{ ¢Y223

Figure 97: Binding modes of the reactive conformations of the single-methylated LL-cWW 168a
(A) and DD-cWW 168b (B) substrates for the second methylation reaction. The legend is
identical to Figure 96. Figure by Benoit David.

5.3.3 Integration of the SAM-recycling System

The synthetic application of the MTase reaction can be limited by the stoichiometric
requirement for the cofactor SAM (93). This challenge can be addressed using a SAM
recycling system, based on the halide MTase from Chloracidobacterium thermophilum
(CtHMT), as described by Seebeck et al.l?%l The CtHMT regenerates SAM (93) by
transferring a methyl group from methyl iodide to SAH (94), which is then used as
methyl source during the methylation reaction catalysed by StspM1 [Figure 98].
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Figure 98: SAM recycling system using a HMT and methyl iodide as methyl source.

In addition, using lysates instead of purified enzymes offers several advantages for
enhancing the synthetic utility of the reaction. Lysates eliminate the need for time-
intensive and costly protein purification and negate the requirement for additional SAH
or SAM cofactors due to the sufficient SAM (93) present in lysed cells when using the

recycling system.

In an initial test with the LL-cWW 3a substrate, 20 Vol% HMT and 80 Vol% StspM1
lysates were used. Although both enzymes perform optimally at elevated
temperatures, the reaction temperature was capped at 40 °C to prevent methyl iodide
evaporation, as its boiling point is 42 °C. To counteract potential evaporation, an
excess of ten equivalents methyl iodide was included in the reaction. Relative
conversions were monitored via HPLC by measuring absorbance at 284 nm at 0.5, 3,
and 24 hours of incubation [Table S 5]. Full conversion to the double methylated
product was detectet after 24 h. The reduced peak area of the methylated products
compared to the substrate can be attributed to their lower extinction coefficients. During
the formation of the HPI motif from the indole motif, the aromatic system is reduced,
resulting in decreased absorption at 284 nm. The extinction coefficient of the cWW
substrate 3ais 8607 M~ cm™, while the single-methylated product 168 exhibits a lower
value of 4460 M™' cm™, and the double-methylated product 240 is even lower at 2270
M~ cm™ [Figure S 15]. Therefore, calibration curves for both the substrate and the

products were established for further analysis and quantification [Figure S 11].
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Figure 99: A: Biocatalytic methylation of LL-cWW 3a with StspM1 using a SAM recycling
system. B: Chromatograms of the time-dependent (0, 0.5, 3, 24 h) conversion of LL-cWW 3a
to its single methylated product 168a and double methylated product 240 by measuring the
absorption at 284 nm and retention times with RV-HPLC (hyperclone column, gradient of water

and acetonitrile).
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To enhance the system's efficiency for preparative-scale applications and reduce the
required amounts of catalysts, a response-surface design-of-experiment (DoE)
approach was implemented. This method involved systematically varying the
concentrations of methyl iodide, StspM1 lysate, and CtHMT lysate as independent
variables. Conversion rates were measured via HPLC after 24 hours for each
experimental condition. In total, 34 individual experiments were conducted [Table S 6].
The conversion of LL-cWW 3a after 24 hours was modeled using a hypersurface
representation in a 3D diagram. Analysis of the DoE results indicated that the
conversion rate was predominantly influenced by the amount of CtHMT lysate in the
reaction mixture. To achieve maximal conversion after 24 hours with minimal StspM1
lysate, optimal conditions were determined as a v/v ratio of 34% StspM1 lysate, 16%
CtHMT lysate, and 12 equivalents of methyl iodide [Table S 7]. To validate these
findings, an additional experiment was conducted under these optimised conditions,

resulting in the anticipated substrate conversion of 93 + 4% [Table S 8].

Rel.

Conversion

24 h [%] 80 £
Factor Coding: Actual
conv(24h) (%)
Design Points:

@ Above Surface
O Below Surface

o [ %

X1=A

X2=8

Actual Fact

c :&1:22“ Lysate 49 316 Lysate
amount amount
HMT [uL] StspM1 [pL]

Figure 100: Result of the design of experiment approach. The conversion after 24 h of the LL-
cWW 3a is modelled by the hypersurface in the 3D diagram.
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5.2.4 Preparative scale reaction

Under these optimised conditions, a preparative-scale experiment was conducted
using 50 mg of substrate. After 24 hours, a conversion rate of 90% was achieved
(HPLC result), consistent with the results of analytical-scale reactions. The product
mixture contained 46% mono-methylated 168a and 44% di-methylated 240 products.
Following workup, a combined yield of 36% was obtained, comprising 19% mono-
methylated 168a and 17% di-methylated 240 products. This workup involved
quenching residual methyl iodide with sodium hydroxide and precipitating proteins in
the lysate using ammonium sulfate. However, during extraction with ethyl acetate,
residual proteins aggregated, forming an inseparable interphase. This led to product

losses of up to 60%.

To address this issue, the enzymes StspM1 and CtHMT were immobilised on Ni-NTA
agarose beads. The immobilisation process involved incubating the enzyme-
containing lysate with pre-washed beads for 1 hour under gentle inversion. Afterwards,
unbound proteins were removed by collecting the flow-through, and the beads were
washed with a washing buffer before being used in the reaction as immobilised
enzyme. SDS-PAGE analysis confirmed that the entire amount of StspM1 was
successfully bound to the beads. For CtHMT, a small amount of protein was lost during
the washing step. Nonetheless, most of the enzyme remained attached to the beads
[Figure S 16].

A comparison of enzymatic activity between lysates and immobilised enzymes
revealed thatimmobilised StspM1 exhibited fourfold lower activity than the lysate, while
immobilised CtHMT showed twofold lower activity. Since immobilisation can enhance
enzyme stability, activity measurements were repeated after 24 hours of incubation
under the same conditions as the preparative-scale experiment [Figure S 17, Figure S
18]. The activity of CtHMT decreased similarly in both lysate and immobilised forms
after 24 hours (lysate: 11%, immobilised: 10%). In contrast, immobilised StspM1
showed only a slight decrease in activity (13%) over the same period, whereas lysate-
based StspM1 activity dropped significantly, by 66% [Figure 101]. These findings
demonstrate that immobilisation notably stabilises StspM1, improving its performance

over extended reaction times.
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Figure 101: Activity of HMT (left) and StspM1 (right) in the lysate and the immobilised form
before (0 h) and after (24 h) incubation at 40 °C.

When using immobilised enzymes instead of lysates, the separate addition of
SAH/SAM is necessary since the cofactors are no longer supplied by the lysates
themselves. Various concentrations of SAH were tested to identify the optimal amount,
using the same conditions established in the design-of-experiment approach. After
24 hours, conversions close to the expected 90% were achieved with 0.1 or 0.05

equivalents of SAH, whereas lower concentrations resulted in reduced conversions

100
o B 8
60 I I
40
20 I
0

Conversion 24 h [%]

0,1 0,05 0,01 0,005 0,001
equiv. SAH

Figure 102: Conversion after 24 h of the methylation reaction of LL-cWW 3a under in vitro
assay conditions with immobilised enzymes and different concentrations of SAH.

133



5. Results

A preparative-scale experiment using 50 mg of substrate was repeated underidentical
conditions, but with immobilised enzymes and the addition of 0.1 equivalents of SAH.
After 24 hours, a conversion rate of 97% was achieved (20% mono-methylated product
168a and 78% double-methylated product 240). The reaction was quenched with
ammonium thiosulfate, followed by filtration to remove the Ni-NTA beads, and the
products were extracted with ethyl acetate. The reaction yielded 89% of the products,
consisting of 20% mono-methylated 168a and 69% double-methylated 240
compounds. Compared to the lysate-based reaction, the workup required less solvent,
and the isolated yield improved. With the increased stability of immobilised StspM1,
the incubation period was extended to 48 hours to favour the formation of the double-
methylated product. Conversion rates were monitored at various time points [Figure S
19]. After 48 hours, no further substrate conversion was observed, resulting in a final
conversion of 91% of the cWW 3a substrate to the symmetric double-methylated

product 240. The overall yield was 89% [

Figure 103]. To test the applicability of this method, bb-cWW 3b was used as a
substrate. Given the lower conversion rates previously observed for this substrate,
double the enzyme amounts were employed compared to LL-cWW 3a. The reaction
was stopped after three days, yielding a conversion rate of 63% and a final yield of
61% of the single-methylated product 168b [Figure S 20].

40 °C, 300 rpm, 48 h

HMT 240, 89%

1 mM 3a (50 mg),
12 eqiuv Mel
0.1 equiv SAH

Figure 103: Set-up of the preparative enzymatic methylation of LL-cWW 3a as a
substrate leading to a yield of 89% of the double methylated product 240.
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This chapter demonstrates the use of the methyltransferase StspM1 for synthesising
the pyrroloindole structural motif in diketopiperazines. Unlike conventional organic
synthesis, this enzymatic reaction operates under mild conditions, achieving
excellent conversion rates and diastereoselectivity. Various stereoisomers of cWW
were evaluated as substrates, resulting in either single- or double-methylation
depending on the configuration of the DKP core. Computational simulations,
including classical and quantum mechanics (QM) analyses, were performed to
explain the substrate stereoselectivity observed experimentally. To enhance the
synthetic utility of StspM1, a SAM cofactor recycling system was implemented using
a halide methyltransferase. The reaction was optimized through a design-of-
experiment approach, and the performance of lysates and immobilized enzymes
was compared at a preparative scale. This optimized protocol integrates SAM
recycling and enzyme immobilization, enabling efficient enzymatic methylation of
cWW substrates on a preparative scale with high yields. The new setup simplifies
reaction workup and improves catalyst stability, offering a robust method for scalable

production.
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5.4 SgMT

The MTase SgMT from Streptomyces griseoviridis was identified through a homology
search based on StspM1 and shares 79% sequence identity with this enzyme. To date,
SgMT has not been reported or studied in the literature, leaving its biosynthetic role
and natural substrate unknown. However, analysis of its sequence reveals the
presence of a SAM-binding motif and a catalytic triad similar to those found in StspM1,
suggesting that SQMT possesses the essential features required for methyl transfer

catalysis [Table 4].

The gene encoding SgMT with an N-terminal His-tag was synthesised and cloned into
a pET28a(+) expression vector by GenScript. To further investigate the enzyme's
functional properties, Beatrix Paschold conducted cloning experiments to relocate the

His-tag from the N-terminus to the C-terminus and produce an additional variant.

5.4.1 Characterisation

The enzyme with the N- and C-terminal His-Tag was heterologously expressed in
Escherichia coli BL21 (DE3) and purified using Ni-NTA column chromatography. The
molecular weight of SgMT, including a His-tags, is calculated to be 31 kDa. The
purification of the N-terminal His-tagged SgMT was carried out by Elias Pfirmann
during his bachelor thesis according to the established protocol of StspM1 with an
additional washing step with 40 mM ImH. A distinct band at approximately 30 kDa is
observed at the SDS-PAGE in the second washing and elution fraction. The enzyme
in the elution fraction was very pure enabling the option for protein crystallisation
[Figure 104]. As a lot of pure protein was already eluted in the washing fraction with 80
mM imidazole during the purification process, this washing step was thus left out in
further purifications. The C-terminal His-tagged SgMT was purified with this shortened
protocol [Figure S 21]. This process yielded approximately 40 milligrams of protein per
gram of wet cell mass, which is 25 times higher than the yield achieved with the
analogous MTase StspM1. These results highlight SQMT's robust expression and

excellent solubility, making it a promising candidate for synthetic applications.

136



5. Results
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Figure 104: SDS-PAGE of the purification of N-terminal His-tagged SgMT. Ref. = Unstained
Protein Standard, P = pellet, Lys = lysate, FT = flow through, W = wash (40 mM or 80 mM
ImH), E = elution (160 mM ImH). The band at 30 kDa is highlighted.

Due to its high sequence similarity to StspM1, the LL-cWW 3a substrate was selected
to characterise SgMT [Figure 105A]. Enzymatic activity was assessed using the MTase
Glo Assay, which measures SAM (93) consumption via luminescence. As described,
SgMT was expressed and purified with a C- or N-terminal His-tag. The N-terminal His-
tagged version contains a thrombin cleavage side, which was used to remove the N-
terminal His-Tag after the purification. Activity measurements of the N-terminally
tagged and the untagged variant as well as the C-terminally tagged enzyme revealed
reduced activity for the N-terminally tagged enzyme compared to the other variants
[Figure 105D]. The N-terminal His-tag might restrict the movement of the N-terminal lid

region, which is thought to be critical for catalysis in the homologous MTase PsmD.[®

The C-terminal His-tagged SgMT was further characterise, as this variant is readily
accessible in a purified form and its His-tag does not affect enzymatic activity:
Temperature screening experiments revealed maximum activity at 45 °C across a
range of 22-50 °C [Figure 105B]. For pH optimisation, substrate conversion was
analysed via HPLC using citrate-phosphate buffers (pH 5.5-8) and Tris buffers (pH
7.6-8.6) [Figure 105C]. The highest conversions occurred between pH 7.5 and 8.2.
These conditions align closely with the optima for StspM1 (45 °C, pH 6-8) and PsmD
(45 °C, pH 6-9). Kinetic parameters for LL-cWW 3a showed a Km of 10.53 + 2.01 uM,
a Vimax 0f 0.44 £ 0.03 uM/min, and a kcat of 0.0025 s™", slightly lower than StspM1’s K.t
of 0.0036 s~ under identical conditions [Figure 105D].
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Figure 105: C3-Methylation of LL-cWW 3a catalysed by SgMT [A]. Biochemical
characterisation of SQMT: Temperature screen [B], pH screen [C], influence of the His-Tag on
the enzyme activity [D] and a Michaelis Menten kinetic [E]. The activity in B, D and E were
determined with the MTase Glo Assay, C via HPLC.
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In addition to the LL-cWW 3a substrate, a variety of DKP derivatives with amino acids
different than solely tryptophane, as well as benzodiazepine-2,5-dione derivatives,
were tested using the MTase Glo Assay [Figure 106]. Among the substrates, LL-cWW
3a exhibited the highest enzymatic activity, while its isomer DD-cWW 3b was also
accepted but with significantly reduced activity. Analytical-scale reactions confirmed
these findings, with retention times matching those products previously reported for
StspM1 via HPLC. Product characterisation revealed that LL-cWW 3a underwent
methylation on both indole moieties, whereas bD-cWW 3b was only singly methylated.
These results align with the MTase Glo Assay, which detected conversion for singly
methylated LL-cWW 3a but not for singly methylated pb-cWW 3b. Additional
substrates, including LD-cWW 3¢, LL-cWF 242a, LD-cWF 242c, LL-cWY 241a, LL-
cWL 245, and benzodiazepine-2,5-dione derivatives 246a and 246b, were also
converted, though with low enzyme activity. Overall, the substrate profile of SgMT

closely resembles that of StspM1 [Figure 106, Figure 92].

Finally, the doubly C3-methylated LL-cWW 240 was tested to evaluate whether SgMT
could catalyze further N-methylation of the HPI ring, as observed with the bifunctional
enzyme NozMT. However, no additional conversion was detected, indicating that

SgMT does not exhibit the same bifunctional activity [Figure 1086].
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Figure 106: Substrate scope of SgMT. The activity of the MTase was determined via the MTase
Glo Assay. The first stereodescriptor refers to the tryptophan and the second stereodescriptor
to the respective second amino acid residue.

SgMT was additionally used in a preparative scale reaction (100 mg scale) as
immobilised enzyme on Ni-NTA agarose beads for the conversion of the LL-cWW 3a.
34 Vol% SgMT lysate were used in a reaction with 3 mM SAM (93) and 1 mM cWW
3a for 48 h at 40°C yielding 89% of the double methylated product 240, similar to

StspMA1.
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5.4.2 Crystallisation and X-ray structure

To gain deeper insights into the structural and catalytic features of SgMT, the protein
was crystallised in the presence of its cofactor, specifically the non-methylated form,
SAH (94). Crystallisation trials were conducted using commercially available screening
kits and the vapor diffusion method in a sitting-drop setup. Initial crystals were
observed under multiple conditions, which were further refined through matrix

optimisation and additive screening.

The crystals used for high-quality diffraction and structural determination were grown
in a reservoir solution containing sodium citrate (pH 5.6), isopropanol, PEG 4000,
glycerol, and hexaammine cobalt(lll) chloride as an additive [Figure 107]. This
optimised condition yielded diffraction-quality crystals suitable for structural analysis.
The three-dimensional structure of SQMT was resolved via X-ray crystallography (PDB:
9GDJ) by Oliver Weiergraber. The crystals belong to the space group P44242 and

contain three protein chains within the asymmetric unit [Table S 9].

Figure 107: Picture of the protein crystals of SQMT in the droplet containing the crystallisation
buffer and the reservoir solution (sodium citrate pH 5.6, isopropanol, PEG 4000, glycerol, and
hexaammine cobalt(l1l) chloride as an additive).
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Structurally, SgMT exhibits a strong resemblance to the C3-MTase PsmD from
Streptomyces griseofuscus. Its main domain adopts a Rossmann-type a/f fold with the
cofactor at the base of a large solvent-filled cavity. The structural similarity to PsmD
extends to the quaternary arrangement, where two cap domains associate face-to-face
atarightangle, forming a dimeric interface. Within the asymmetric unit, two of the three
chains form a non-crystallographic dimer, while the third chain establishes a
comparable interaction with a symmetry-equivalent partner. Although the overall
structure of SgQMT resembles the closed conformation observed for PsmD, the distal
regions of the two enzymes differ significantly in both sequence and conformation.
Functionally, the Q-loop (lid) of PsmD, formed by residues 2—14, corresponds to the
shorter extended segment 7-9 in SgMT. In PsmD, the side chain of M2 and a bent
R86 conformation shield the SAH adenine moiety from solvent, whereas in SgMT, this
role is fulfiled by the straight conformation of R81 [Figure 108]. The absence of electron

density for residues preceding T7 in SgMT suggests that this region is disordered.

/(E Cap domain
.

Rossmann type
fold

Figure 108: Crystal structure of SQMT (PDB: 9GDJ). The Rossmann fold is displayed with a-
helices and B-strands coloured pink and green, respectively. The cap domain is shown in blue,
the lid in light orange. SAH (94) is highlighted in dark pink. The active site is zoomed in showing
the lid and R81 covering the SAH (94).
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5.4.3 Mechanistic studies

The structural analysis of SQMT reveals a catalytic triad comprising Y126, H220, and
D218 [Figure 109], analogous to the catalytic triad identified in PsmD and suggested
for StspM1. This structural similarity suggests that SQMT operates through a similar
mechanistic paradigm. To test this hypothesis, site-directed mutagenesis was
performed on these residues, and the impact on enzymatic activity was assessed.
Substitution of Y126 with either alanine or phenylalanine resulted in a complete loss of
activity, demonstrating the necessity of a phenolic moiety. This finding is consistent
with the results obtained for StspM1. In addition, replacing H220 with alanine abolished
activity, proving its proposed role as a proton acceptor from the adjacent tyrosine. At
position 218, the substitution of aspartic acid with glutamic acid or alanine retained
partial activity [Figure 109]. This indicates that D218 has limited functional significance
on its own, but that full activity relies on the accurate positioning of the acidic group,
which the longer side chain of glutamic acid cannot provide. These results strongly
support the hypothesis that SQMT employs a proton relay system similar to PsmD. This
mechanism, driven by catalytic tyrosine activation, appears to be a conserved feature

among related MTases, including StspM1 and SgMT.
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Figure 109: Crystal structure of SQMT (PDB: 9GDJ). The catalytic triad (Y126, H220, and
D218) is shown in green, the cofactor in dark pink (left). Results of the mutagenesis study
probing the catalytic residues of SQMT. Enzyme activities were measured with the MTase Glo
Assay (right).
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To elucidate the binding mode of the LL-cWW 3a substrate in relation to SgMT's
catalytic residues, docking studies were performed by Benoit David. MD simulations of
the SgMT dimer with the docked substrate and SAM (93) cofactor, were conducted to
explore substrate conformational dynamics and interactions with surrounding residues.
Substrate conformations compatible with catalysis were identified based on five

geometric criteria previously established for StspM1.

While most LL-cWW 3a substrate binding poses adopted geometries suitable for the
methyl transfer step, only a small fraction met all five criteria, aligning with both catalytic
steps: methyl transfer and subsequent HPI cyclisation. Specifically, only 13 snapshots
from the total MD trajectory (comprising 103197 snapshots) fulfiled these stringent
geometric requirements, highlighting the challenge in achieving the precise alignment
necessary for the full catalytic mechanism. The simulations revealed that the hydroxyl
groups of Y126 and Y222 establish polar interactions with the reactive indole nitrogen
of the substrate, similar to StspM1. A hydrogen bond between the hydroxyl group of

Y126 and the indole nitrogen was observed in six snapshots [Figure 110].
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Figure 110: Putative LL-cWW 3a catalytic conformations extracted from MD simulations. Grey
sticks: reactive methyl group of SAM (93), Orange sticks: LL-cWW 3a, Green lines: selected
residues. Dashed lines: relevant hydrogen bond interactions and distances (in A). As spheres:
DKP nitrogen (blue sphere) and indole carbon (orange sphere) involved in HPI cyclisation. In
A: conformation suitable for methyl transfer but not for HPI cyclisation as the DKP nitrogen and
indole carbon involved are too far from one another. In B, C, D: conformations suitable for both
methyl transfer and pyrroloindole cyclisation. Figure by Benoit David.
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StspM1s residue Y223, the residue equivalent to SgMTs Y222, plays a catalytic role
by forming a hydrogen bond with the reactive indole nitrogen of the substrate. This was
demonstrated by the Y223F mutation, which confirmed the essential role of the
phenolic group in catalysis, as the mutant exhibited no activity. However, in SQMT, the
analogous Y222F mutation only slightly reduced activity compared to the wild-type
enzyme [Figure 111]. The data suggests that while the hydroxyl group of Y222 is not
essential for catalysis, the inactivity of the Y222A mutant confirms the importance of
an aromatic ring at this position. In simulations, the Y222 side chain formed more
hydrogen bonds with the reactive indole nitrogen of the substrate than Y126 [Figure S
22], consistent with similar observations in StspM1. However, the relatively high activity
of the Y222F mutant suggests these hydrogen bonds are not critical for catalysis.
Instead, the aromatic ring of Y222 likely plays a structural role, helping to correctly
orient Y126 for catalysis, as suggested by the inactivity of the Y222A mutant and the
close spatial relationship between Y222 and Y126.

Unlike StspM1, SgMT additionally features a network of five tyrosine residues oriented
toward the reaction centre. To evaluate their significance, these tyrosines were
individually mutated to alanine and phenylalanine. All alanine mutants completely lost
activity, highlighting the essential positions of these residues. Phenylalanine mutants
retained reduced activity [Figure 111]. This suggests that while the aromatic scaffold
of the tyrosines is important, their hydroxyl groups are not essential for the catalytic

function as already explained in detail for Y222.
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Figure 111: Tyrosine network in SgMT. A: Tyrosines Y11, Y18, Y126, Y197, and Y222 are
shown in grey, the cofactor in dark pink and the docked substrate 3a in blue. The dashed line
connects the SAM (93) methyl group to the reactive indole moiety (left). Results of the
mutagenesis study probing the tyrosine network of SgMT. Enzyme activities were measured
with the MTase Glo Assay (right).

5.4.4 Integration of the biocatalytic methylation in the total synthesis of

lansai B

Lansai B (5) features a central DKP motif with two HPI groups attached.? Its
configuration at the C3-positions aligns with the product produced by the reaction of
LL-cWW 3a with the MTase SgMT. While SgMT was tested on a range of DKPs
composed of tryptophan and different natural amino acids, all tested substrates were
smaller in size than the cWW 3. Given that lansai B (5) includes a prenyl group at the
5-position, the substrate scope had to be expanded to include substituted non-
canonical amino acids. For the methyl transfer to occur with an enzyme like SgMT,
several structural criteria must be met as described before. Modifications to the
substrate, such as the desired adding of substituents, can significantly impact the

enzyme's activity by disrupting these parameters, highlighting the enzyme's specificity.
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Thus, halogen substituents were chosen for the investigations due to their small size,
while they later on can be utilised in cross-coupling reactions to synthesise the desired
target structure. 5-Brominated and chlorinated tryptophans 256, readily available from
commercial sources as racemic mixtures, were used as starting materials for the
synthesis. The synthetic procedure followed a previously established protocol, with the
modification of using a Boc-protecting group instead of a Cbz-protection group at the
L-tryptophan as second substrate 257. The resulting diastereomers (substituted LL-
and LD-cWW 258a and 258c) were then separated by column chromatography.
Subsequently, the brominated LL-cWW 258a was reacted in a Suzuki-Miyaura cross-
coupling reaction with prenyl pinacolborane (260) to yield 5-prenyl LL-cWW 261a. Two
catalyst-ligand systems were tested, showing that SPhos/SPhos Pd G4 262 acts
superior to NOM-Phos/Allyl-Pd-Cl 263. The described syntheses were performed by
Marcel Schatton [Figure 112].1325]
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Figure 112: Synthesis of 5-substituted cyclic Trp-Trp-DKPs starting form racemic 5-chloro and
5-bromo-tryptophan 256.
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The C5-Cl-, C5-Br-, and C5-prenyl substituted LL-cWWs 259a, 258a and 261a were
tested as substrates for the activity in the MTase reaction with SgMT using the
bioluminescence-based MTase Glo Assay to form the corresponding single or double
methylated products 264-266 and 267-269. The substituted cWWs exhibited reduced
enzyme activity compared to the unsubstituted variant: The halogenated cWWs 259a
and 258a retained 22.3% (R = Br) and 24.4% (R = CI) of the activity, while the
prenylated cWW 261a displayed significantly lower activity, at just 4.3% [Figure 113].
These findings highlight that the size of the substituent and its electronic properties

play a critical role in influencing the enzyme's conversion efficiency.
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Figure 113: Relative activity of SQMT for the synthesised functionalised DKPs in comparison
to the unsubstituted substrate measured with the MTase Glo Assay.

Since the conversion rates for halogenated substrates are higher than for the already
prenylated substrate, a late-stage prenylation after the MTase-catalysed reaction was
chosen as synthesis route potentially allowing for higher overall yields. Among the
halogenated substrates, C5-Br cWW 258a was chosen for further investigation with
SgMT, as the established prenylation conditions could not be directly applied to the

chlorinated DKP due to its lower reactivity.
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To enhance the enzyme's activity towards the 5-Br cWW 258a, a mutagenesis study
was conducted modifying the active site. The process involved several methodical
steps [Figure 114]. The automated library screening was conducted on the
AutoBioTech platform in collaboration with Julia Tenhaef, who developed the technical

scripts for the robotic systems and assisted with device operation and handling.[32¢!
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Figure 114: Setup of the mutagenesis process using the AutoBioTech platform. The
mutagenesis approach to optimise SgMT activity involves several key steps.

An alanine scan was used to identify positions within the active site that are not
essential for enzyme activity but provide opportunities for modification. Seven residues
(L21, W24, N125, D152, W182, F184, M195) near the cWW binding site were
investigated to identify candidates for mutagenesis experiments. Three positions were
prioritised: one on the catalytic side of the cWW 3a (N125) and two on the outer side
of the binding site (W182 and F184). The alanine scan showed that mutating N125 and
F184 did not completely abolish enzymatic activity, indicating that modifications at
these positions would not directly inactivate the enzyme. W182, located in the outer
binding region near the indole substituent, occupies most of the space in this area. As
a preliminary experiment, W182 was mutated to phenylalanine, which retained residual

activity, suggesting it as a promising target for further optimisation [Figure 115].
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Figure 115: Left: Catalytic side of SQMT with SAM (93, dark pink), the cWW 3a (green) and
the amino acids tested in the alanine scan (blue). Right: Activity of SQMT variants for the cWW
3a substrate measured with the MTase Glo Assay.

These positions were targeted for mutation using the 22c trick,[®?”1 an approach that
minimises codon redundancy and reduces the size of mutant libraries, resulting in the
creation of a comprehensive plasmid library containing all possible variant sequences.
This library was used to transform E. coli BL21 (DE3), generating a diverse pool of
mutants. From this pool, 66 individual clones were selected, cultivated under controlled
conditions, and harvested for analysis (wells A1-B9). As a positive control, wild-type
SgMT was cultured under identical conditions (wells C9, D9), while an empty vector

served as the negative control (wells E9, F9).

Each clone was incubated with substrates, C5-Br cWW 258a and SAM (93), in a
reaction buffer for a 7-hour reaction period. Mutant activity was evaluated using a
colourimetric indole detection assay, which quantifies the unreacted substrate by
forming a coloured solution [Figure S 23]. Consequently, a lower absorbance value
indicates a higher conversion of substrate.[328 329 For positions W182 and N125, none
of the mutants demonstrated higher conversion rates than the wild-type enzyme [Table
S 11, Table S 12]. The most promising results emerged from the F184 mutant library
[Table 8]. Among the five mutants with the highest conversion in the preliminary
experiment (mutants A1, A3, A5, H5 and F8), sequencing revealed that four
corresponded to the F184L mutation, while one was identified as F184A. Both amino
acids, leucin and alanine, are smaller in size than phenylalanine and could therefore

be beneficial for the enlarged C5-Br cWW 258a.
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Table 8: Results of the mutagenesis study for position F184. The indole assay was used to
form the coloured product, which was measured via absorption at 540 nm.

N
Vv

0,177 0,172
0,204 0,240 0,208 0233 0,259
0,326 0248 0271 0252 0217 0,255 0,283 0,237] 0,174
0,278 0,232 0,249 0223 0293 0275 0259 0,233| 0,173
0,276 0,223 0,256 0,173 0,194 0,208 0,244 0215 0,263
0,206 0,77 07259 0217 0251 0,275 0,204[ 0,164] 0,282
0,285 0,240 0,182 0,222 0,228 0,230 0,241 0,235

0,188 0232 0230 0218[ 0,16L] 0276 0,256 0,219

I G Mmoo w >

The mutants F184L and F184A were purified, and their activity was assessed using
the Glo Assay as previously described. The substrates tested included C5-Br cWW
258a and its singly C3-methylated derivative 264. Among the mutants, only F184L
exhibited improved conversion for C5-Br cWW 258a, achieving a 12% increase
compared to the wild-type enzyme. However, this mutant showed reduced activity (-
26%) for the second methylation step compared to the wild type. For the complete
synthesis of lansai B (5), which requires methylation on both sides, the wild-type
enzyme thus remained the best choice. Nonetheless, the expanded alanine scan and

mutagenesis study provided valuable insights into the active site architecture of SQMT.
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Figure 116: Activity of SQMT variants against the C5-Br-cWW substrate 258a (dark green) and
the single methylated 5-Bromo-cWW intermediate 264 (light green) measured with the MTase
Glo Assay.
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To optimise the methylation reaction of C5-Br cWW 258a using SgMT, the optimal
enzyme amount was determined. SQMT was immobilised directly from the lysate using
Ni-NTA agarose beads as described for StspM1. Small-scale reactions were
performed with varying amounts of SgMT-containing cell lysate (10-100 Vol%). After
20 hours of reaction time, the reactions were stopped, and samples were analysed
using two independent assays. The first assay, detecting indoles, measured the
remaining substrate, while the second assay, detecting HPIs, measured the product
formed after two methylations. The HPI detection assay uses cerium sulfate under
acidic conditions for product quantification [see chapter 5.6 for details]. Both assays
provided complementary results based on absorbance measurements of the assay-
generated products. The findings revealed that a 70 Vol% immobilised SgMT lysate

was sufficient for optimal conversion.

SgMT B
2.5 mM SAM
pH 8, 45 °C
Br 20h
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Figure 117: Optimisation of the biocatalytic methylation reaction of SQMT with the C5-Br cWW
258a. Two assays were used to detect the substate (indole assay, left) and the product 267
(HP1 assay, right) in parallel via absormption. The amount of immobilised lysate of SgMT cells
was varied.
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After refining the enzymatic key step of the synthesis using C5-Br LL-cWW 258a as
substrate, Marcel Schatton further optimised the synthesis of this substrate, developing
a more sustainable approach from readily available building blocks. Collaborating with
Catharina Gronkowsky, they employed a variant of the tryptophan synthase from
Pyrococcus furiosus, an enzyme that had been extensively studied and bio-engineered
by Francis Arnold and her coworkers.[39 3311 This enzyme efficiently catalyses the
conversion of serine and indole into tryptophan. By applying this method, 5-
bromoindole (270) was converted to enantiomerically pure C5-Br L-tryptophan (271) in
96% vyield. The resulting tryptophan 271 was then used as the substrate for
synthesising the corresponding DKP 258a, yielding 72% over four steps. For the
MTase reaction, 50 mg of substrate were processed under optimised conditions (70
Vol% immobilised SQMT lysate, 3 mM SAM (93), pH 8, 40 °C, 1 day). After extraction,

79% of the doubly methylated product was successfully obtained.

The prenylation step was carried out by Marcel Schatton under the same conditions
as previously described, yielding 78% of the prenylated product 269 when using the
naphthyl-ligand. For the final step, a combination of Meerwein’s salt 272 and a proton
sponge 273 as the base was identified as the best approach. With the need for large
quantities of reagents, since the reaction tended to stop after a certain period, the use
of 12 equivalents of base and 9.0 equivalents of Meerwein’s salt ultimately provided
lansai B (5) in an 80% yield [Figure 118].132%
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Figure 118: Enantioselective total synthesis of lansai B (5) employing two chemoenzymatic
steps starting from the small building block bromo-indole.
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5.4.5 Lansai B derivatives

To expand the substrate scope of SgMT, various substituted cWW derivatives were
synthesised by targeting each position (4-7) of the indole ring using the tryptophan
synthase described in the previous chapter. The corresponding halogenated
tryptophans were coupled to either unsubstituted or halogenated tryptophans, resulting
in eight distinct products 258a and 274-280. The synthesis of these compounds was

carried out by Marcel Schatton and Catharina Gronkowsky.

These derivatives were tested for acceptance by SgMT using the Glo Assay from
Promega. The single brominated substrates 258a and 274-276 showed reduced
activity compared to the unsubstituted cWW 3a, with the 5-Br cWW 258a—previously
used in the total synthesis of lansai B—being the least accepted. Among the double
halogenated substrates, only the 5,5'-Br cWW 278 showed similar activity to the 5-Br
cWW 258a. The 7,7'-Br cWW 280 exhibited only slight activity, while the other two
double-substituted derivatives 277 and 279 were not accepted by the enzyme [Figure
119].
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Figure 119: Activity of SQMT for the synthesised functionalised DKPs in comparison to the
unsubstituted substrate measured with the MTase Glo Assay.
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However, as the Glo Assay only measures SAM (93) consumption and does not
differentiate between products, further analysis was required to determine the
methylation status of the products. To complement the substrate acceptance analysis,
additional small-scale reactions were performed with the corresponding brominated
substrate, SAM (93) and SgMT lysate in KPi buffer (50 mM, pH 8) at 40 °C overnight.

These reactions were monitored at various time points via TLC, with plates analysed
under UV light and stained using cerium molybdate stain. This staining solution is
known to specifically colour HPIs, particularly those with an attached DKP in red. This
characteristic was previously observed for both unsubstituted cWW 3a and 5-Br cWW
258a during the total synthesis of lansai B (5) and serves only an initial qualitative
reaction control. This first analysis revealed that all single-halogenated substrates
displayed conversion. For 6-Br cWW 275, only a single product spot was visible, likely
corresponding to the singly methylated product. In contrast, for 4-Br and 7-Br cWW
274 and 276, an additional faint second spot appeared alongside the intense spot,
suggesting a second methylation reaction. Among the double-halogenated substrates,
only 5,5'-Br cWW 278 and 7,7'-Br cWW 280 were converted. The 5,5'-Br cWW 278
showed two product spots, while the 7,7'-Br cWW 280 displayed only one [Figure 120].
These findings align with the Glo Assay results, which also indicated conversion for

these specific substrates.
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Figure 120: TLC (ethyl acetate as eluent) stained with cerium molybdate stain for detection of
the HPI containing products. Small-scale reactions were performed with the corresponding
brominated substrate, SAM (93) and SgMT lysate in KPi buffer (50 mM, pH 8) at 40°C
overnight.

To verify whether the singly halogenated 4-Br and 7-Br cWW 274 and 276, as well as
the double-halogenated 5,5'-Br cWW 278, underwent double methylation like indicated
on the TLC, large-scale reactions were conducted under optimised conditions

established for 5-Br cWW 258a during the total synthesis of lansai B.

e For4-Br cWW 274, the reaction yielded 29% single methylated and 52% double
methylated product 281 and 282 (100 mg scale).

e For7-Br cWW 276, the reaction predominantly resulted in the single methylated
product 283, with a yield of 73%, alongside a minor yield (3%) of the double
methylated product 284 (100 mg scale).

e The reaction with 5,5'-Br cWW 278 was carried out on a 10 mg scale, yielding
54% single methylated and 25% double methylated products 285 and 286.

These larger-scale reactions confirmed the formation of both single and double
methylated products for certain substrates, highlighting SgMT's selective activity on

halogenated cWW derivatives.
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Given the lower conversion rates observed for the 4-, 6- and 7-Br cWW 274, 274 and
276 substrates towards the double methylated product compared to 5-Br cWW 258a,
a mutagenesis approach was implemented. The same mutant libraries targeting
positions N125, W182, and F184 were utilised, following the strategy established for
5-Br cWW 258a. After cultivation, the mutant containing cells were harvested, and
reaction mixtures containing buffer, SAM (93) and the corresponding Br-cWW
substrates were added. The mutant activity was measured using a colourimetric indole
assay, as previously described. Automated library screening was carried out using the

AutoBioTech platform in collaboration with Julia Tenhaef.

As with 5-Br cWW 258a, the F184 mutant library yielded the most promising results.
Sequencing of the top-performing mutants from the preliminary experiment revealed
substitutions with nonpolar amino acids (alanine, valine, leucine), polar residues
(cysteine, threonine), and an aromatic amino acid (tyrosine). These variants showed
potential across all substrates tested, though specific activity levels varied [Table S 16,
Table S 17, Table S 18]. Subsequently, these mutants were expressed, purified, and
evaluated for activity with the brominated cWW substrates 274-276 using the Glo
Assay, with wild-type activity set as the standard. Among the tested mutants, the
leucine variant consistently demonstrated the highest activity. However, the activity of
the leucine mutant was still comparable to that of the wild type, indicating limited
improvement. To check if potentially more double methylated product was formed, the
mutants were tested in small-scale reactions evaluated via TLC. However, these
qualitative experiments revealed no improvement compared to the wild type [Figure S
24].
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Figure 121: Activity of the mutants F184A, F184L, F184V, F184C, F184T, F184Y and the wild
type for the functionalised Br-cWWs 274-276 measured with the MTase Glo Assay.

The W182 and N125 mutant libraries either displayed reduced activity or yielded similar
results to the wild type [Table S 13, Table S 14, Table S 15, Table S 19, Table S 20,
Table S 21]. In the N125 library, the best-performing hits consistently exhibited the
N125S substitution across all substrates. This mutant was tested in small-scale
reactions. However, these experiments revealed no improvement compared to the wild
type, with even less double methylation observed [Figure S 25]. As a result, the N125S
mutant was not isolated or subjected to further investigation.With the picked positions,
the activity of the SQMT enzyme was not improved towards the brominated cWWs 274-

276 trough mutagenesis.
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This chapter presents an in-depth investigation of the methyltransferase SgMT. The
enzyme's biochemical properties, including its optimal pH and temperature, were
characterized, and its kinetic parameters were determined. The substrate scope was
explored by testing various DKPs with amino acid variations and related
compounds. Structural insights were gained through a detailed analysis of the
enzyme's X-Ray structure, which revealed the presence of a catalytic triad and a
tyrosine network. The catalytic importance of specific residues was confirmed via
mutagenesis. Computational simulations provided additional understanding of
substrate positioning within the active site and interactions with key catalytic

residues.

SgMT was further utilized in the total synthesis of lansai B (5), where the enzyme-
catalyzed C3-methylation formed the pyrroloindole motif. This key step is part of an
eight-step synthesis starting from 5-bromoindole. The methylation reaction,
performed with 5-Br ¢cWW as the substrate, was optimized for efficiency.
Additionally, the substrate range of SgMT was expanded by testing seven more

halogenated DKPs, which could lead to lansai B derivatives.

To enhance activity towards these larger substrates, an iterative saturation
mutagenesis strategy was employed. This process integrated a modular automated
system for mutant library expression, enzymatic reactions, and activity screening,

utilizing a robotic platform. However, no improved variants were obtained.
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5.5 SeMT and SaMT
The MTases SeMT from Saccharopolyspora erythraea and SaMT from Streptomyces

albulus were identified via a homology search based on StspM1. These enzymes share
56% and 98% sequence identity with StspM1, and 57% and 79% with SgMT. SeMT
and SaMT have not yet been characterised, leaving their biosynthetic roles and natural
substrates unknown. Especially, the gene encoding SeMT is not situated within the
conventional gene cluster that includes a cyclic dipeptide synthase, PTase, and
additional MTase like for SQMT, StspM1 and SaMT [Chapter 5.5]. This indicates that

SeMT may be involved in a currently unidentified biosynthetic pathway.

The genes encoding SeMT and SaMT were synthesised and cloned into a pET28a(+)
expression vector by GenScript with an N-terminal His-tag. Beatrix Paschold

performed cloning experiments to additionally relocate the His-tag to the C-terminus.

5.5.1 Expression and initial testing of SaMT and SeMT

The genes of SaMT and SeMT, each featuring an N-terminal His-tag, were
heterologously expressed in Escherichia coli BL21 (DE3) and purified using Ni-NTA
resin. The molecular weights of SeMT and SaMT are calculated as 30.8 kDa and 28.5
kDa, respectively, with SaMT being shorter by 21 amino acids at the N-terminus. Elias
Pfirmann conducted the purification as part of his bachelor's thesis, following the
established protocol for StspM1 with an additional washing step using 40 mM ImH,
which was beneficial in case of the purification of SgMT. SDS-PAGE analysis revealed
a distinct band at approximately 30 kDa in the washing fraction W2 and the elution
fraction [Figure 122]. The high purity of the eluted enzyme makes it suitable for protein

crystallisation.
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Figure 122: SDS-PAGE of the purification of N-terminal His-tagged SeMT and SaMT. Ref. =
Unstained Protein Standard, P = pellet, Lys = lysate, FT = flow through, W = wash (40 mM or
80 mM ImH), E = elution (160 mM ImH). The band at 30 kDa is highlighted.

Enzymatic activity was measured using the MTase Glo Assay for LL-cWW 3a and DD-
cWW 3b under the optimal conditions for SQMT. For comparison, the activity of SQMT
was also assessed. SaMT exhibited no activity, while SeMT displayed residual activity
[Figure 123].
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Figure 123: Activity of SaMT, SeMT and SgMT with the LL- and DD-cWW 3a and 3b substrates
under optimised conditions for SQMT measured with the Glo Assay.
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5.5.2 Restoring activity of SaMT

As demonstrated for SgMT, the N-terminal His-tag decreased enzyme activity.
Therefore, the enzymes with a C-terminal His-tag were used in subsequent
experiments. The SaMT with a C-terminal His-tag was expressed and purified on a
small scale and tested under the same conditions as the N-terminal His-tagged version
[Figure S 26]. However, the enzyme showed no activity towards the LL-cWW 3a [Figure
125]. SaMT is highly similar to StspM1, with the primary difference being a truncated
N-terminus, shorter by 21 amino acids. Among the missing 21 amino acids are the
residues Y11 and Y18 of SgMT, which have already been shown to affect enzymatic
activity when mutated. To determine whether this truncation was responsible for the
inactivity, Beatrix Paschold cloned the missing segment from SgMT to the SaMT
enzyme [Figure 124]. The elongated enzyme was then expressed and purified on a

small scale for further testing [Figure S 26].

SeMT MTVDVPVSSDPIYANLAASYDRLVDWVISEQ
SgMT MSS-QTVTPDPIYIGNLAES|YDRLAQWA | DQQ
StspM1 MSSETATPADPYITNLADSIYDRLAEWAVTCQ
SaMmt o] ---- -] - MAEWAVTCQ

Figure 124: Comparison of the N-terminal sequences of SeMT, SgMT, StspM1 and SaMT with
Y11 and Y18 highlighted in pink.

The elongated SaMT was tested for activity and displayed similar levels of activity in
comparison to SgMT, successfully restoring its enzymatic function [Figure 125]. These
experiments further highlight the critical role of the N-terminal amino acids in catalysis.
Since the elongated enzyme does not exhibit enhanced activity compared to SgMT
and its catalytic site is nearly identical to that of StspM1, no further investigation of this

enzyme was pursued in this thesis.
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Figure 125: Activity of the truncated SaMT, the elongated SaMT and SgMT with the LL-cWW
substrate 3a under optimised conditions for SQMT measured with the Glo Assay.

5.5.3 Crystal structure of SeMT

The SeMT with a C-terminal His-tag was expressed and purified using Ni-NTA
chromatography, adhering to the established protocol. Unlike the enzyme with a N-
terminally His-tag, which predominantly eluted in the W2 washing step with 80 mM
imidazole, the version with a C-terminal His-tag primarily eluted when the imidazole
concentration was increased to 160 mM. This difference can be attributed to the
position of the His-tag, with the C-terminal tag potentially being more accessible,
allowing for stronger binding to the column. The purification yielded 7.13 mg of protein
per gram of wet cells, which is 4.5 times higher than the yield for StspM1 but 5.5 times
lower than that for SgMT.
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Figure 126: SDS-PAGE of the purification of C-terminal His-tagged SeMT. Ref. = Unstained
Protein Standard, P = pellet, Lys = lysate, FT = flow through, W = wash (40 mM or 80 mM
ImH), E = elution (160 mM ImH). The band at 30 kDa is highlighted.

The highly purified wild-type SeMT was crystallised with SAH (94) using the sitting-
drop vapour diffusion method and standard commercial screening kits. Initial crystals
were obtained from reservoir solutions containing either ammonium sulfate or a
combination of lithium sulfate and ammonium sulfate in sodium citrate buffer (pH 5.6).
These conditions were further optimised through matrix screening and the use of
additives. The diffraction-quality crystals used for structural determination were grown
in a solution of lithium sulfate, ammonium sulfate in sodium citrate buffer (pH 5.6),
supplemented with 1,6-diaminohexane. SeMT crystallised in the orthorhombic space

group C2221, with two protomer copies present in the asymmetric unit.
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As predicted from the sequence similarity, SeMT displays a structural framework
similar to the indole C3-methyltransferases SgMT and PsmD. Consistent with earlier
observations for these enzymes, the dimeric form of SeMT is believed to represent its
biologically relevant state. The proposed catalytic site is positioned at the interface
between a Rossmann-type a/8 domain and the B cap domain. The demethylated
cofactor SAH (94) is bound within a pocket nearly identical to those observed in related
enzymes. Key structural elements are preserved, including the distinctive tyrosine side
chains (Y12, Y19, Y126) that shield the cofactor, and the catalytic histidine-acidic
residue pair (H218, E216) believed to play a role in the methyl transfer process [Figure
127]. This high level of conservation in critical catalytic features strongly indicates that

SeMT is an active enzyme, although its natural substrate remains unknown.
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Figure 127: X-ray structure of SeMT with SAH (94, pink). The active site with the catalytic triade
(E216, H218 and Y126) is highlighted.

5.5.4 Restoring activity of SeMT

Although the catalytic cavity of SeMT is comparable to that of SgMT in size (417 A3 vs.
378 A3, averaged across the A—B dimer) and shares general features like hydrophobic
and aromatic regions, notable differences exist in the size and polarity of specific
residues within the substrate-binding site. To determine whether these differences
affect the enzyme's activity and substrate range, SeMT was tested with seven different
DKP substrates, LL-configurated cWW 3a, cWF 242a, cWY 241a, cWH 243a, cWL 245,
cWV 244 and cWA 216, using the Glo Assay under SgMT's optimal conditions. Among
these, only the cWW substrate 3a exhibited residual activity, which remained nearly
80 times lower than that of SQMT [Figure 128].

165



5. Results

0,15
S
=
= 0,1
<
()
pe)
()
€ 0,05
[72]
C
o
(&]

0 T T T T T T
cWW cWY cWF cWH cWA cWV cWL

Substrate

Figure 128: Activity of the SeMT with a C-terminal His-tag against the LL-configurated cWW
3a, cWF 242a, cWY 241a, cWH 243a, cWL 245, cWV 244 and cWA 216 substrates under
optimised conditions for SQMT measured with the Glo Assay.

A detailed comparison of the sequences and structures of SeMT, StspM1, and SgMT
reveals several notable differences in their active sites: Nine specific residues,
identified based on their homology in StspM1 and SgMT and proximity to the active
site, were selected for mutational analysis [Figure S 27, Figure 129, Table 9]. The aim
was to modify SeMT's active site to mimic SgMT's, potentially restoring activity. The
key residues mainly surround the proposed cWW binding site, except for G131, which
aligns with a glutamine in StspM1 and SgMT. G131 is located in the first turn of helix
aD at the base of the cofactor binding cleft. Although it doesn’t directly interact with
SAM (93), its side chain likely influences the solvation around the cofactor's adenine
group. The V23A and V26 A mutations create additional space in the active site through
steric adjustments. Similarly, V195M and H197Y affect steric factors while introducing
additionally altered polar interactions. These four positions are located near the DKP
ring, rather than the indole ring that is subject to methylation. In contrast, mutations
T125N and N122G are closer to the methylation site. Residues Y154F and F220Y alter
the orientation of the hydroxyl group within the active site. Notably, in StspM1, F220
corresponds to Y223, a residue critical for enzymatic activity as it may form a hydrogen
bond with the indole nitrogen of the substrate. In SgMT, the homologous residue Y222

is proposed to align Y126, a key member of the catalytic triad.
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Figure 129: X-ray structure of SeMT with the nine mutation positions highlighted in blue.
Zoomed picture: active side of SeMT (blue) and SgMT (green) containing the amino acid
residues of the nine positions aligned. SAM/SAH (X-Ray) highlighted in orange, the cWW 3a
(docked position in SgMT) in yellow.

Table 9: Nine mutations to adjust the active site of SeMT towards SgMT/StspM1 and their

potential function.

No Mutation Location / Function

1 V23A Substrate cavity

2 V26A Substrate cavity

3 N122G Active site

4 T125N Active site

5 G131Q SAM binding site

5 Y154F Tyrosine network
Active site

7 V195M Substrate cavity

8 H197Y Substrate cavity
Tyrosine network /

9 F220Y

Active site
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However, testing the resulting 9x mutant with the cWW substrate 3a under standard
conditions (Glo Assay, 45 °C, 15 min, 10 pM enzyme) did not yield any significant
increase in activity. A key distinction in SeMT’s catalytic triad is the presence of a
glutamate residue where SgMT and StspM1 have an aspartate. While both amino
acids share carboxylic acid functionality, the longer side chain of glutamate may affect
enzymatic efficiency. Previous experiments have shown that mutating the aspartate in
SgMT to glutamate significantly reduces activity. In the C3-MTase PsmD from
Streptomyces griseofuscus, replacing its natural glutamate with aspartate caused a
substantial activity drop.[®®! Recognizing the significance of this residue, the glutamate
in SeMT was substituted with aspartate as a tenth mutation. The resulting 10x mutant

displayed activity 33 times higher than the wild-type enzyme [Figure 130].
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Figure 130: X-ray structure of the active side of SeMT (blue) and SgMT (green) containing the
amino acid residues of the catalytic triade. SAM/SAH (X-Ray) is highlighted in orange, the
cWW 3a (docked position in SgMT) in yellow. The activity of the SeMT wt the 9x mutant and
the 10x mutant with the additional E216D mutation was measured with the MTase Glo Assay
for the cWW substrate 3a under SQMT’s optimal conditions.
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The active 10x mutant of SeMT underwent further characterisation. The pH optimum
was determined using HPLC, while substrate scope and temperature screening were
assessed with the Glo Assay from Promega, using an enzyme concentration of 10 yM
[Figure 131]. SeMT displayed a similar pH optimum to SgMT at pH 8, but had a
distinctly different temperature optimum. The highest conversion for SeMT occurred at
25 °C, whereas SgMT and StspM1 exhibited optimal activity at 45 °C. Based on these
results, subsequent experiments with SeMT were conducted under optimal conditions

of pH 8 and 25 °C. The substrate acceptance profile of SeMT closely resembled that
of SgMT and StspM1.
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Figure 131: Biochemical characterisation of the SeMT 10x mutant. A: pH profile measured via

HPLC. B: Temperature profile measured with the Glo Assay. C: substrate scope measured
with the Glo Assay.
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To investigate the significance of individual mutations within the 10x mutant, each
mutation was reverted to its wild-type form one at a time. Due to their proximity, the
V23+V26, N122+T125, and V195+H197 mutations were reverted in pairs, while other
mutations were tested individually. These enzyme variants were expressed and
purified in small scale [Figure S 28] Enzyme activity was measured using the Glo Assay
with the cWW substrate 3a at 25 °C and an enzyme concentration of 10 uM. Under
these conditions, the wild-type enzyme exhibited negligible activity, while all mutants
retained measurable activity [Figure 132]. Notably, the 9x mutant, which retained the
wild-type glutamate in the catalytic triad, showed activity at 25 °C despite being inactive

at 45 °C in earlier experiments.
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Figure 132: Activities of different SeMT variants measured with the Glo Assay using cWW as
substrate. The 10x mutant contains all ten mutations from Table 9. The 1x mutant contains
only the E216D mutation. The other variants are based on the 10x mutant, with the annotated
mutations being reversed towards the wild type leading to 9x or 8x mutants. (1): V23A+V26A,
(2): N122G+T125N, (3): G131Q, (4): Y154F, (5): V195M+V195Y, (6): E216D, (7): F220Y.

Both SeMT variants (9x and 10x mutant) exhibited a temperature optimum of 25 °C,
while the overall activity of the 10x mutant is approximately three times higher.
Additionally, a single mutant of SeMT with only the E216D substitution was generated
and tested under the same conditions. However, this mutant showed minimal activity,
emphasizing that the other nine mutations are critical for restoring SeMT activity toward
the cWW substrate 3a. In Addition to the investigations on SeMT, the wild-type SgMT
(D218), and a SgMT mutant containing glutamate (E218) were tested at 3 yM enzyme
concentration using the Glo Assay. For SgMT, the D218E substitution altered its
temperature profile by shifting its optimum from 45 °C to 25 °C, but the overall activity
decreased [Figure 133B].
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Figure 133: Temperature activity profiles of SeMT and SgMT measured with the Glo Assay.
The SeMT enzyme concentration was set at 10 uM, the SgMT variants 3 uM. A. The 9x mutant
(green) contains the nine mutations, the 10x mutant (blue) contains additionally the E216D
mutation. The single mutant (orange) is based on the wild type with only the E216D mutation.
B: SgMT wild type (blue) and a single mutant D218E (blue).

The crystal structures of PsmD, SgMT, and SeMT reveal insights into how D-E
mutations affect the activity of these methyltransferases. In SeMT, the N-terminal
extension of the Rossmann fold helps enclose the catalytic cavity. This segment
includes a flexible "lid" that likely regulates access to the active site during catalysis.
Unlike SgMT, SeMT's lid forms a 90-degree bend at S9, positioning the N-terminus
towards the pB-cap domain. This conformation, consistently observed in crystal
structures, is stabilised by hydrophobic interactions and hydrogen bonds, notably
involving E216, which bridges S8 and N14 [Figure 134]. In SgMT, the equivalent D218
lacks this stabilizing interaction with S8, leading to a more flexible N-terminus. These
structural differences suggest that in SeMT, the stabilised lid limits access to the tested
substrates, while the E216D mutation might loosen these restraints, enabling substrate
entry. Conversely, in SgMT, introducing a glutamate (D218E) may stabilise the lid
similarly to SeMT, restricting substrate access and reducing activity. As observed, the
D218E mutation in SgMT shifts its temperature optimum, potentially due to differences
in side chain flexibility between aspartic and glutamic acid, affecting enzyme dynamics

and catalytic efficiency at higher temperatures.
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Figure 134: X-ray structure of SeMT (blue) and SgMT (green). SAH (94) is highlighted in dark
pink. For SeMT, the residues E216, N14 an S8 are highlighted, which influence the positioning
of the lid region.

Despite the restoration of SeMT activity through the introduction of ten mutations, its
overall performance at 25 °C remains threefold lower than SgMT's activity at its optimal
temperature of 45 °C. Notably, SQMT’s MTase activity drops at temperatures below its
optimum. Thus, the 10x mutant of SeMT and the D218E single mutant of SQMT could
serve as promising catalysts for reactions requiring temperatures below 30 °C. This
temperature-dependent activity profile suggests that these enzyme variants may offer
unique advantages for applications in low-temperature biocatalysis, expanding the

practical usability of MTases in temperature-sensitive reactions.
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In this chapter, the methyltransferases SaMT and SeMT were investigated. Initial
experiments revealed that SaMT exhibited no enzymatic activity, while SeMT

demonstrated only residual activity towards the LL-cWW substrate.

The activity of SaMT was restored by extending its N-terminus with a segment from
the SgMT sequence. The modified SaMT achieved a conversion rate comparable
to StspM1 and SgMT but was not further studied due to the neglectable advantages

expected in comparison to StspM1.

For SeMT, activity was restored through an intensive mutagenesis study. X-ray
crystallography provided a three-dimensional structure of SeMT, offering valuable
insights into its catalytic centre. Efforts to enhance SeMT activity included
introducing nine mutations into its active site to resemble the active sites of SQMT
and StspM1. However, the 9x mutant did not exhibit significant activity. A critical
tenth mutation within the catalytic triad (E216D) was identified as essential for
restoring enzymatic function. This new SeMT variant underwent further
characterization, including determination of its optimal pH, temperature profile, and
substrate scope. Additionally, the tenth mutation was found to influence the

temperature activity profile of its structurally related homolog, SgMT.
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5.6. NozB-CYIM
The MTase NozMT, originating from a gene cluster in Nocardiopsis sp. CMB-M0232,

is known to catalyze both C3 and N-methylation steps in the biosynthesis of
nocardioazine B.[%® &1 Within the study published in 2015, a homolog of NozMT,
referred to as NozB-CYIM, has been identified from Nocardiopsis chromatogenes YIM
90109 (WP_026123683).871 This enzyme, however, remains uncharacterised and
shares only 21% sequence identity with NozMT. Notably, its active site architecture
differs significantly from the previously analysed MTase. The cap domain is composed
of alpha helices that are arranged differently, resulting in a more open active site.
Investigating this enzyme could potentially reveal variations in substrate specificity and
broaden the understanding of its catalytic capabilities. The gene of NozB-CYIM was
ordered by Pascal Schneider and cloned into a pET21a(+) expression vector with a C-

terminal His-tag by Nadiia Pozhydaieva during her master thesis.

5.6.1 NozB-CYIM expression study

In her master’s thesis, Nadiia Pozhydaieva reported challenges in obtaining the target
protein in a pure form. While the protein was expressed in high quantities, the
purifi