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Abstract

Abstract

Confinement of an enzyme’s active site is critical to the efficiency of chemical reactions
and has been recognized as an important tool for catalysis. Confined active sites facilitate
the pre-organization of substrates and intermediates to control the reaction course,
protect against premature quenching and provide unique products. The catalytic center
activates the substrate, and its activity can be enhanced by residues surrounding the
substrate in the active site, changing the local catalyst geometry, and maintaining a
constrained structural and/or electronic configuration of the catalytic center. These
properties are characteristic of confinement, resulting in the generation of proximity
between the substrate and the catalytic center, as well as complementary binding of the
substrate into the active site. Effectively, this accelerates the reaction, controls the
progress of the reaction, and positions the substrate in a productive conformation. The
reaction course is selectively controlled by the stabilization of intermediates and by the
interaction of electron-rich residues with electron-poor molecules and vice versa. Despite
these benefits, a strongly confined active site is inherently limited to compounds that
resemble the native substrate, with only small deviations tolerated. This restricts the
applications for new reactivities and prevents broad substrate scopes. In this work,
analysis of the enzyme structure in combination with iterative saturation mutagenesis
were employed for the development of biocatalysts with alternative confinement and
productive substrate pre-organization. To unlock the potential of confined Brgnsted acid
catalysts this approach was applied on terpene synthases. These enzymes form several
carbocations as transition states and intermediates, which can be selectively converted
by confinement of the active site. Exploiting the potential of terpene synthases to convert
modified terpene scaffolds could provide interesting building blocks with branched
isoprene/terpene motifs. In addition, the control of the reaction progression to specific
products rather than a mixture of products could be targeted by stabilizing carbocation

intermediates or transition states.

The present work demonstrates a structure-guided strategy to create an alternative
confinement in the squalene hopene cyclase from Alicyclobacillus acidocaldarius
(AacSHC). This strategy aims to create proximity between substrate and catalytic center
and complementarity between substrate and active site to obtain productive

pre-organization of the substrate.
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Abstract

This may allow the conversion of geranylacetone (GA), farnesol and farnesylacetone
analogs as substrates with modified isoprene patterns. Among different rational and
semi-rational approaches only variant G600M (VD1), in which the substrate tunnel was
modified, yielded starting activity. Structural analysis of VD1 led to the identification of a
bottleneck in the tunnel. This resulted presumably in steric interactions and proximity by
decreasing average distances between the double bond of the substrate’s terminal
isoprene unit and the catalytic center. Furthermore, a lower fluctuation of these distances
around this mean value was observed in VD1 compared to the wild type (WT). These
observations support the hypothesis of improved substrate pre-organization and confirm
the creation of proximity between the substrate and the catalytic center. The development
of a screening method and optimization of reaction conditions facilitated iterative
saturation mutagenesis to investigate the evolvability and the potential of the approach.
The positions for saturation mutagenesis targeted the shape complementarity of the
active site to the GA analog dihydropseudoirone, and the finally developed variant (VD5)
showed an 1174-fold increase of the total turnover number and 111-fold increase in
catalytic efficiency compared to the WT. Creation of alternative active site confinement
demonstrates evolvability and great potential to overcome limitations in the engineering
of biocatalysts and allowed the generation of novel building blocks in preparative mg

scale.

Limitations in the generation of alternative confinement were approached by using
lycopene cyclases. These catalysts convert linear lycopene to carotenes under
physiological conditions and were mainly studied for the conversion of pseudoionones in
this work. The latter substrate could not be converted by AacSHC through generation of
alternative confinement. Three different lycopene cyclases were tested, of which
CanLCY-B showed immediate activity in converting pseudoionone to a monocyclic
product. AthLCY-B and AthLCY-E initially showed no conversion of selected terpenes.
After optimizing the reaction conditions, a multiple sequence alignment (MSA) was
performed to identify non-conserved positions around the catalytic acid of LCY-B. It was
hypothesized that these amino acids influence the confinement and the pre-organization
of the substrate. Saturation mutagenesis at the identified positions improved -lonone
formation by 4-fold and conversion by 5% with variant V335L compared to the WT. The
applicability of this MSA-based alternative confinement strategy for engineering of

further lycopene cyclases was demonstrated by using saturation mutagenesis of the
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respective residues in AthLCY-E. Under optimized conditions a-lonone product formation
increased 4.5-fold with the best performing variant AthLCY-E S359F compared to WT
AthLCY-E. Application of lycopene cyclases to complement activities with challenging
steric interactions demonstrated the successful expansion of the diversity for protonation
reactions by biocatalysts and the successful application of an MSA-based approach to

generate alternative confinement.

To further investigate the generation of alternative confinement and expand the toolbox
of Brgnsted acid catalysis, the acid isomerization of monoterpenes catalyzed by squalene
hopene cyclases (SHCs) was investigated. To access selective product formation with
monoterpenes a strategy based on cation stabilization was applied to overcome the
challenging pre-organization of the cyclic C10 compounds. The focus was on aromatic
residues with high electron density and residues surrounding the carbocation to direct
the reaction course toward a single monoterpene product. In an initial screening, four
monoterpenes were converted by AacSHC, resulting in complex product mixtures. Of
these, one monocyclic and one bicyclic substrate were selected for further engineering.
The goal here was to increase the formation of terpinen-4-ol, a hydrated monoterpene. In
addition, limonene that was not converted by AacSHC was tested. Optimization of reaction
conditions and semi-rational engineering to stabilize the carbocation intermediate
produced improved variants in terms of selectivity and terpinen-4-ol formation.
Saturation mutagenesis of hydrophobic amino acids that interact with the docked
substrate and surrounding residues resulted in variants VT3 and VS2, which had the best
selectivity and the highest measured terpinene-4-ol formation, respectively. VT3
converted monocyclic terpinolene with a selectivity of 64% and with a 3.4-fold increase
in total turnover number (TTN) compared to the WT. The highest terpinene-4-ol
formation of 219 uM and a 2-fold increase in TTN compared to the WT was measured with
the bicyclic compound sabinene. Features, such as bulkier residues at position 600, found
in VT3 and VS2 are likely responsible for generation of alternative confinement by the
positioning of aromatic residues, which stabilize cationic intermediates along the reaction

trajectory towards terpinene-4-ol formation.

Creating alternative confinement shows great potential for overcoming limitations in
biocatalyst engineering. Interesting building blocks were generated and new reactivities
with improved selectivity in protonation reactions have been discovered. Moreover, this

strategy could be used for predicting potential hot spots in enzyme engineering
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campaigns and data-driven predictions of enzyme functions to decipher the catalytic

potential of enzyme scaffolds.
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Zusammenfassung

Zusammenfassung

Confinement der aktiven Tasche eines Enzyms ist entscheidend fiir die Effizienz
chemischer Reaktionen und wurde als wichtiges Instrument fiir die Katalyse anerkannt.
Confinement der aktiven Tasche begiinstigt die Pra-Organisation von Substraten und
Zwischenprodukten, um den Reaktionsverlauf zu steuern, vor vorzeitigem
Reaktionsabbruch zu schiitzen und einzigartige Reaktionsprodukte zu gewinnen. Das
katalytische Zentrum aktiviert das Substrat und dessen Aktivitat kann erhéht werden,
durch die das Substrat umgebenden Reste im aktiven Zentrum, Veranderungen der
lokalen Katalysatorgeometrie und das Aufrechterhalten einer begrenzenden
strukturellen und/oder elektronischen Konfiguration des katalytischen Zentrums. Diese
Eigenschaften kennzeichnen Confinement und fithren dazu, dass Nahe des Substrats zum
katalytischen Zentrum generiert und das Substrat komplementar zu der aktiven Tasche
gebunden wird. Daraus resultiert die Beschleunigung der Reaktion, die Steuerung des
Reaktionsverlaufs und das Positionieren des Substrats in einer produktiven
Konformation. Der Reaktionsverlauf wird selektiv gesteuert, indem Zwischenprodukte
durch Confinement der aktiven Tasche stabilisiert und elektronenreiche Reste mit
elektronenarmen Molekiilen interagieren und vice versa. Trotz dieser Vorteile ist
Confinement der aktiven Tasche jedoch von Natur aus auf Verbindungen, die dem nativen
Substrat dhneln, limitiert und nur geringfiigige Abweichungen werden toleriert. Dies
schrankt die Anwendungsmoglichkeiten der Katalysatoren im Hinblick auf neue
Reaktivitaten ein und verhindert ein breites Substratspektrum. In dieser Arbeit wurde die
Analyse der Enzymstruktur in Kombination mit iterativer Sattigungsmutagenese fir die
Entwicklung von Biokatalysatoren mit alternativem Confinement und produktiver
Substrat Pra-Organisation eingesetzt. Um das Potenzial von Confinement in einem
Brgnstedt-Saure-Katalysator zu erschliefden, haben wir Terpensynthasen verwendet.
Diese Enzyme bilden mehrere Carbokationen als Ubergangszustinde und
Zwischenprodukte, die durch Confinement der aktiven Tasche selektiv umgewandelt
werden konnen. Die Nutzung des Potenzials von Terpensynthasen zur Umwandlung
modifizierter Terpengeriiste konnte interessante Bausteine mit verzweigten
[sopren-/Terpenmotiven liefern. Dariiber hinaus konnte der Reaktionsverlauf durch die
Stabilisierung von Carbokation-Zwischenstufen oder Ubergangszustinden auf bestimmte
Produkte gerichtet werden, statt zu einem Produktgemisch zu fiihren. Die vorliegende

Studie demonstriert eine strukturgeleitete Strategie zur Schaffung von alternativem
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Zusammenfassung

Confinement in der Squalen-Hopen Zyklase aus Alicyclobacillus acidocaldarius (AacSHC).
Diese Strategie zielt darauf ab Ndhe zwischen Substrat und katalytischem Zentrum und
Komplementaritit zwischen Substrat und aktiver Tasche herzustellen, um eine
produktive Pra-Organisation zu erhalten. Dies konnte die Umsetzung von Geranylaceton-
(GA), Farnesol- und Farnesylaceton-Analoga als Substrate mit modifizierten
[soprenmustern ermoglichen. Von verschiedenen rationalen und semi-rationalen
Struktur-basierten Ansatzen flihrte nur die G600M-Variante (VD1), die den
Substrattunnel beeinflusst, zu Startaktivitat. Die ausfiihrliche Strukturanalyse der VD1
Variante fiihrte zur Identifizierung einer Verengung im Substrattunnel. Diese fiihrte
wahrscheinlich zu sterischen Wechselwirkungen mit den Substraten und Ndhe zum
katalytischen Zentrum durch Verringerung des durchschnittlichen Abstandes zu der
Doppelbindung der terminalen Isopreneinheit des Substrats. Des Weiteren wurde eine
geringere Fluktuation dieser Abstdnde um diesen Mittelwert in VD1 im Vergleich zum
Wildtyp (WT) beobachtet. Diese Beobachtungen unterstiitzen die Hypothese der
verbesserten Pra-Organisation des Substrates und bestétigen die Schaffung von Nahe des
Substrats zum katalytischen Zentrum. Die Entwicklung einer Screening-Methode und die
Optimierung der Reaktionsbedingungen ermdoglichten die Durchfiihrung der iterativen
Sattigungsmutagenese, um die Evolvierbarkeit und das Potenzial dieses Ansatzes zu
untersuchen. Die Positionen fiir die Sattigungsmutagenese zielten auf die
Formkomplementaritat der aktiven Tasche zum GA-Analogon Dihydropseudoiron ab und
die entwickelte finale Variante (VD5) zeigte eine 1174-fache Steigerung des
Gesamtumsatzes und eine 111-fache Steigerung der katalytischen Effizienz im Vergleich
zum Wildtyp. Dieser Ansatz zur Schaffung von alternativem Confinement der aktiven
Tasche zeigt Evolvierbarkeit und grof3es Potenzial zur Uberwindung von Limitationen bei
der Entwicklung von Biokatalysatoren und ermoglichte die Herstellung neuartiger

Bausteine im praparativen mg-Maf3stab.

Die Anwendbarkeit dieser Methode wurde des Weiteren mit Lycopin Zyklasen validiert.
Diese alternativen Katalysatoren setzen unter physiologischen Bedingungen lineares
Lycopin zu Carotenen um und wurden in dieser Arbeit vor allem auf die Umsetzung von
Pseudoiononen untersucht. Fiir dieses Substrat war die Erzeugung von alternativem
Confinement zur Aktivitatssteigerung mit AacSHC limitiert. Drei verschiedene Lycopin
Zyklasen wurden getestet von denen CanLCY-B sofort Aktivitat flir die Umsetzung von

Pseudoionon zu monozyklisiertem Produkt zeigte. AthLCY-B und AthLCY-E zeigten in
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Zusammenfassung

ersten Versuchen keine Umsetzung ausgewahlter Terpene. Nach Optimierung der
Reaktionsbedingungen wurde ein Multiple-Sequence-Alignment (MSA) durchgefiihrt, um
nicht konservierte Positionen, die die katalytische Saure von LCY-B umgeben, zu
identifizieren. Es wurde die Hypothese aufgestellt, dass diese Aminosduren den
Einschluss und damit die Pra-Organisation des Substrats beeinflussen.
Sattigungsmutagenese an den identifizierten Positionen verbesserte die 3-lonon Bildung
um das 4-fache und dem Umsatz um 5 % mit der Variante CanLCY-B V335L im Vergleich
zum WT. Die Anwendbarkeit dieser MSA-basierten alternativen Confinement-Strategie fiir
das Engineering von weiteren Lycopin Zyklasen wurde durch Sattigungsmutagenese der
entsprechenden Reste in AthLCY-E demonstriert. Unter optimierten Bedingungen war die
Bildung des a-lonon-Produkts bei der besten Variante AthLCY-E S359F, im Vergleich zum
WT, um das 4,5-fache erhoht. Die Anwendung von Lycopin Zyklasen zur
Komplementierung der Aktivitdten mit schwierigen sterischen Wechselwirkungen zeigte
die erfolgreiche Erweiterung der Vielfalt fir Protonierungsreaktionen durch
Biokatalysatoren und die erfolgreiche Anwendung des MSA-basierten Ansatzes zur

Erzeugung von alternativem Confinement.

Um die Erzeugung von alternativem Confinement weiter zu untersuchen und den
Werkzeugkasten der Brgnsted-Sdure-Katalyse zu erweitern, wurde die saure
[somerisierung von Monoterpenen, die durch Squalen-Hopen-Zyklasen (SHCs)
katalysiert wird, untersucht. Um die selektive Produktbildung durch saure
[somerisierung von Monoterpenen zu erreichen, wurde eine Strategie angewendet, die
auf der Stabilisierung von Kationen basiert, da die Pra-Organisation der zyklischen C10-
Verbindungen schwer zu erreichen ist. Insbesondere konzentrierten wir uns auf
aromatische Reste mit hoher Elektronendichte und Reste, die die Carbokationen
umgeben, um den Reaktionsverlauf zu einem einzigen Monoterpen zu lenken. In einem
ersten Screening wurden vier Monoterpene durch AacSHC umgewandelt, wobei
komplexe Produktmischungen entstanden. Davon wurden ein monozyklisches und ein
bizyklisches Substrat fiir das weitere Engineering ausgewahlt. Ziel war es dabei die
Produktion von Terpinen-4-ol, einem hydratisierten Monoterpen, zu erh6hen. Zusatzlich
wurde Limonene getestet, das nicht von AacSHC umgesetzt wurde. Durch Optimierung
der Reaktionsbedingungen und semi-rationales Engineering zur Stabilisierung des
Carbokation-Intermediates, wurden verbesserte Varianten in Bezug auf Selektivitit und

Terpinen-4-ol-Bildung generiert. Sattigungsmutagenese von hydrophoben Aminosauren,
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die mit dem gedockten Substrat und den umgebenden Resten interagierten, fithrten zu
den Varianten VT3 und VS2, die die beste Selektivitit bzw. die hochste gemessene
Terpinen-4-ol-Bildung aufwiesen. VT3 setzte monozyklisches Terpinolen mit einer
Selektivitat von 64 % und einer 3,4-fach erhohten TTN im Vergleich zum WT um. Mit dem
bizyklischem Sabinen wurde die héchste Terpinen-4-ol-Bildung von 219 pM und eine 2-
fach erhohte TTN im Vergleich zum WT gemessen. Strukturelle Merkmale wie
volumindsere Reste an Position 600, die in VT3 und VS2 gefunden wurden, sind
wahrscheinlich fiir die Positionierung von aromatischen Resten verantwortlich, die

kationische Zwischenprodukte entlang des Reaktionsverlaufs stabilisieren.

Dieser Ansatz zur Schaffung alternativen Confinements des aktiven Zentrums birgt ein
grofles Potenzial fiir die Uberwindung von Limitierungen bei der Entwicklung von
Biokatalysatoren. Es wurden interessante Bausteine erzeugt und neue Reaktivitdten mit
verbesserter Selektivitiat bei Protonierungsreaktionen entdeckt. Dariiber hinaus kénnte
diese Strategie zur Vorhersage potenzieller Hotspots in Enzym-Engineering-Kampagnen
und zur datengesteuerten Vorhersage von Enzymfunktionen verwendet werden, um das

katalytische Potenzial von Enzymen zu entschliisseln.
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1. Introduction

1. Introduction

1.1. Principles of catalysis and confinement

Catalysis is one of the key principles in chemistry. In the modern chemical industry
catalysis is pivotal in the efficient use of natural resources and minimization of waste
production for sustainable applications. It is used in medical, food, fragrance, solar cell,
diagnostic and polymer industry to provide access to new chemical reactions and to

accelerate existing reactions, making them profitable.?

In particular, reducing the overall activation energy by a regenerating catalyst to
accelerate the chemical transformation opens novel reaction pathways in homogeneous,
heterogeneous or biocatalysis.3* The activation energy (Eq) is associated with the gas
constant R and the absolute temperature T. The Arrhenius equation describes the velocity

constant associated with Eq, R, T and a frequency factor (4) (Equation 1).

_Ea
k = Ae RT (1)

The action and principles of catalysts to accelerate the reactions are complex.#> High
activation energies in chemical reactions are often due to bond breaking. The formation
of new bonds stabilizes the system on the product side. Catalysts form transient bonds
with the reactant via covalent and noncovalent interactions. These lower the energy of
the transition state by partially compensating for the energy required to break the old
bond until the formation of the new bond ensues and the products are formed.> Notably
the product is usually not the thermodynamic endpoint, but the catalyst selectively forms
an intermediate which determines the end of catalysis.>¢ This gives rise to reaction
pathways that are selective for specific products and reactions that would not have been
observed in spontaneous reactions without catalysts despite competing pathways with
multiple products.’-? Inspired by biocatalysts and metal catalysts, establishment and
application of catalysts for enantioselective reactions in organocatalysis was recently
awarded with a Nobel Prize.10 It was shown that organocatalysts modified by molecular
engineering could be applied for a multitude of new type reactions and used for iminium

catalysis, enamine catalysis and H-bonding catalysis.6:11.12

The catalysts activate the reactant in the active site and the coverage of the active site is
dependent on e.g. the adsorption of the substrate or the binding of the substrate in

heterogenous catalysts.13 The optimum binding energy in the active site to perform
1
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catalysis but circumvent product inhibition depends on, e.g., structural and/or electronic
configuration of the active site and requires balance between constrictive binding and
void space.l® Shape selective catalysts, e.g., small molecule catalysts, enzymes and
nanoporous catalysts select the substrate from a wide range of compounds, with multifold
higher fidelity observed in enzymatic catalysis compared to homogenous and
heterogeneous catalysis.14-16 The active site activates the reactant, but the matrix of the
active site outside of the first shell is of equal importance as it often enhances the activity
of the ground state of the catalyst attacking groups. This is enabled by flexible alterations
of the local catalyst geometry and holding a constrained structural and/or electronic
configuration of the active site.1” For example, electron density distribution changes in
the catalyst favor the formation of new bonds by holding the molecules in proximity and
specific relative orientation to the catalytic site.318 These flexible adaptations of a
catalysts structure along the reaction path are essential for lowering the activation

energy.

Recently, the concept of confinement received greater attention in the context of small
molecule organocatalysis and was identified as key feature of all types of selective
catalysis.3 Confinement describes the shaping of a catalyst's active site in a well-defined
three-dimensional spatial arrangement and leads to restriction of small molecules motion
in the active site to essentially influence the reactivity and selectivity of the catalyst.3
Confined active sites control the conformation of substrates and transition states
precisely and stabilize reactive chemical species to facilitate reaction rate acceleration
and direct the reaction progress and termination.18-20 Moreover, confined active sites
shield substrate and intermediates in a buried cavity to protect against premature
quenching by solvents and reduce byproduct formation.8° In fact, a large and unusual
selectivity compared to classical reactions in bulk is observed.8° Two major features in a
confined active site are fundamentally involved in the positive effects for catalysts,
proximity and substrate specific secondary interactions in the active site.2! The term
proximity has also been used in the context of proximity channeling between active sites
in previous studies. In this work, however, only the proximity of the substrate to the
catalytic center is referred to when the term proximity is used. Proximity of the reactant
to the active site results in reaction initiation and acceleration, while secondary substrate
shape complementary interactions stabilize intermediates, transition states and affect

substrate binding and substrate selectivity.21.22 The ideal confined catalyst shapes the

2
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active site cavity exclusively complementary to the transition state of the desired
transformation by limiting the degrees of freedom of the interacting reactants.323 It was
shown that shape complementarity and precisely placed catalytic groups can be
successfully harnessed to design and evolve artificial enzymes for Kemp elimination and
Diels-Alder reaction. In these reactions chemical rate accelerations of 6 x 108-fold and
100-fold improved catalytic efficiency were afforded, respectively.2324 Proximity and
secondary substrate specific interactions are based on geometrical constraints (shape and
size selectivity), entropy effects, adsorption and desorption.25> Moreover, they contribute
in productive substrate binding in the active site to enforce the pre-organization of the
substrate in a higher energy conformation and allow the correct reaction propagation to
unique, selective products.25-29 In particular, basic atomic properties change in a confined
catalyst framework and as an effect increase the excitation energy, lower polarizability,

influence m-m interactions and lead to electrostatic stabilization.3:30

1.1.2. Types of catalysis

The investigation of principles of catalysis and especially the concept of confinement is
important to understand the influence of catalysts on activity and selectivity. Enzymes are
naturally occurring and diverse confined catalysts according to the lock-and-key theory
proposed by Emil Fisher in 1894 and the extension to the induced fit and the
conformational selection theory.31.32 The latter theories describe the mechanism of ligand
binding coupled to conformational changes in enzymes. In one of the most complex
one-step enzymatic reactions hopene or hopanol with five ring structures, 13 covalent
bonds, and nine stereo centers are formed from the linear substrate squalene by SHC
(Figure 1).33 This assumes that the ligand is properly bound, and the conformational
changes are accurately defined in the enzyme. Several reactions with remarkable activity
and selectivity were shown to be catalyzed by enzymes and studies aimed to mimic these
biocatalysts and demonstrated the application in selective cross-coupling, cycloaddition
and isomerization reactions and the major influence of acid/base catalysis in

heterogeneous- and homogenous confined catalysts.34-37

Similar to enzyme active sites, zeolites possess a well-defined pore structure which
enables the catalyst to separate molecules by size and trap them in the active site.38 In
heterogeneous catalysis zeolites demonstrated the ability to catalyze a variety of
transformations e.g. Beckmann rearrangements, Brgnsted acid transformations and

electrophilic aromatic substitutions.3? In addition, the starting material lactide for
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synthesis of renewable and biodegradable plastics was synthesized by a H-beta zeolite.34
In the reaction without the confined catalyst with simple Brgnsted acid catalysts the
unselective oligomerization product was formed.3* The confined reaction site of a Sn-beta
zeolite was shown to catalyze the chemoselective oxidation of several ketones including
the reaction of dihydrocarvone to the 7-membered lactone with a selectivity above 98%

when combined with a Lewis acid (Figure 1).40

In homogenous catalysis the second coordination sphere results in a (chiral) pocket. This
is a prerequisite for a catalyst. The confined active site exhibits additional features such
as shape- and size-selectivity, prevention of side reactions, substrate pre-organization,
and stabilization of reactive intermediates.341 Multiple supramolecular catalysts
including cyclodextrins and capsule like structures have been developed for a wide scope
of reactions and supramolecular catalysts were recognized as artificial enzymes.4243 In
this context the [GasLes]1%- cage was designed with an anionic and hydrophobic pocket to
preferentially incorporate organic and cationic molecules.#* With these catalysts reaction
rates could be accelerated by up to 1000-fold for aza-Cope rearrangements. The
improvement was attributed to the effective pre-organization of the substrate and
efficient stabilization of the cation.?¢ In a carbonyl ene cyclization of citronellal with
challenging stereochemistry and side reactivity the substrate was converted with 97%
selectivity to isopulegol by the [GasLe] 12~ cage with good diastereoselectivity and differed
significantly in the product outcome observed in the reaction in aqueous KH2POs
(Figure 1).4> In addition, a self-assembled octahedral cage was shown to catalyze the

selective epoxidation of the diterpene tail protruding from the supramolecular cavity.18
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The confinement of the active site can also play a crucial role in increasing the overall
reactivity of a given process by stabilizing a more reactive conformation of the chosen
substrate. Zhang et al. demonstrated the intramolecular hydroarylation of simple olefins
by a homogenous small molecule catalyst IDPi (Figure 1).#¢ The high acidity of the IDPi
catalysts and the pre-organization of the substrate are key requisites for the protonation.
Gem-dimethyl substitution of substrates on the aliphatic chain bearing a nucleophilic
functional group is known to enormously increase the rate of cyclization in any

intramolecular cyclization.3¢

A Biocatalysis B Heterogenous catalysis

| / \‘(@
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ddH,0 l

_0
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cage K,HPO, S IDPi CH

OH Ph

C Homogenous supramolecular catalysis D Small molecule homgenous catalysis

Figure 1. Confined catalysis via proximity and secondary interactions. (A) Polycyclization
of squalene by SHC as example for selective reactions in biocatalysis.8> (B) Heterogeneous
catalysis of dihydrocarvone to the 7-membered lactone via Sn-beta zeolite.40
Homogenous (C) Prins reaction with citronellal by a [Ga4Ls]12- cage and (D) protonation
of simple olefins and subsequent intramolecular cyclization catalyzed by IDPi.3645

Current research aims at expanding and generalizing the application of catalysts for
available substrate classes through the rational development of more active, but highly
selective catalyst motifs.4748 Versatile bio- and organocatalysts with an outstanding range
of transformations are Brgnsted acid catalysts.4%50 In particular, chiral Brgnsted acid
catalysis contributes significantly to the formation of chiral scaffolds of elaborate
bioactive molecules and is a rapidly growing area with great potential when combined

with confined catalysts such as in BINOL-derived phosphoric acid catalysts.>°
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1.2. Brgnsted acid catalysis

In Brgnsted acid catalysis the protonation of a functional group or formation of a
electrophilic transition state enhances the reactivity towards nucleophiles thereby
enabling unique versatility and a diversity of complex scaffolds.>® The origin of this
reaction diversity is the efficient activation of a large number of structures, which depend
on the acidity of the catalyst and the alkalinity of the substrate.>? Initially Brgnsted acid
catalysis was limited to hydrolysis reactions and the formation of esters and acetals, and
asymmetric catalysis was scarcely explored.! However, in the past decades
BINOL-derived phosphoric acids, which are esters of phosphoric acid with chiral
backbones, were characterized and it was reported that a protonated substrate can be
closely associated with its anion in a Mannich-type reaction. This can confer
enantioselectivity to the reaction.52°3 Since, Brgnsted acid catalysts attracted much
attention and asymmetric transformations of imines, carbonyls, alcohols, epoxides and
unfunctionalized aliphatic substrates like alkenes and alkynes have been realized.54-56
Nowadays Brgnsted acid catalysis demonstrates versatility for a wide range of reactions
and extensive possibilities for formation of new C-X and C-C bonds.5033,55 Subsequently,
asymmetric/chiral Brgnsted acid catalysis has emerged as one of the most prominent

subfields of organocatalysis.

1.2.1. Chiral Brgnsted acid catalysts

The recognition of the crucial relationship between the configuration of a chiral molecule
and its biological activity initiated a tremendous interest in the efficient and atom
economic enantioselective catalysis to perform asymmetric reactions. In the field of
asymmetric Brgnsted acid catalysis two types of asymmetric catalysts exist with regard
to the reaction mechanism: A) general and B) specific Brgnsted acid catalysts. General
Brgnsted acid catalysts act as hydrogen bond donors to activate compounds and stabilize
the transition states (Figure 2).57-60 Besides general Brgnsted acid catalysis, small
molecules possessing hydrogen bond donors catalyze an array of C-C and C-X
bond-forming reactions.>%61 Specific Brgnsted acid catalysts activate the substrates by
protonation. The reaction mechanism is linked to the acidity of the catalysts, which is

weaker in general compared to specific catalysts (Figure 2).57.60.62

Fundamental research in the field of Brgnsted acid catalysis elaborated the use of neutral

compounds such as thiourea and diols (e.g. TADDOL and squaramide derivatives) in
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general acid catalysis for Strecker reactions, hetero-Diels-Alder reactions and conjugate
addition reactions, respectively.>%63 Qverall, several hydrogen bonding catalysts and
reactions were reported for activation of electrophiles.17.59 Nevertheless, the general acid
catalysts are limited for broad applications, because of their weak acidity.>7.60 Only with
the application of strong acids within specific acid catalysts the substrate scope could be
extended thus since 2004, BINOL-derived phosphoric acids were used for Mannich
reactions.>253 These catalysts form a chiral cavity due to their axial chirality.>253 The size
of the cavity can be designed for different substrates by modification of the
3,3’-substituents. In the TRIP catalyst reported by List et al. placing bulky groups near the
active site as 3,3’-substituents allowed the asymmetric transfer hydrogenation of
imines.®* Moreover, the success of the BINOL derived catalysts prompted the
development of catalysts with alternative backbones to modify geometrical parameters
of the active site. Selected examples are the bis-BINOL derived phosphoric acids and the
Biphenol-derived phosphoric acids catalyzing the transfer hydrogenations of quinolines
or the asymmetric C-H functionalization via an internal redox process, respectively.566 [n
addition to chiral phosphoric acids, chiral dicarboxylic acids, chiral disulfonic acids, chiral
sulfonimides and N-triflylphosphoramide have emerged as stronger Brgnsted acids, and
their applicability for synthetic synthesis has become widely accepted.>>67-69 Multiple
asymmetric reactions including transfer hydrogenations, reductive aminations,
Friedel-Crafts reactions, Michael reactions, Prins reactions, Nazarov cyclizations and
Diels-Alder reactions could be performed with these catalysts.>0.6470-72 For the alkylation
with weak basicity, the BINOL backbone imidodiphosphate with N-triflyl groups with high
acidity and confined active site was designed.#¢73 The moderately strong or strong
general and specific Brgnsted acid catalysts entail the application for asymmetric catalysis

with tunable reactivity and selectivity for a myriad of reactions.

1.2.2. Brgnsted acid catalysis in Enzymes

The versatility of Brgnsted acid catalysis for a wide range of reactions makes it significant
for biosynthetic pathways.”’4+7> By forming hydrogen bonds enzymes act as general
Brgnsted acid catalysts, enhancing the basicity of the substrate and stabilizing transition
states during the formation/breaking of bonds to decrease the free energy of the activated
complex and accelerate the reaction.”’6-78 Similar to TADDOL, hydrolytic enzymes perform
general Brgnsted acid catalysis in e.g. hydrolases, lipases, proteases and esterases.”®

Acting as a general Brgnsted acid catalyst, the serine protease uses an oxyanion hole to
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form hydrogen bonds to position and activate the carbonyl group for the hydrolysis of the
amide bonds of the substrate (Figure 2).80 The carbonyl is activated via a serine associated
with an aspartate and a histidine in a catalytic triad, forming a tetrahedral intermediate
upon nucleophilic attack by the serine residue (Figure 2).80 The amine then leaves the
active site and a water molecule is activated to hydrolyze the acyl-enzyme intermediate.80
Most often, the oxyanion hole is composed of amides or positively charged residues to
stabilize the negative charge of the intermediate and allow positioning of the substrate
when it is otherwise sterically hindered.13 Another example for general Brgnsted acid
catalysis by enzymes is the hydrolysis of amide bonds catalyzed by Human
immunodeficiency virus (HIV) protease. Here, a syn-oriented hydroxyl group of the
aspartate activates the substrate and hydrogen bonding stabilizes the tetrahedral
intermediate (Figure 2).81 This general Brgnsted acid catalysis is well recognized in
enzymes, however due to the low acidity of proton donors in water only limited examples
for specific catalysis exist for enzymes.’® In 2014 Hammer et al. postulated specific
Brgnsted acid catalysis in squalene hopene cyclases, which demonstrated high acidity to
enable olefin protonation in a confined microenvironment with high selectivity, avoiding
potential side reactions.82 These enzymes’ catalytic acid is an active site aspartate
coordinated by a specific amino acid network (Figure 2).82 This aspartates’ hydroxyl
group is presumably anti-orientated and increases the acidity by 104-fold compared to

syn-protons commonly observed in general Brgnsted acid catalysts.83.84
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Figure 2. Chiral Brgnsted acid catalysis with general and specific acid catalysts. (A)
Hydrolysis of amide bonds via a two-step mechanism with a covalent enzyme-substrate
complex. Two hydrogens of the protein backbone form the oxyanion hole, which positions
and activates the carbonyl group of the substrate (teal) as a general Brgnsted acid.80 (B)
Hydrolysis of an amide bond by HIV protease.8! The substrate (teal) binds in the active
site and a coordinated water molecule (blue) is activated for nucleophilic attack. The
tetrahedral intermediate is stabilized by hydrogen bonding through an aspartic acid in
syn-orientation of the general Brgnsted acid. (C) Protonation of C-C bonds by
anti-oriented D376 (red) in AacSHC mediated by a hydrogen bond interaction with Y495
and H451 and (D) physiologically relevant syn- and anti-orientations of the hydroxyl
group of carbonic acids in general and specific Brgnsted acid catalysts, respectively.83-8>

Overall, Brgnsted acid catalysis in chemical or biological reactions is efficient for the
activation of multiple structures. However, after the activation of the substrates,
especially by specific Brgnsted acid catalysts, the control of the formed carbocation and
the course of the reaction is essential for chirality. In this context, investigation on the

main properties of carbocations and their stabilization are essential.
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1.3. Carbocation chemistry

Carbocations are generated from CH acidic compounds or alkyl halides and can be
classified as carbenium ions, which have been defined as the classical trivalent, sp2
hybridized carbocations and non-classical carbonium ions. The non-classical carbonium
ions are species with tetra-, penta-, or even higher coordination carbon centers, which can
have three-center bonding.8¢ Generally, carbocations occur in nucleophilic substitution
(Sn1) and elimination (E1) reactions, additions of electrophiles to double and triple bonds,
electrophilic aromatic substitutions, rearrangements and polymerizations.87-89 The
observed versatility of reactions is caused by the simplicity of the protonation,
rearrangement reactions and carbocations incorporating an unusually wide range of
structures and bonding types including multiple bonding, aromaticity, strained rings, and

nonclassical ions.88-90

Carbocations are very reactive intermediates and their stabilization is mandatory in order
to facilitate the myriad of reactions observed.?! The carbocation stabilization controls the
product selectivity to prevent quenching and to lower the activation energy to accelerate
the reaction.?? In general, stability decreases from tertiary to primary carbocations, but is
dependent on the substituents and can be stabilized by hyperconjugation and resonance
(Figure 3).92 Therefore, increasing the number of alkyl substituents on a carbocation leads

to an increase in stability (Figure 3). Hyperconjugation stabilizes carbocations by electron

Carbocation stabilisation delocalization via parallel overlap
Hyperconjugation of the carbocation p-orbital with
® ® ® ®
R‘Q’R R‘Q/R R‘CIJ/H H‘g/H hybridized orbitals participating in
R H H H

Allylic and benzylic resonance stabilisation o-bonds (usually C-C or C-H bonds).

® ® Resonance stabilization does not

P T AN
® ® involve an o-orbital component, but
©/\ O/\ only the p-orbital of the carbocation
Lone pair resonance stabilisation and the p-orbitals of the m-bonds in
a conjugated m-system. Here the
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~o NS positive charge can be distributed

— gyer multiple carbons (Figure 3).
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Figure 3. The three modes of carbocation
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stabilization. conjugated  m-system, thereby
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stabilizing the carbocation.8993 In addition, carbocations can be stabilized by adjacent

atoms bearing lone pairs by donation of electrons to the electron-poor carbon (Figure 3).

Physiologically relevant and representative carbocations are the allylic carbocations,
tertiary carbocations and the secondary carbocations. Tertiary carbocations form the
largest and most diverse group of carbocations stabilized by hyperconjugation with its
adjacent C-C bonds and cation-m interactions with the nearby m-bonds as well as allylic
carbocations.?* Of the less stable secondary carbocations, only a few examples have been
validated by computational calculations of minima on potential energy surfaces. They
were documented as homoallylic carbocation or are stabilized by strong
hyperconjugative interactions, e.g., in the pathway to pentalenene.?> In addition, some
hybrids of tertiary and secondary carbocations were observed, the so-called "proton
sandwich".9495 The above carbocations represent minima on potential energy surfaces,
however, transition state structures are not uncommon intermediates in natural

carbocation rearrangements and can occur via asynchronous, concerted processes.?#+%

Carbocations react with the nucleophiles in the following and the selectivity in the course
of this reaction depends on the stabilization of the carbocation and methods used to
control the selectivity of the nucleophilic attack. Here two different methods are
differentiated i) chiral directing groups with an adjacent stereocenter blocking either the
re or the si face of the carbocation which lead to geometric constraints in ring-forming
reactions and ii) association of a chiral counterion with the carbocation. In this context,
stereoselective delivery of a proton to an alkene or other group became useful in the
development of new types of chiral Brgnsted acids.’1.9097.98 When considering the
unstable/reactive transition states during the reaction and the nucleophilic attack, the
environment of the compound is important for reactivity. In catalyst development, the
confined active site or interactions with aromatic constituents were found to have a
significant impact on reactivity and selectivity in carbocationic reactions.?2%? A moiety at
the active site can interact with the appropriate orbitals of a carbocation, leading to large
geometric distortions that push and pull the carbocation along the continuum of possible

structures and leads to stabilization of certain transition states for the reaction course.92

There is a great variety of carbocation structures and rearrangement reactions. Their
stabilization is important for selective product formation. In natural biosynthesis from

one compound several products can potentially be formed, however the described
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principles for carbocation stabilization result in selective catalysis towards specific
products. This is especially the case in the biosynthesis of terpenes where a variety of
delocalization pathways with carbocations are possible. The pathway and the catalyst

that facilitate this selectivity are described in the next chapters.

1.4. Terpene biosynthesis

Carbocations are important intermediates in the biosynthesis of terpenes and steroids. In
the biochemical synthesis, they are steered towards the formation of various terpene
natural products.100.101 Terpene and terpenoid natural products with diverse and complex
molecular architectures are produced in nature from simple precursors and their
properties and functions are as diverse as their structure. They display well-known
pharmaceutical properties, including anti-cancer, anti-viral, anti-bacterial and
anti-inflammatory activity.192-105 [n fungi, plants, insects, amoebae and bacteria, terpenes
mediate antagonistic and beneficial interactions for defense mechanisms and intraspecies
communication.103.105 [n industry, terpenes find application in food, health, pharma and
fragrance industry.106-109 The common feature of terpenes is their isoprene backbone
consisting of isoprene units with the formula (CsHs)n with naturally occurring
modifications. In the first step of terpene biosynthesis, geranyl pyrophosphate is formed
by the coupling of isopentenyl pyrophosphate and its regioisomer dimethylallyl
pyrophosphate in the mevalonate pathway found in eukaryotes or the deoxyxylulose 5-
phosphate pathway found in plants and bacteria.l10111 Condensation with additional
isopentenyl pyrophosphates yields Csn isoprenoid pyrophosphates. Based on the number
of isoprene units the compounds are classified into monoterpenes (C10), sesquiterpenes
(C1s5), diterpenes (C20), triterpenes (C3o) and so on. 110-112 These naturally occurring
terpenes follow thereby the native isoprene rule. This rule defines terpenoids to be alkene
chains containing a characteristic number of linear, head-to-tail condensed, C5 isoprene
units. Methyl-migration, rearrangements and proton and hydride transfers affect the
diversity of terpenes, e.g., in the cyclization and rearrangement of farnesyl pyrophosphate
(FPP) to aristolochene.113-115 During cyclization of FPP to aristolochene two rings, three
chiral centers, and two double bonds are formed regio- and stereospecifically within the
active site of aristolochene synthases from Penicillium roqueforti and Aspergillus
terreus.11> The involved carbon atoms undergo changes in hybridization, configuration or
bonding.115 In particular, the C10-C11 double bond displaces the pyrophosphate leaving

group in an Sn2-like reaction to provide a germacryl cation, followed by a proton loss from
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C12 to generate germacrene A (Figure 4).115 The intermediate was postulated to undergo

protonation of the C6-C7 double bond and further cyclization to form the bicyclic

eudesmane cation. Successive 1,2-hydride shift and methyl migration, followed by loss of

hydrogen at C8, leads to the formation of aristolochene.115

N PP, N “H*
— —
A 0PPY 20 7 © Z

FPP Germacrylcation Germacrene A

; : ;@: Methyl migration

Aristolochene

l

\ l +H*

1,2 hydride shift
— L
®

Eudesmane Cation

Figure 4. Mechanisms for the cyclization and rearrangement of FPP to aristolochene
catalyzed by aristolochene synthases proceeding through germacryl and eudesmane

cations.115
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B Typell TS

B . o
<Y~
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Figure 5. Formation of the first carbocation by (A)
heterolytic cleavage mediated by magnesium ions as
observed in type 1 terpene synthases. (B)
Electrophilic activation through Brgnsted catalysis
define type II terpene synthases.

As represented in Figure 4
significant contribution in terpene
versatility is observed by cyclization
of linear hydrocarbon molecules
mediated mostly by terpene
synthases (TS) via two pathways
that differ in the mechanism of
activation  of the  substrate
(Figure 4).111 [n type I TS the active
site motif DDxxD is conserved and
the reaction is initiated by the
formation of an allylic cation via
heterolytic  cleavage of the
hydro-carbon pyrophosphate bond
(Figure 5).114 In typell TS, the
reaction is initiated via electrophilic
activation at the prenyl end of the
substrate by an aspartate from the

conserved DxDD motif (Figure 5).111
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Commonly terpene synthases bind their substrates in relevant conformations, facilitate
carbocation generation, shield carbocations from premature quenching and selectively
terminate the reaction. Selective stabilization of transitions states is obtained by
electrostatic effects for the promotion of quantum mechanical tunneling to bind substrate
conformations that resemble key transition state structures.116117 For example
carbocation-m interactions with aromatic amino acid residues are important to stabilize
positively charged species in oxidosqualene cyclases during the formation of lanosterol.
These interactions were also shown to substantially lower the reaction energy barrier in
mutational studies of tryptophan and phenylalanine residues in the active site of
aristolochene synthetase.118119 [n the reaction from (oxido-) squalene to lanosterol,
lupeol and hopene/hopenol, hyperconjugation in triterpene cyclases guides the course of
the reaction via multiple carbocations and bridged cyclopropane/carbonium ions within
a polycyclization cascade.120 Additionally, the same starting materials can be converted to
different products by precisely controlling reactive carbocations through steric and
electrostatic interactions in different monoterpene synthases.121-123 [n these reactions
key intermediates determine the final structure of the product.124-126 Carbocation
formation and transition state stabilization by enzymes in terpene biosynthesis are
fundamental catalytic principles that contribute to the diversity of terpenes and are

important for diverse applications.

1.4.1. Plasticity and evolvability of terpene synthases

The diversity of terpenes is increased during the cyclization reaction in terpene
biosynthesis through several new stereocenters formed by variation of substrate
pre-organization. In solution, product selectivity, e.g. stereoselectivity and
regioselectivity, of terpene cyclizations are hard to control due to premature chemical
quenching of the cationic intermediates. In enzymes, initiation of the first carbocation, its
propagation, and its quenching can be controlled and spatially separated within the active
site.127-129 A major factor for the diversity is the great plasticity and promiscuity of many
TSs for different substrates and reaction trajectories thereby reflecting the significant

evolutionary potential.

In the past decades, this plasticity was studied in type [ and II TSs and revealed their great
potential as biocatalysts for terpene biosynthesis. High promiscuity towards terpene
substrates with different conformation, chain length and synthetic modifications were

observed.101121,130131 A germacene synthase for example was shown to cyclize FPP,
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geranyl pyrophosphate and neryl pyrophosphate.101 Further, two fungal sesquiterpene
synthases were shown to convert FPP geometric isomers via opposite enantiomers of a
cyclic carbocation intermediate that were rearranged to different sesquiterpene
products.191 [n a 8-cadinene synthase product formation could be shifted towards the
alcohol product instead of the bicyclic sesquiterpene §-cadinene through single amino
acid substitutions that enabled coordinated series of loop movements. This allowed bulk
water to access to the final carbocation in the active site.132133 Similar product
interchange from kolavenyl pyrophosphate and ent-copal-8-ol pyrophosphate was
observed for class II diterpene synthases.133 Based on an enzyme design strategy that
considered residues in and around the active site, Greenhagen et al. demonstrated that
the abietadiene synthase could be converted into a pimaradiene synthase and vice
versa.13% Further, (B-bisabolene synthase, E-B-farnesene synthase, sibirene synthase,
longifolene synthase and a-longipinene synthase were designed by recombination from

plasticity residues and saturation mutagenesis of a y-humulene synthase.135

For production of valuable products like taxol and artemisinin type I TS were used,
frequently.136137 [n a chemoenzymatic approach valuable germacrene analogues,
possessing antimicrobial activity were prepared with a type I germacrene A and
germacrene D synthase and modified FPP analogues.!38 These two enzymes demonstrate
plasticity by conversion of a variety of modified FPPs to germacrene A and D analogues
often with synthetically acceptable conversions. However, type I TSs require activation of
substrates with pyrophosphate and are suitable for in vivo applications, and less practical
for broader and preparative in vitro applications. With type II TS efficient production of

(+)-ambrein, the most abundant component of the odor ambergris, was demonstrated.109

The described plasticity and promiscuity of TSs is essential for the diversity of terpenes
and presents a great platform for practical applications. TSs were used and engineered to
allow conversion of versatile substrates and formation of multiple products. They
produce terpenes under mild conditions in water with highly frequent chemo-, regio- and
stereoselectivity. Therefore, they present great synthetic potential and were studied in

more detail e.g., in the case of SHCs.

1.5. Squalene hopene cyclases
One of the most prominent class II TS is the bacterial SHC from Alicyclobacillus

acidocaldarius (AacSHC), which belongs to the SHC superfamily with 325 assigned
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members.139 The physiological function of SHCs is the conversion of squalene into hopene.
Hopene plays a crucial role in membrane fluidity by condensing lipid membranes and
subsequently improves the structural order at higher temperatures (Figure 6). A side
reactivity towards hopanol formation instead of hopene, is observed at hydration of the

hopenyl cation instead of deprotonation (ratio 1:5, hopanol:hopene) (Figure 6).140

| /
H451 s~
l
|
|
t
|
| ’/ hopene
l H
O | :
|
hopenyl-cation hopanol or

Figure 6. Polycyclization of squalene catalyzed by SHC. Active site residues involved in
the initial protonation by SHC are depicted. Rearrangement of the intermediates in the
polycyclization cascade yield the hopenyl-cation, which is directly deprotonated or
hydrated to yield hopene or hopanol, respectively.141

1.5.1. Structure and function of SHC

The first solved crystal structure of AacSHC (PDB: 1SQC) shows the two characteristic
By-domains with (a/a)e barrel fold.85 AacSHC is a homodimer and a monotopic
membrane protein with a membrane-associated a-helix within the y-domain
(Figure 7).85142 Next to the membrane-associated a-helix a dynamic, hydrophobic channel
connects bulk solvent and active site for entrance and release of reaction compounds.85143
The active site is located in between the - and y-domain and is dominated by aromatic
and hydrophobic amino acids (Figure 7).8>142144 Catalysis is initiated by the enzyme
chaperoning the substrate in an all-chair conformation to establish pre-organization via
release of water molecules from the active site through specific channels.145146
Protonation proceeds at the terminal double bond by the presumably anti-orientated

proton of the catalytic acid D376. A hydrogen bond network with Y495 and H451
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contributes to the correct orientation of the anti-oriented proton to increase the acidity
in comparison to syn-oriented protons (see section 1.2.2.).140.142147 The residues involved
in reaction termination are, e.g., E93 and Q262.141 Notably, a 200 kJ/mol energy release
upon product formation by the enzyme was observed.143 During the energy release,
stabilization of the enzyme's secondary structure is assured by highly conserved

QW-motifs.143,148

The hydrophobic and to a large extent m-electron rich residues in the active site are mainly
phenylalanines, tyrosines and tryptophans (Figure 7). These residues are believed to
shield reactive intermediates from water molecules and stabilize carbocation
intermediates via the confined active site of AacSHC. This supports catalysis via
cation-m-interactions and favors SHC product selectivity towards pentacyclization over
mono- and tricyclic ring closures.1#1 For example, F365 and F605 were identified to be
crucial for the stabilization of the bicyclic carbocation and the hopanyl carbocation at C8,
C17 and C22 of squalene.14! Other hydrophobic residues such as L607 were shown to be
involved in substrate binding.14! Monocyclic products were observed by mutation of
residues D377, W389, L607 and W489. The residues 1261, W420and L607 are involved in
folding and pre-organization of the substrate to control the unique stereoselectivity of

AacSHC.141
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D376
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Figure 7. AacSHC crystal structure and important catalytic residues. (A) AacSHC
cocrystallized with 2-azasqualene (teal) (PDB: 1UMP) and the membrane associated
a-helix (purple) in the y-domain and the catalytic acid D376 as part of the 3-domain. (B)
Active site close up with residues involved in protonation (red), substrate
binding/carbocation stabilization (green) and termination (blue).141.149
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1.5.2. Substrate scope of squalene hopene cyclases

SHCs were intensively studied and demonstrated great plasticity towards various
substrates (Table 1).131.150.151 Seyeral SHC variants were shown to catalyze the conversion
of substrates of various sizes and conformations by protonation of a terminal isoprene
carbon double bond.131141152 Hammer et al. exploited the potential of SHCs as Brgnsted
acid catalysts and engineered AacSHC to show catalytic activity for the monocyclization
of small C10 compounds like geraniol and epoxy-geraniol.82 Overall polyprenoids from Cio
up to Css can be successfully converted through polycyclization reactions by SHCs
(Table 1).131.153154 [n addition, acidic isomerization of [B-pinene with AacSHC was
observed. This reaction is catalyzed via several cationic intermediates leading to a
non-selective product profile of monocyclic and bicyclic terpenes, including valuable
terpenes for the fragrance and perfume industry (Table 1).155 Direction and control of
cations during the reaction progress for selective product formation is of immense
interest to efficiently produce value added monoterpenes. By screening SHC mutant
libraries for new reactivities and increase in conversion, structural hot spots for
functional plasticity were identified and tuned the product selectivity towards a-pinene
formation up to 90%.15¢ Modifications of the terminal isoprene unit for reaction initiation
(initiation unit) were tolerated to a limited extent. Besides more reactive epoxy groups
and carbonyl groups in e.g., epoxysqualene and citronellal, hardly any modifications were
tolerated (Table 1).154157.158 [n a highly enantioselective (ee >99%) Prins reaction of (R)-
and (S)-citronellal was converted by ZmoSHC1 from Zymomonas mobilis to interesting
precursors like isopulegol.82158159 Substrate tolerance of SHCs was observed for
compounds with variation of functional groups at the final cyclization unit including
alcohol, carboxylic acid and ketone motifs to yield cyclic ethers, enol ethers and lactones
(Table 1).9.158-161 For example, the heterocyclic flavor compound ambrox was produced
from homofarnesol and three distinct mutations of AacSHC produced ambrox with up to
10-times higher conversion rate.199 Additionally, homofarnesoic acid could be cyclized to
the tricyclic lactone sclareolide and farnesol could be cyclized and linked with a second
farnesol via nucleophilic attack to yield an unnatural farnesyl ether.161 Substrates with
carbonyl groups e.g., GA were also cyclized with moderate conversions by AacSHC and the
anchoring of the substrate by hydrogen bonding with the active site and the carbonyl
group enabled the direction of the cationic cascade to form monocyclic y-dihydroionones

by semi-rational engineering.128 Moreover, AacSHC catalyzed the intramolecular
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alkylation of polyprenyl phenyl ethers by Friedel-Crafts alkylation (Table 1).162 Typically,

the native cyclization via formation of tertiary carbocations is observed. Tolerated

modifications at the final cyclization unit are substrates with functional groups such as

hydroxy- and carbonyl groups or truncated substrates missing two geminal methyl

groups (Table 1).163

Table 1. Terpenes with modified isoprene pattern tested in previous studies with SHCs.
Tolerated isoprene pattern is defined as cyclization following the reported cyclization
cascade of squalene. Protonation is initiated at the first isoprene unit from left to right by

SHC.

Isoprene pattern tolerated

&

Enzyme
Substrate Main Product

(Conversion/yield)ref

AacSHC
)W\AOH

(0.4%/-)%2

AacSHC

(-/10%)131
/®V AacSHC

(28.6%/-)156

AacSHC, ApaSHCa,
el e tha McaSHCb

(-/32%)164165

ZmoSH(C14d
OM

(16.4% /-)154

AacSHC
S (3%;/-)16

o ’ ZmoSHC1 4, AacSHC

(23%/-), (2.3%/-)'e°
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Isoprene pattern tolerated

Enzyme
Substrate Main Product

(Conversion/yield)ref
Nt AacSHC, ZmoSHC1
e (23%/-), (23%/-)128,160

ZmoSHC14, AacSHC
S

(-/5.4%)162
SUUSR ) AacSHC

" (-/7.7%)157
AacSHC
(-/35%)157

aSqualene hopene cyclase from Acetobacter pasteurianum (ApaSHC)
b Squalene hopene cyclase from Methylococcus cupsulutus (McaSHC)
dSqualene hopene cyclase from Zymomonas mobilis (ZmoSHC1)

Despite the great promiscuity described above, SHCs do have limitations in terms of
substrate scope. Known SHC homologs convert substrates predominantly following the
usual and native isoprene rule (see section 1.4.), with variations mostly observed in form
of chain length, epoxide groups at the initiation unit or nucleophilic groups at the final
cyclization unit. In AacSHC confinement and development of specific binding modes
results in restriction to accepted substrates with the common isoprene pattern, since
changes, e.g., of the methylation pattern at C10, result in abnormal cyclization
(Table 2).167.168 Furthermore modifications at the two geminal methyl groups at the

initiation motif or an ethyl group at C6 resulted in no conversion at all (Table 2).

Hence, the two geminal methyl groups at the initiation unit of squalene are critical to the
formation of the A-ring and are required to initiate the cyclization reactions into
pentacyclic triterpenes. This further indicates that the formation of a tertiary carbocation

is mandatory for the conversion of squalene by SHC.
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Table 2. Terpenes with modified isoprene pattern tested in previous studies with SHCs.
Abnormal cyclization is considered as cyclization deviating from the reported
polycyclization cascade of squalene. Protonation by SHC is initiated at the first isoprene

unit from left to right.

Isoprene pattern resulting in abnormal cyclization/not tolerated
Enzymeref
Substrate Main Product
(Conversion/yield)
AacSHC
(-/77%)168
U UUN AacSHC
(-/12%)167
W AacSHC
(-/7% )63
HOS SIS n.d. -169
x N N \ n_d_ _170
" H\ x x N n_d_ 157
x x x N n_d_ 167

Overall, the presented studies demonstrate the great promiscuity of SHC and the

applicability for enzyme engineering campaigns to exploit the diverse substrate and

reaction scope of SHCs.

1.6. Lycopene cyclases

Besides SHCs several other enzymes are known to catalyze terpene cyclization reactions.

Of particular interest are enzymes, which control the cyclization cascade and allow the

controlled termination of the cyclization at formation of monocyclic compounds such as

carotenoids. Carotenoids are essential building blocks involved in photosynthesis and

regulatory networks, widely used in medicine, food, cosmetics, and other fields because

of their antioxidant properties.1’1172 The key enzymes for carotenoid synthesis are
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lycopene cyclases.173 Lycopene cyclases are found mainly in bacteria, fungi and plants, but
are distributed across all kingdoms of life.173 Thoroughly studied lycopene cyclases are
bacterial CrtY, cyanobacterial CrtL and LCY found in plants. - and e-lycopene cyclases
(LCY-B and LCY-E) in eukaryotic algae and higher plants are thought to have evolved from
CrtL.17# In the following, focus will be on LCYs found in plants because of their impact in

carotenoid biosynthesis.174175

The physiological function of LCYs is the biosynthesis of carotenoids, carotenoid
precursors and derivatives thereof (e.g., abscisic acids, provitamin A carotenoids,
B-cryptoxanthin, lutein and fucoxanthin) which have biological activities.172 In particular,
LCY cyclizes lycopene in the final step of carotenoid biosynthesis via one of two pathways.
In these, a B-ring is formed by LCY-B or an e-ring formation is catalyzed by LCY-E
(Figure 8).173176 [, CY-E catalyzes the formation of one ring resulting in monocyclic
d-carotene from lycopene whereas LCY-B catalyzes the cyclization of lycopene from both
sides to form the bicyclic B-carotene (Figure 8).177 When combined, the LCY-B and LCY-E
convert lycopene to a-carotene which possesses a (-ring at one end and an e-ring at the
other as visible in lutein (Figure 8). The presence of a ring at one end of the molecule
prevents or inhibits ring formation by the LCY-E cyclase at the other end.l”” Besides
lycopene and the mentioned monocyclic derivatives thereof other accepted substrates for

LCYs are neurosporene and [3-zeacarotene.178179

LCYs in plants are associated to membranes of plastids and initiate the reaction
presumably by electrophilic protons.180181 Subsequent ring closure proceeds via a
positively charged transition state and a carbonium intermediate or in a concerted
reaction.176182183  Since most LCYs are flavoproteins they generally possess an
NAD(P)*/FAD-binding motif. It is reported that reduced FAD needs to be non-covalently
bound to the enzyme and NADPH functions as the FAD reductant.1’¢ In the reaction
progress, hydrogen from the cofactor is not transferred to lycopene.176 Instead the role of
FAD is proposed to stabilize the transition state carrying a (partial) positive charge via a
charge transfer interaction.176184 The exact role of the cofactors remains to be

determined.

Crystal structures or high similarity templates for homology modelling of LCYs are not
available and only a few studies on the protein structure of LCYs are reported. In a 3-LCY

from Capsicum annuum (CanLCY-B) several highly conserved residues were determined,
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and amino acid substitution to alanine demonstrated decreased relative activities
compared to the WT with following residues: D127, D259, E128, E332 and H360.184

Residues E295 and E196 were assumed to be involved in protic activation.184

Currently, LCYs are mainly considered in strain engineering approaches, because of their
instability and low yield expression.173.185 However, LCYs possess tremendous potential
for biocatalysis with an expanded substrate scope and applications in medicine, food and
the fragrance industry.
H*
N NS S A A

lycopene

| Lovaics
{ MWW
®

A NP NS T T N

[E——

SN

N N X A T N SN
y-carotene 6-carotene
LCY-Bl lLCY—B
SN S AN S G AN
[B-carotene a-carotene
0. 0. OH OH
= = R N Y N Y
OH
abscisic acid Ho lutein

Figure 8. Lycopene cyclization by LCY-B (green) forming a B-ring and LCY-E forming a
e-ring (blue) via a tertiary carbocation intermediate. The LCY products 3-carotene and
a-carotene are further converted in the biosynthesis pathway to abscisic acid and lutein,
respectively.173
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2. Aim of this work

The aim of this thesis is the development of strategies to obtain pre-organization of
alternative, non-native substrates with cyclases. These could form complex terpene
structures, interesting products and building blocks, such as irones and terpinen-4-ol,
which are in great demand in the fragrance industry (Figure 9). The generation of complex
terpenes by reprogramming cyclases could demonstrate an attractive 1-step reaction
under mild conditions while reducing byproduct formation. Strategies to create
alternative confinement and reprogramming of the active site of cyclases are employed to
increase activity and selectivity for substrates with limited pre-organization in the active
site (Figure 9). This restraint is due to the evolutionary constraint to efficiently convert
the native substrate and discriminate against other molecules to avoid side reactions. For
the alternative confinement approach substrates with modified isoprene backbones and
substrates forming multiple reactive carbocation intermediates are selected. To develop
the most promising strategy for the engineering of confined biocatalysts with the
modified substrates, two important principles are focused on: proximity and substrates
shape complementarity. The aim is to first establish the proximity of the substrate to the
catalytic center. By identifying the most promising engineering approach for proximity, a
good initial activity should be achieved, which in this work is defined as a conversion of
more than 1%. Rational engineering and semi-rational engineering approaches focusing
on e.g., active site binding, loops or tunnel are auspicious with regard to results of
previous studies. After establishment of proximity, substrate shape complementarity is
employed for two substrates, in order to facilitate improved substrate pre-organization.
The generated variants are kinetically characterized and investigated with regard to
selectivity. All substrates that demonstrate starting activity with the identified variants
are applied for preparative scale product formation. Irreconcilable limitations in this
approach in terms of substrates that are unapplicable for generation of starting activity
with SHC are addressed by evaluating alternative catalysts. In addition, generation of
alternative confinement was tested with monoterpene substrates. Monoterpenes can
form multiple transition states and intermediates with diverse reaction trajectories. This
results in minor selectivity. Therefore, a different strategy was envisaged, based on
cation-m interactions of the carbocation intermediates and aromatic residues to direct the

reaction course. In a semi-rational engineering approach, aromatic residues and adjacent
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residues are iteratively saturated, and variants with improved conversion or selectivity

are characterized.

Overall, the aim of this work is the investigation of the applicability of enzyme engineering
strategies to generate alternative confinement. This is to enable the productive
pre-organization of substrates and form potentially valuable building blocks or products
for industrial applications (Figure 9). In addition, the comprehensive structural analysis
of the generated variants together with the characterization provide insights on the
enzymes structure-function and expand our knowledge about the mechanisms

influencing enzyme activity and selectivity.

A Alternative confinement
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Antimutagenic  Fragrance Fragrance Antiviral Antiproliferative
Cymobarbatol Ionone (R;=H) Isomethyl ionone Seco-labdane Schweinfurthin E (R;=0H, R,=CH;)
Irone (R;=CH;) diterpene Schweinfurthin G (R,;=H, R,=CH3)

Schweinfurthin H (R,=R,=H)

Figure 9. Strategy to create alternative confinement with cyclases for the generation of
interesting building blocks. (A) Cyclization of substrates with limited ability to adopt
productive pre-organization in the active site was generated via alternative confinement.
(B) Industrially relevant compounds derived from possible products generated within
this work.
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3. Results

The results section of this thesis is divided into three parts each focusing on different
approaches for achieving alternative confinement in cyclases. The first part covers the
generation of proximity by variants that convert non-native, modified substrates, which
are challenging to pre-organize in the active site. Improvement of conversion for two GA
analogs was achieved by using a semi-rational enzyme engineering approach with
AacSHC, which modified the active site and created substrate shape complementarity to
obtain specific secondary interactions tailored for the modified substrate. The successful
approach generated variants that enabled the production of novel building blocks on a
preparative scale. In the second part, for a GA analogue with conjugated double bonds
different cyclases were investigated and starting activity was determined with LCYs. An
alignment based semi-rational engineering approach to increase the product formation
with LCYs was successfully applied to generate alternative confinement. Lastly, the third
part focuses on isomerization reactions with substrates that form various intermediates
along the reaction trajectory in the active site of SHC. The potential for achieving
alternative confinement through secondary interactions to stabilize transition states or
intermediates and increase reactivity and selectivity was investigated. The generated
variants in the different approaches and their effects were investigated by computational
studies on e.g., tunnel modifications, distances to the catalytic residue and probable
secondary interactions in the active site. An overview of the tested substrates in this work

is given in Table S 1.
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3.1. Cyclization of substrates with modified isoprene pattern

The scope of the studied substrates that deviate from the isoprene pattern is shown in
Figure 10. Substrates 1, 8 and 10 showed good activity in previous studies with SHCs and
are interesting in the context of modified cyclic building blocks.128153.160 They have
different main chain lengths ranging from C11 for GA analogs to C12 for farnesol and C15
for farnesyl acetone analogs. In particular, the main chain length of the carbon skeleton
was halved for most of the tested substrates compared to the native substrate squalene
with a carbon chain length of 24. The GA analogs have either additional methyl groups at
C3 or C9, no methyl group at C6, a hydroxy group at C9 or variation in the position of the
double bonds (Figure 10). The farnesyl acetone analog 9 and the farnesol analog 11 both
show variation in the position of the double bonds. In addition, 11 has a methyl group at

C10.

Geranyl acetone and analogs
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Figure 10. Terpenes with modified isoprene pattern used in this work deviated from GA
1, farnesyl acetone 8 and farnesol 10.

Substrate analogs 2 and 11 present a particular challenge because the active site of SHCs
is more compact in the early cyclization steps and less compact in the later cyclization
steps, which was indicated by studies with ethyl group substitutions at C6.170 Bulky

substituents at the isoprene moiety for initial protonation result in no cyclization, but are
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tolerated in the later cyclization steps.167.186 The conjugated y,5-double bond of 3 varies
compared to the common isoprene pattern and results in steric interactions with active
site residues. This limits the conversion with SHCs and a comprehensive screening panel
of SHCs in a previous study failed in converting 3.187 For 4, 5, and 9, variations in the
cyclization mechanism due to structural challenges were expected; in this regard, for 5 in
particular, no tertiary carbocation can be formed at C6, and pre-organization is expected

to enable the concerted reaction.

3.1.1. SHC rational engineering and WT screening with compounds 2-6

Multiple rational engineering approaches to modify the activity of SHCs in directed
evolution studies were successfully applied in the past.82109.128,155187 [njtially, compounds
2-6 were tested with an in-house SHC WT library containing SHCs from different
organisms. Knowledge gathered from successful rational engineering studies was applied
to either constrain the flexibility of the substrate by anchoring in the active site or to
modify the dynamic structures of the enzyme.128188189 Compounds 7, 9 and 11 were not
tested for rational engineering because this work focused on analogs of 1, initially. SHC
variant AacSHC G600R was previously described to enable the binding of smaller
substrates in the active site.128 Moreover, positions Y420 and L607 in AacSHC were
described to influence the activity and the selectivity of the reaction. In addition, either
Y420 or G600T were postulated to anchor the carbonyl group of 1 within the active site
of AacSHC to establish productive pre-organization of the substrate for efficient
catalysis.128 These positions were targeted in a rational engineering approach. The
dynamic enzyme structures such as loops are promising engineering targets but pose a
major challenge because their structures are often not conserved, and their conformation
is difficult to predict due to their high flexibility. Nevertheless, previous studies
demonstrated significant impact of inserts and deletions in loop structures on the activity
and selectivity of enzymes with terpenes.188190 Therefore, residues in loops with different

flexibilities were identified and selected for engineering.

The SHC WT in-house library was tested in whole cell biotransformations with
compounds 2 and 3 and no product formation was detected (Table S 2). Presumably, the
SHC active sites are failing to mimic the pre-organization of the native substrate squalene
for the tested substrates. Therefore, conversion with variant AacSHC G600R, the
anchoring approach and rational engineering of flexible loops were investigated. The

AacSHC was selected because it showed great evolvability in previous directed evolution
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studies and the enzyme’s crystal structure was available (PDB: 2SQC).8515% The Hauer
group (University Stuttgart) previously observed approximately 25% conversion with
AacSHC WT and 98% conversion with AacSHC G600R of 1 to the bicyclic product.128
Under optimized conditions in this work, AacSHC WT and variant G600R showed
conversions of 76% and 97% with 1, respectively (Figure 11). Minor traces of product
were observed in biotransformations with compounds 2-5, whereas both AacSHC WT and
variant G600OR showed conversions of 6 as high as 97% and 98%, respectively (Figure 11).
With 7, 7% conversion was achieved with AacSHC WT, but no conversion or product

formation with G600R could be determined (Figure 11).
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Figure 11. Product formation and rel. conversion of AacSHC WT and variant G600R with
1-7 in duplicates. Error bars represent standard deviation of duplicates. Reaction
conditions: 0.2 mgcww E. coli whole cells with expressed AacSHC variants dissolved in
1 ml ddH20, 1 mM substrate, 20 h, 30 °C, 800 rounds per minute (rpm).

Based on docking studies and a previous publication, positions W169 and S168 in

addition to Y420, G600 and L607 were selected for the anchoring approach to allow the

hydrogen bonding with the carbonyl group of 1-6 (Figure 12).128 The product formation
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in biotransformations of 2 and 3 with variant Y420F/G600T and Y420F/S168Y/W169G
were analyzed. Mutation W169G was suggested to allow interaction of S168Y with the
carbonyl group of the substrate and thereby position the substrate close to D376.
However, no product formation was observed with any of the tested variants (data not

shown).

The rational approach to modify loops by insertion and deletion was based on four
spatially separated active site loops analyzed by b-factor analysis. They varied in
flexibility and were promising targets to generate starting activity with 2-5 (Figure 12),
but no product formation was detected with the initially tested compounds 2 and 3 (data
not shown). Therefore, the loop variants were not further investigated and not tested with
other substrates. Subsequently, modifying the flexibility of the active site loops posed no

alternative active site confinement for the pre-organization of the tested substrates.
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Figure 12. Targets for rational engineering to increase conversion of substrates 2 and 3.
(A) Amino acid residues (green) with positive effects on conversion of 1 observed by
Schneider et al128 (B) B-factors of the residue backbones from 1-20 indicated by the
color-coded cartoon structure of AacSHC, from low (purple) to high (yellow), with active
site loops altered by insertions and deletions (indicated by arrows numbered from 1-4).

In conclusion, the rational approaches tested in this work with compounds 2-6 did not
result in product formation. Therefore, a semi-rational approach was planned in the next
step. Due to the high conversion of 6 with AacSHC WT the enzyme was chosen as the
starting template. To generate the initial activity with 2-5, a semi-rational engineering
approach was used based on residues that were thought to have effects on the dynamic

tunnel structures. Saturation mutagenesis of these residues could allow pre-organization
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of the substrates via various interactions, e.g., steric interactions, m-m interactions, or

hydrogen bonding.

3.1.2. Semi-rational engineering resulted in a tunnel modifying variant

A semi-rational engineering approach with AacSHC was employed in the following, using
rationally selected positions lining the substrate or product tunnel in the structure
simulated by molecular dynamics (MD) modeling. These residues were exchanged to alter
substrate preorganization, which has been shown to be relevant for efficient conversion
of squalene in WT and is impaired for modified substrates.146.191 Saturation mutagenesis
was performed based on an established protocol for screening SHC variants for the
conversion of 1 in 96 deep well plates (DWPs) developed by Andreas Schneider
(University Stuttgart).128 Out of the tested variants, AacSHC G600M (VD1) was the only
variant showing conversion of 2 and 3 (Table 3). Despite the different steric requirements
of compounds 1, 4, 5, and 9, biotransformations with VD1 resulted in starting activity or
further increase in turnover, with 4 showing the highest increase in turnover of 41-fold
compared to the WT enzyme (Table 3). For compound 6, VD1 did not lead to an increase
in product formation (Table 3) and for compound 7 and 11 no product formation with
VD1 was measured. Nevertheless, 7% conversion of 7 with AacSHC WT was detected and
further screening of SHC variants from the in-house library for activity with 7 identified
one variant with 51% conversion (Figure S 1). This variant was the ZmoSHC1 Q221S from
Zymomonas mobilis, which was shown to catalyze the Prins reaction with citronellal in a

previous study.192

These findings indicate that distinct bulkiness near C1, such as the methyl group in 6,
promotes the correct orientation of substrate in the active site and can lead to almost full
conversion. This is probably due to fixation of the substrate in a more productive
conformation. With substrates 2-5 and 9 the G600M amino acid substitution was

necessary to obtain starting activity.
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Table 3. Selected terpenes investigated in this work with deviations from the isoprene
unit marked in blue circles. The relative conversions with the WT and VD1 variants and
the fold increase with variant VD1 compared to the WT in duplicates * standard deviation
are shown. Products are predicted based on the structure of products formed in the
conversion of 1, 8 and 10 in previous studies.128153,160

Rel. conversion (%)2 fold
Substrate Products increase2
WT VD1
1 o 1a o 75.7+4.0| 99.6+ 0.6 1.3+0.1
I~ A |
2 o 2a o> 04+01| 19+01 45+0.7
W s
3 o 3a 0.14+0.05| 0.4+0.1 3.1+0.4
A
(0]
4 o 4a o - 03+0.1|111.6+04 | 41.3+0.5
W Q/\j/
5 5a o nd.| 3.7+x0.1
o
POV S (0
6 o 6a o 97.1+1.2199.9+0.1
/K/\/K/ﬁ/k ‘
7 (@] 7a ,’/ 7.2 i 0.5 - -
W HOM
OH o
9 Oa 11.1+04 | 39.2+6.1 3.5+0.7
W
(0]
11 11a OH - - -
)H/\/K/\/K/\OH /Qé/

a Reaction conditions: E. coli BL21 (DE3) whole cells with expressed AacSHC variants dissolved in
1 ml ddH20, 1 mM substrate, 20 h, 30 °C, 800 rpm.

To understand how the single mutation G600M leads to an improved catalyst for the

tested substrates 2-5 and 9, further studies on enzyme dynamics comparing WT and VD1

in terms of flexibility and bottlenecks in tunnels were performed.
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Several studies on dynamic structural elements show that tunnels are effective targets to
engineer catalysts for valued reactions. Changing flexibility and removing bottlenecks in
particular have been shown to be beneficial.193194 Additionally, a relationship between
enzyme activity and the flexibility/rigidity of residues in the active site has been
reported.189.194

Flexibility of the WT and variant VD1 without substrate was evaluated by the MD
simulated structures and computed b-factors of the backbone for each amino acid. There
was no clear difference in flexibility around the active site, including position 600, and
apart from the differences between the surface-exposed residues, similar b-factors were

observed in the WT and VD1 variants (Figure 13).
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Figure 13. Backbone b-factors for each amino acid of AacSHC WT (gray) and VD1 (dotted
blue). B-factors were calculated as the average of the individual MD simulations without
ligand present.

Next, tunnel profiles of the simulated tunnels in WT and VD1 were investigated for
structural differences and bottlenecks. The starting point of the simulation with CAVER
3.2 software was D376 and the parameters were selected in order to assure the presence
of the postulated substrate entrance tunnel (T1).8>195 The simulation indicated the
presence of two additional tunnels in the WT enzyme, named T2 and T3 (Figure 14).
Tunnel T2 corresponds to one of three putative water tunnels previously reported.14>
Although a narrower radius of 0.7 to 1 A is commonly used to simulate water tunnels,
tunnel T2 was calculated with the selected probe radius of 1.4 A.145196 The tunnel T3 is
partially overlapping with a cavity located adjacent to D376, which is separated from the
surrounding solution by a salt bridge and supposedly provides water for the

reprotonation of D376 after turnover.142 In the present work, the focus was laid on tunnel
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T1. Changes in enzyme structure were observed when simulating tunnel structures with
VD1, as the only tunnel simulated with the same parameters as for WT was T1.
(Figure 14). Comparison of the T1 tunnel profiles for WT and VD1 showed minor
differences in the radii from 15A tunnel length to the enzyme surface (substrate
entry/exit). In the range of 5.5-15 A tunnel length around position 600 large differences
in the tunnel structure of T1 were observed. This was due to the reduction of the radius
from 3.2 A to 2.3 A resulting in a pronounced bottleneck for VD1 compared to WT
(Figure 14). Supposedly, this contributes to the productive positioning by reducing the
degrees of freedom for substrate positioning. From this structural analysis of the active
site tunnel, evidence for improved positioning of substrates 2-5 and 9 by adaptation of
the active site tunnel via a bottleneck for the smaller substrates compared to the native

substrate squalene with the variant VD1 was provided.
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Figure 14. Tunnel structure of the AacSHC WT and variant VD1. The postulated substrate
tunnel T1 (blue), water tunnel T2 (olive), and tunnel T3 (purple) are shown for the (A)
WT and partially for the (B) variant VD1. (C) Tunnel profiles for the WT (gray) and VD1
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(light blue) are shown against the length of tunnel T1 starting from D376. Tunnel
calculations were performed using CAVER 3.2 software.19>

The promiscuity of variant VD1 toward the tested substrates demonstrates the ability of
single point mutations in redesigning enzyme tunnels and active sites. This work provides
evidence that the unbranched, flexible methionine at position 600 is mandatory for the
starting activity with 2-5 and 9 by decreasing tunnel radius and that other residues such

as valine or isoleucine did not increase product formation.

3.1.3. Structural proximity analysis with molecular docking

Since protonation of the substrate is the rate-limiting step in the SHC cyclization reaction,
a decrease in the distance between the substrate and the side chain of D376 could lead to
proximity and the observed activity of VD1 with the novel substrates.14> Docking studies
were performed with WT and VD1 for the substrates 1-7 and 9, whose conversions were
altered upon biotransformation with the VD1 variant compared to WT. To evaluate the
hypothesis of the generated proximity between substrate and D376 the distance was
calculated. Therefore, for the most appropriate docking state with proper orientation and
favorable binding energy, distances of the double bond of the initiation unit to the side
chain of D376 (reaction initiation distance) were determined. The reaction initiation
distance, however, was the same for WT and VD1, and no tendency for altered binding
parameters with the new substrates was observed (Table S 3). Only when the distance for
all 25 simulated docking states was averaged, clear tendencies towards smaller reaction
initiation distances in VD1 compared to the WT could be measured for the substrates
(Figure 15). Boxplots of the measured distances of the 25 calculated docking states show
the distribution of distances around the mean (Figure 15). The distances determined for
compounds 2, 4, 5, and 9, for which the largest effects on conversion and product
formation were observed in the biotransformations, show a condensed distribution of
distances (Figure 15). On the contrary, examining the distance distribution of 3 and 6,
which revealed minor differences in activity between the WT and the VD1 variant, the
opposite effect was observed. Herein, a rather narrow distribution of conformations was
observed for the WT, whereas the VD1 variant exhibited a broader range of variation for
the distances of the docking states (Figure 15). Notably, with compound 7 no activity was
detected with VD1, but the distance was decreased, and the distance distribution was
condensed. Overall significant differences in distance distribution between the WT and

VD1 were determined for the substrates 2-7 (Figure 15, Table S 4).
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Figure 15. Boxplots of calculated distances from the double bond of the initiation unit of
docked substrates 1-7 and 9 to D376 of WT and VD1, respectively. For each substrate, 25
energetically favored docking states were evaluated.

Furthermore, clustering the docking states in frames of 2 A according to their distance
from D376 (distance conformation clusters) revealed 2-3 different distance conformation
clusters for the WT, while variant VD1 shows only 1-2 clusters for substrates 2, 4, 5, and
9 (Figure 16). This indicates an improved positioning of the initiation unit for catalysis
with the catalytic acid D376 and a more productive conformation of the substrates 2, 4, 5,

and 9.

From the reported results, the achieved proximity of the tested substrates to D376 is
evident and indicates an improved positioning of the substrates for the protonation

reaction in the active site.
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Figure 16. Distribution of distances in 2 A frames for the distances from the double bond
of the initiation unit of docked substrates 2-7 and 9 to D376 of WT and variant VD1. For
each substrate, 25 energetically favored docking states were evaluated.

3.1.4. Evolvability of AacSHC for the conversion of 2

To investigate the potential for improvement and demonstrate the evolvability of the VD1
variant, iterative saturation mutagenesis was performed in order to improve conversion
of 2. For this, a screening method with VD1 was established and subsequently reaction
conditions were optimized. For the semi-rational approach with AacSHC, positions were
selected rationally, based on the vicinity to G600M or possible secondary interactions of

the active site with the sterically challenging substrates.

3.1.4.1 Screening and optimization of the conversion of 2 by VD1

The establishment of a reliable medium throughput screening method for saturation

mutagenesis was aimed with variant VD1 followed by testing for the conversion of 2.
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The procedure was based on a screening method for SHC variants established with 1 and
analysis by gas chromatography/mass spectrometry (GC/MS, see section 3.1.1.).128 The
protein expression and biotransformation in E. coli whole cells in 96 DWPs was tested and
the extracted reactions in a biphasic system were measured directly from the sealed plate.
Similar expression of AacSHC in randomly selected wells of the plate was evidenced by
SDS-PAGE (Sodium dodecyl sulfate - polyacrylamide gel electrophoresis) and the
coefficient of variation (Cv) was determined for the product formation with 2 over 96
wells. (Figure S 2) The measured Cv through the whole plate was 20%, which is at the
upper limit for the valid outcome in screening assays (Figure 17). The Cv indicates the
variation throughout the plate and implies that approximately 50% increase in product
formation is necessary to determine an improved variant reliably. With this screening
method positive hits with at least doubled product formation compared to the reaction of

VD1 with 2 were determined.
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Figure 17. Product formations by variant VD1 with 2 in the medium throughput
screening in 96 DWPs. A Cv of 20% was calculated for 96 samples measured directly from
a 96 DWP. The dashed line indicates the average product formation. Reaction conditions:
E. coli BL21 (DE3) whole cells with expressed AacSHC variants dissolved in 0.4 ml 100 mM
citric acid, 0.1% SDS pH 6, 1 mM substrate, 20 h, 30 °C, 800 rpm.

Optimization of the conversion was achieved by adjusting reaction conditions for pH,
buffer and addition of ions. The enzyme was sensitive for pH values above 6 and showed
the best conversion at pH 6 in a citric acid buffer containing 0.1% SDS (Figure 18). Using
ddH20 without addition of detergents resulted in the highest conversion (Figure 18). To
ensure the comparability between the different conditions, pH was adjusted in the tested
samples to pH 6 by 10 mM NaOH. In addition, different ions were selected exemplarily

from the Hofmeister series and showed a positive effect on conversion.197.198 These ions
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are lyotropic agents influencing the hydrogen bonding network between water molecules.
The AacSHC variants performed best with 2 in 100 mM Mg(NOs)2 at pH 6 (Figure 18).
Overall, 6-fold increase in conversion could be obtained by optimization of the reaction
conditions in biotransformations with the best results observed for whole cells in 100 mM
Mg(NOs)2 at pH 6 (Figure 18). Therefore, the reaction composition and selection of ions
had a clear impact on conversion of 2 with AacSHC variants and was maintained in the

following biotransformations with 2.
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Figure 18. Product formation with 2 at change of (A) pH values in citric acid (CA), (B)
buffer composition, and (C) ionic additives. Ionic additives were selected from the
Hofmeister series.197.198 Error bars represent standard deviation of duplicates. Reaction
conditions: 0.2 mgeww E. coli BL21 (DE3) whole cells with expressed AacSHC variants
dissolved in the respective solution, 1 mM substrate, 20 h, 30 °C, 800 rpm. The control
reaction contained 100 mM citric acid and 0.1% SDS.
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3.1.4.2. Semi-rational engineering of VD1 for the conversion of 2
VD1 showed the potential to generate proximity of the tested substrates to D376.

Refinement of VD1's active site to complement for 2 to increase conversion was therefore
the pursued goal. To compensate for possible changes in stability and structural
organization caused by mutation G600M, residues at a distance of 5 A from position 600
in VD1 were initially selected as targets for saturation mutagenesis. Then the focus was
on residues around the methyl group at C9 to optimize the positioning of the initiation
unit near D376. The residues were located in the first and second shell of the active site
within 5 A distance to the methyl group at C9 of 2. Variants with mutated residues around
G600M within the first and second shell of the active site were screened, the best variants
VD2-VD5 were isolated and WT, VD1 and VD5 were purified (Figure S 3). Successive
addition of the first-shell mutations R488P and F605C by iterative saturation mutagenesis
resulted in a 96-fold increase in TTN for variant AacSHC G600M/R488P/F605C (VD3)
compared to the WT (Figure 19). Subsequent beneficial variants Y495D and S445V with
mutations around the methyl group at C9 had the greatest effect on TTN, and their
addition to VD3 yielded the best variant AacSHC G600M/R488P/F605C/Y495D/S445D
(VD5) with 1174-fold increase in TTN compared to WT (Figure 19).

In addition, docking was performed and improved binding (decreased binding energy) of
6.6 kcal mol-! for VD5 for 2 was observed compared to a binding energy of 6.9 kcal mol-!
for the WT. For variants VD1, VD3 and AacSHC G600M/R488P/F605C/Y495D (VD4)
higher binding energies between 7.1 and 7.4 kcal mol-! were obtained. The best binding
energy was computed for AacSHC G600M/R488P (VD2) with 6.4 kcal mol-1. This indicates
improved binding for VD2 and VD5 and stabilization of the enzyme-substrate complex
compared to the WT. However, the observed differences in binding energy are rather

small and can not explain the improved catalysis.

More insights on the impact of the mutations on the confined active site for the conversion
of 2 were obtained by examining the distance distribution from the double bond of the
initiation unit of 2 to D376. Mutations around G600M resulted in the engineered variants
VD2 and VD3 with gradually condensed distance distribution, indicating improved and
confined substrate positioning. However, the improved positioning was accompanied by
a greater average distance, resulting in a lower proximity to D376 (Figure 19). Thereafter,
the addition of mutations around C9 of 2 greatly increased the TTN. This was achieved

presumably by first generating altered pre-organization via increasing the variability of
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the distances in VD4 and different positioning of the initiation unit. Second, the distance
distribution was narrowed in the final variant VD5 to favor more productive substrate
pre-organization (Figure 19). A closer investigation on the VD4 variant was conducted in
order to determine its potential to provide an alternative catalytic acid with the Y495D
amino acid substitution. In a previous study D376A showed residual activity, which was
attributed to adjacent D374 and D377.15¢ The distances of these residues and Y495D to
the terminal double bond of the initiation unit were measured and an average distance of
12.7 A for the best docking pose was observed for Y495D. For D374 and D377 the
distances were 4.4 A and 8.6 A, respectively. In comparison to D376 with an average
distance of 8.5 A, Y495D and D377 are more distant for protonation of 2. Possible

protonation by D374 was not further investigated.

Between the WT and variants VD1-VD5 significant differences in TTN and distance
distribution were determined for 2 (Figure 19, Table S 5). It is noticeable that variants
VD4 and VD5 have similar conversions but very different TTNs. Considering that the TTN
is normalized to the enzyme concentration, this indicates the superior efficiency and

improved kinetics of VD5 for the reaction with 2 compared to VDA4.

Concluding, the semi-rational engineering of VD1 for conversion of 2 generated variant
VD5 with 1174-fold increase in TTN and altered distance distribution and positioning of

2 in the active site in 4 rounds of iterative saturation.
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Figure 19. Alternative confinement of AacSHC variants to generate complementarity with
2 by iterative saturation mutagenesis. (A) Improvement of AacSHC variants for
conversion of 2, shown as total turnover number (TTN) and conversion of triplicates with
added mutations in each round of saturation mutagenesis, shown under each bar. Error
bars represent standard deviation of triplicates. Reaction conditions: 0.5 ml purified
enzyme in ion exchange chromatography (IEX) elution buffer (25 mM citrate, 200 mM
NaCl, pH 6), 1 mM 2, 20 h, 30 °C, 800 rpm. (B) Boxplot of distances from the double bond
of the initiation unit of 25 docking states from 2 to D376 for each of the generated
variants. Energetically preferred docking states of 2 (cyan) in WT (C) and VD5 (D) are
shown. D376 and mutant residues are labeled and shown as sticks.

3.1.4.3. Characterization and structural analysis of selected variants

To further characterize the WT, VD1 and VD5 and elucidate substrate affinity and catalytic
efficiency, kinetic parameters with 2 were determined. Comparison of turnover number
kcat shows little variation between the WT and the variants. The catalytic efficiency keat/Km
however, is increased 61.4-fold for VD1 and up to 111-fold for variant VD5 compared to
WT (Table 4). Here the WT Kcat/Km is reported as apparent Kcat/Km because the calculated
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Km is above the expected solubility limit of 2 (Table 4, Figure S 4). The determined enzyme

kinetics provide evidence for improved steady state kinetics, in particular for kcat/Km.

Table 4. Kinetic Parameters of AacSHC WT and variants VD1 and VD5 for 2.2

Keat Keat/Km
Variant Km (mM)P

(min-1)b (min-1 mM-1)
WT 0.058 n.d. 0.000081¢
VD1 0.041 8.2 0.005
VD5 0.060 6.8 0.009

aConditions: 2 mg/ml AacSHC, 0.2 mM to 8 mM 2, 5% Dimethyl sulfoxide (DMSO), 100 mM MgNOs, pH 6.
bDerived from Michaelis-Menten equation.
¢ Determined from the linear slope in the Michaelis-Menten fit.

Furthermore, the influence on conversion of each individual amino acid of VD5 and their
combination to double mutants was examined. For the activity, mutation G600M was
mandatory and was the only variant showing good starting activity. Minor product
formation was observed with F605C or WT (Figure 20). For the variants with amino acid
substitutions R488P, Y495D and S445V, no initial activity could be observed. Combination
of two amino acids confirmed the significance of G600OM on the activity with 2 (Figure 20).
When G600M was combined with one of the other individual mutations R488P, F605C,
Y495D or S445V, higher product formation and conversion compared to the single
mutants and double mutants without G600 were observed. Combination of the remaining
amino acids resulted in traces of product or no conversion at all. Moreover, VD2 showed
highest product formation and conversion. These results indicate cooperative effects of
the mutations of VD5 and highlight the importance of the tunnel modifying variant G600M

on the observed increase in conversion (Figure 20).
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Figure 20. Product formation and rel. conversion of WT and (A) variants with individual
amino acid substitutions of mutations in VD5 and (B) combination of individual amino
acid substitutions. Error bars represent standard deviation of duplicates. Reaction
conditions: 0.2 mgeww E. coli BL21 (DE3) whole cells with expressed AacSHC variants
dissolved in 1 ml 100 mM Mg(NOs3)2, 1 mM substrate, 20 h, 30 °C, 800 rpm.

3.1.4.4. Selectivity of the engineered AacSHC variants

To analyze the selectivity of the engineered AacSHC variants for one stereoisomer of 2 and
to analyze product selectivity the E-isomer and the Z-isomer of 2 were tested separately
in biotransformations and products formed by VD1-VD5 were analyzed on a chiral
column. For determination of stereoselectivity, E- and Z-isomers of 2 were separated with
a silver nitrate column, characterized by nuclear magnetic resonance (NMR) spectroscopy

and tested in biotransformations. Selectivity for the E-isomer but not the Z-isomer was
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observed for all generated variants VD1-VD5 (Figure 21). For the WT no product
formation was detected due to the lower sensitivity of this measurement method. In the
biotransformation with 2, two by-products were detected in addition to the main product
2a (Figure 21). Byproduct formation was 28% with VD1. With VD5, product selectivity for
2a was increased up to 92%, indicating tighter control of reaction progress and decreased
by-product formation in VD5 compared to WT and VD1 (Figure 21). Due to the low

conversion, the observed by-product could not be characterized and was not investigated

further.
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Figure 21. Selectivity of WT and VD1-VD5 with 2 measured by chiral column
chromatography. The substrate selectivity is shown as an example in a chromatogram of
a VD3 biotransformation with (A) E-2 and (B) Z-2. (C) Product formation and product
selectivity for WT, VD1 and VD5. Reaction conditions: 0.2 mgcww E. coli BL21 (DE3) whole
cells with expressed AacSHC variants dissolved in 1 ml ddH20, 1 mM substrate, 20 h,
30 °C, 800 rpm.
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Overall, variant VD5 possesses stereoselectivity and is specialized for the conversion of

the E-isomer of 2 and the formation of compound 2a.

3.1.5. Rational design for directing the cationic cascade with 2

The cationic cascade, in which reactions often allow for the formation of several
carbon-carbon bonds, rings, and stereocenters in a single transformation, was described
for cyclization reactions with SHCs and 1.1°° The cationic cascade is initiated by
protonation of the substrate by SHC, which forms the first carbocation. Rearrangements
within the compound continue via a monocyclic intermediate towards the bicyclic
product. The goal was to direct the cationic cascade with 2 to a monocyclic product
instead of the bicyclic product. This could extend the structural variability of the
generated building blocks with altered isoprene patterns. A GC/MS method to identify the
product with the mass fragments consistent with a simulated fragmentation pattern
generated with the CFM-ID software was established.2%0 The mutagenesis approach to
achieve formation of monocyclic products was based on the anchoring of the substrate by
hydrogen bonding described in section 3.1.1. in combination with the amino acid
substitutions of VD5. It aimed to weaken the hydrogen bonds between Y420 and the
carbonyl group of 2. In addition, hydrogen bonds should be established between S168Y,
G600T, or Y609 and the carbonyl group of 2 to achieve a different pre-organization of the
substrate and reshape the active site to favor monocyclization. The following mutations
and corresponding double and triple mutations were introduced in the AacSHC variant
VD5: Y420F; S168Y, W169G, G600T, L607A, F605 and saturation mutagenesis at position
G600 was performed.

Initially, variants VD1- VD5 generated by iterative saturation mutagenesis for enhanced
conversion of 2 to 2a were examined for the formation of monocyclic products.
Surprisingly, all variants except the WT and VD1 showed formation of monocyclic product
in traces, with the variant VD5 showing highest formation of monocyclic product and 2a
(Figure 22). These results for VD5 are consistent with the determined product formation
and selectivity with 2. In the rational approach for positioning 2 in the active site to favor
monocyclization via hydrogen bond interactions, single point mutants Y420F, S168Y and
W169G were tested with 2. Y420F was described in a previous study and presumably
disturbs the interactions that favor bicyclization.1%° Mutation S168Y was selected based
on the docking with 2. This residue was assumed to form a hydrogen bond with the

carbonyl group of 2 to promote monocyclization via different pre-organization of the
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substrate. Simultaneously, the addition of W169G could generate void space to position
the carbonyl group closer to S168Y (Figure 22). The biotransformations with the single
mutants Y420F, S168Y and W169G, the corresponding double mutants and the triple
mutant showed no conversion of 2. Another approach for obtaining the monocyclization
of 2 was pursued by adding the mutations Y420F (VD5.3), S168Y (VD5.4) and W169G
(VD5.5) to the VD5 variant. Additionally, mutation G600T was tested with variant VD5.2.
It was hypothesized that this would maintain shape complementarity to the modified
initiation unit and provide a different pre-organization of the final cyclization unit. The
variants VD5.2-VD5.5 showed decreased product formation of monocyclic product and
2a compared to VD5 (Figure 22).In VD5.6-VD5.10 combinations of G600T, L607A and WT
amino acid F605 instead of F605C were tested. However, the conversion of 2 towards
monocyclic product was not increased. When mutation G600T was present, no formation
of monocyclic product was measured, and neither was formation detectable when

combined with other mutations (Figure 22).

Moreover, amino acid substitutions R488P, Y495D and S455V which are present in the
VD5 variant and are potentially facilitating the substrate shape complementarity with the
initiation unit were tested in the triple mutant VD6. The amino acid substitutions Y420F,
S168Y, and W169G were added to the triple variant. However, no formation of monocyclic

products could be measured with the generated variants (Figure S 5).

In the last attempt to increase the formation of monocyclic product, saturation
mutagenesis at position G600 was performed. The product formation for monocyclic
product for two variants was slightly higher than for the variant VD5 (Figure S 5).
However, the formation of monocyclic product was below 1% for all tested variants and

the product selectivity could not be shifted to monocyclic product.
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Figure 22. Rational engineering of AacSH

C variants for monocyclization of 2 and product

formation for variants VD1-VD5. In (A) and (B) active site residues targeted for
mutagenesis are labeled and shown as sticks. Formation of 2a and monocyclic products
in biotransformations with (C) VD1-VD5 and (D) AacSHC single, double and triple
mutants and variants VD5.2-VD5.10. Error bars represent standard deviation of
duplicates. Reaction conditions: 0.2 mgcww E. coli BL21 (DE3) whole cells with expressed

AacSHC variants dissolved in 1 ml of ddH:z

0, 1 mM substrate, 20 h, 30 °C, 800 rpm.
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3.1.6. Structure based semi-rational engineering with AacSHC for conversion of 3

In addition to 2, increasing the conversion of 3 with semi-rational engineering of variant
VD1 was aimed. Compound 3 has a more rigid structure than the common isoprene
backbone due to the conjugated y,8-double bond. This structural deviation from the
common isoprene pattern was especially challenging for conversion by SHC as shown in
this work by only 0.5% conversion with the best variant identified so far. By focusing on
residues around 5 A from the conjugated double bond in the docking with VD1 saturation
mutagenesis was performed. After four rounds of iterative saturation mutagenesis, three
variants PI3 (F605L/G600M/Y609F), PI4 (F605L/G600M/Y609F/F605L) and PI5
(F605L/G600M/Y609F /F605L/L607F) with stepwise increase in product formation and
conversion were isolated (Figure 23). Variant PI3 was identified for the first time by
Andreas Schneider (University Stuttgart). The best variant identified in this work was PI5
with 9-fold increased conversion compared to the WT (Figure 23). To assess the
contributions of every single mutation, the single mutants of the residues that were
substituted in PI5 were tested in biotransformations with 3. It was observed that variant
F365L had the highest impact on the improved catalysis with 3 and little increase in
conversion was observed for the other amino acids, individually (Figure 23). Thus, the

increase in conversion of 3 with PI5 was a result of cooperative effects of the amino acids.

The structural changes of this variant were investigated based on docking studies. It was
shown that bulkier residues with no polar functional groups close to the carbonyl group
of the docked 3 were present (Figure 23). A notable exception was the less bulky F365L
amino acid substitution in the region around the double bond in PI5. This indicates a
better positioning for improved catalysis with 3 by interactions with bulky residues at

and around G600M and less bulky residue F365L.
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Figure 23. Saturation mutagenesis in variant PI3 for the rel. conversion of 3. (A) Product
formation and conversion with AacSHC WT, single mutants derived from PI5 and PI3-PI5.
Error bars represent the standard deviation of duplicates. Reaction conditions: 0.2 mgcww
E. coli BL21 (DE3) whole cells with expressed AacSHC variants dissolved in 1 ml ddH20,
1 mM 3, 20 h, 50 °C, 800 rpm. Docking of 3 into the active site of (B) AacSHC WT and (C)
PI5. D376 and residues targeted for saturation mutagenesis are labeled and shown as
sticks.

3.1.7. Identification of biotransformation products and generation of interesting
building blocks in a preparative approach

To elucidate the structure of the products formed and to produce preparative amounts of
the building blocks, biotransformations were performed on a preparative scale. VD5 was
used for compound 2 and the ZmoSHC Q221S variant for 7. For compounds 3-6 the
variants VD1-VD5 were examined for highest conversion and for 9 reaction conditions

were adjusted.
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Biotransformations with VD1-VD5 for conversion of 3-6, respectively, were tested for
promiscuous cyclization of the variants and increased conversion in ddH20 at the optimal
reaction conditions determined for compound 2. Conversions for the tested variants
VD2-VD5 with substrates 3-6 were similar to the WT (Figure 24). For 4 and 5, VD1 was
clearly the best variant for conversion and for 6, the conversion was similar for all
variants, hence VD1 was selected as catalyst for the preparative approach with the
substrates 4-6 (Figure 24). In conclusion, the VD2-VD5 variants are tailored for the

conversion of 2 and are not generally suitable for the conversion of 3-5.

Notably, for 3 conversions were below 1% and not suitable for preparative scale
(Figure 24). Nevertheless, product 3a formed during the biotransformation of 3 with
AacSHC variants could be identified as o-lonone by comparison with the GC
chromatogram of the commercially available product standard. This reaction indicated

the ability of AacSHC to catalyze the monocyclization in traces.
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Figure 24. Product formation and rel. conversion of VD1-VD5 with 3-6, respectively.
Error bars represent the standard deviation of duplicates. Reaction conditions: 0.2 mgcww
E. coli BL21 (DE3) whole cells with expressed AacSHC variants dissolved in 1 ml ddH20,
1 mM substrate, 20 h, 30 °C, 800 rpm.
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Due to larger structural differences between 2-6 and 9 the optimal reaction temperature
was investigated with AacSHC WT and VD1 in biotransformations of 9. At 50 °C, product
formation and conversion increased for both the WT and VD1 to almost full conversion
(Figure 25). Therefore, the preparative biotransformation of 9 was performed with VD1

at 50 °C and otherwise same conditions as for compounds 3-6.
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Figure 25. Product formation and rel. conversion of WT and VD1 with 9 at 30 °C, 40 °C
and 50°C. Error bars represent the standard deviation of duplicates. Reaction conditions:
0.2 mgeww E. coli whole cells with expressed AacSHC variants dissolved in 1 ml ddH:20,
1 mM9, 20 h, 800 rpm.

For the upscaling of the reaction products 2a-7a and 9a using VD1, VD5 and ZmoSHC
Q221S a protocol with (2-hydroxypropyl)-B-cyclodextrin (CD) as an additive was used
and the previously used reaction conditions were applied.1?8 CD is known to form
micelles, which encapsulate hydrophobic molecules and increased product formation in
a previous study.128 The reaction progress was followed by GC/MS analysis to detect
stagnation of product formation and initiate extraction. After successful purification,
products at mg scale in yields of 2.7% (2.7 mg 4a) to 98% (98 mg 6a) were obtained from
100 mg of substrate for the reaction products, respectively (Figure 26). Except of
compound 5a and 7a all the other products could be identified and were mainly bicyclic
compounds, showing that AacSHC protonation leads to monocyclization and formation of
a second carbocation in a concerted reaction to give the bicyclic product after nucleophilic
attack on the carbonyl group, as observed previously (Figure 26).1°° In addition, the
relative configuration was determined for compound 6a and either (R,R) or (S.,S)

configuration was observed (Figure 26).
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Figure 26. Product structure determination and yield of the preparative scale
biotransformations for compounds 2-7 and 9. Products 3a and 4a were identified
through comparison to a commercial standard. For compounds 3, 5 and 7, the structure
of the formed product in preparative scale and the yield of 5a and 7a could not be
determined due to low conversion or impurities that could not be removed. Relative
configuration of 6a is shown in (§,5)-configuration. Reaction conditions: 10 gcww E. coli
BL21 (DE3) and 1 g of 2 dissolved in 11 of 100 mM Mg(NOs3)z or 2 gcow E. coli BL21 (DE3)
cells and 100 mg 3-6 dissolved in 100 ml ddH20, respectively, supplemented with 0.4%
SDS and equimolar amounts of CD, pH 6, were incubated at 30 °C or 50 °C, 300 rpm.

3.2. Alternative catalysts for 3

The conversion of 3 by variant VD1 and directed evolution of SHC variants appeared as a
challenging task and therefore alternative catalysts were explored. To that end, different
enzymes with cyclase function were sought and cyclases were identified in the BRENDA
enzyme database throughout different enzyme classes and different organisms. From all
the different cyclases 57 representatives were selected and their relationship was

investigated by phylogenetic analysis.

The obtained phylogeny demonstrates that most of the cyclases are probably not related
(Figure 27). However, some enzyme clusters could be discovered. The SHC cluster

contained representatives of the group of oxidosqualene cyclases with the ability of
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polycyclization and included amyrin synthase, cycloarthenol synthase and lanosterol
synthase (Figure 27).186:201,202 Representatives of the type I terpene cyclases which show
primarily activity for mono- and sesquiterpenes were clustered separately (Figure 27).203
In addition, a cluster of LCYs was found, which catalyze the formation of carotene from
lycopene (Figure 27).204 Different structurally diverse LCYs are known and the two
lycopene B-cyclases from Capsicum annuum (CanLCY-B) and Arabidopsis thaliana
(AthLCY-B) forming y-carotene with a $-lonone end group and one lycopene e-cyclase
from Arabidopsis thaliana (AthLCY-E) producing the §-carotene with a-lonone end group
were selected.177.184 By their monocyclization reaction in addition to independence from
activated substrates and activity for terpenes these LCYs are promising engineering

targets for conversion of 3 and were tested for activity.
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Figure 27. Maximum-likelihood tree of cyclases with AacSHC (blue) and LCYs (green)
highlighted built by MegaX.20> The bootstrap values are given at each branch.

3.2.1. Substrate scope of LCY variants

Little is known on the substrate scope of LCYs. Therefore, the activity of the three LCYs

for conversion of 3 was tested first. Second, activity for terpenes with different chain

length (C10 - C20) and functional groups e.g., ketones, aldehydes and alcohols or

non-functionalized substrates were determined. Reactions of LCYs in whole cell

57



3. Results

biotransformations with aldehydes were validated with purified enzyme, because in
previous studies the reduction of aldehyde substrates by E. coli BL21 (DE3) enzymes was

observed.206.207

The expression and first characterization

N
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w
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% 2 25§ of the three different LCYs CanLCY-B,
‘é 15 2 § AthLCY-B and AthLCY-E in whole cells
“g ! 155 was confirmed by Daniela Ramesohl
50'5 05 2 (University Stuttgart). AthLCY-B and
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Figure 28. Product formation and rel. CgnLCY-B showed 2.5% conversion to
conversion of CanLCY-B, AthLCY-B and

AthLCY-E with 3. Error bars represent the B-Ionone (Figure 28).
standard deviation of duplicates. Reaction . o
conditions: 0.2 mgcww E. coli whole cells with Further investigation on the substrate

expressed LCY homologs dissolved in 1ml gcope of the LCYs resulted in no activity
TRIS-Maleate buffer (pH 6.8) with 0.5 mM

NADPH, 0.01mM FAD, 1 mM 3, 20 h, 30 OC, for ketones 1, 2 and 8 (Table 5) Of two

800 rpm. tested aldehydes only compound 12 was

converted in whole cells by CanLCY-B or AthLCY-E (Table 5). In addition, product
formation was detected with CanLCY-B in whole cells and the C10 alcohol 14 (Table 5).
Notably, this substrate has no conjugated double bonds, was the smallest of the tested
alcohols and was poorly converted with AacSHC WT.82 No product formation was
detected with non-functionalized substrates 16 and 17 (Table 5). In biotransformations
with purified enzymes the conversion of 3, 12 and 13 was confirmed, but no conversion
of 14 was detected (Table 5, Figure S 6). The formed products were identified by
standards and were the monocyclic 3-lonone in the conversion of 3 and the reduced
alcohol products geraniol and citronellol for 12 and 13, respectively. The latter products

were unexpected because LCYs were not reported to perform reductions.

In conclusion, 3 was cyclized and 12 and 13 were reduced by CanLCY-B. For

non-functionalized substrates and alcohols no product formation was measured.
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Table 5. Selected terpenes investigated for the conversion with CanLCY-B and AthLCY-E
and purified CanLCY-B. Conversion is indicated by a check mark. Reaction conditions:
0.2 mgcww E. coli BL21 (DE3) whole cells with expressed LCY WT homologs dissolved in
1 ml TRIS-Maleate buffer (pH 6.8) with 0.5 mM NADPH, 0.01mM FAD, 1 mM 3, 20 h, 30 °C,
800 rpm.

Compound | Structure Conversion Conversion
whole cells purified CanLCY-B

1 0] x -
)\/\/\\/\/U\

12 va va

NS S
(0]
14 )\/\/K/\OH Y *

10 x x N~on x )
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17 x PN x )

aconverted with CanLCY-B and AthLCY-E
3.2.2. Optimization of reaction conditions for the conversion of 3 by LCY-B
To optimize the CanLCY-B reaction conditions for the conversion of 3, different buffers,

pHs, detergents and substrate concentrations were tested.

Comparison of product formation in PIPES buffer, ddH20 or TRIS
(Tris-(hydroxymethyl)-aminomethan)-Maleate buffer, showed highest product
formation in TRIS-Maleate buffer (Figure 29). The enzyme was sensitive to the detergents
Tween and SDS because addition to the TRIS-maleate buffer decreased the conversion by

more than 10-fold, and no increase in product formation was observed when CD (see
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3.1.7.) was added (Figure 29). At pH values of 5, 5.5 and 6, similar conversions and
product formations were observed (Figure 29). With TRIS-Maleate buffer at pH 6.8 both
conversion and product formation halved to 0.7%. At different substrate concentrations
and substrate loading the highest conversion was observed at 1 mM substrate

concentration, but highest product formation of 14 uM was measured at 10 mM substrate

loading (Figure 29).
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Figure 29. Product formation and rel. conversion of CanLCY-B with 3 with different (A)
buffers, (B) detergents and addition of CD, (C) pH values and (D) substrate concentration.
Error bars represent the standard deviation of duplicates. Reaction conditions: 0.2 mgcww
E. coli BL21 (DE3) whole cells with expressed CanLCY-B dissolved in 1 ml buffer, 0.5 mM
NADPH, 0.01 mM FAD, 1 mM 3, unless otherwise stated, 20 h, 30 °C, 800 rpm.

The LCYs were shown to be cofactor dependent in the reaction with the native substrate
lycopene and possess NAD(P)/FAD-binding motifs.173 By application of optimal cofactors
screening effort and costs could be reduced. Therefore, investigation of the dependence
of the reaction with 3 on cofactor was conducted and higher conversion was observed in
reactions with NADPH instead of NADH. No difference with or without FAD in the reaction

was determined (Figure 30).

Overall, the best conversion of 3 was observed in TRIS-Maleate buffer at pH 5.5, with
1 mM substrate and addition of NADPH. No influence on product formation was observed

with addition of detergents or in the reactions with or without FAD.
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Figure 30. Product formation and rel. conversion of CanLCY-B, with 3 and addition of
cofactors (A) NADPH and NADH and (B) FAD. Error bars represent the standard deviation
of duplicates. Reaction conditions: 0.2 mgcww E. coli BL21 (DE3) whole cells with
expressed CanLCY-B dissolved in 1 ml TRIS-Maleate buffer, 1 mM 3, 0.5 mM NADPH,
0.01 mM FAD, 20 h, 30 °C, 800 rpm.

3.2.3. Identification of key positions for conversion of 3 and 12 by semi-rational
engineering of LCY-B and LCY-E

Alternative confinement was used in the next semi-rational engineering approach to
increase the conversion of 3 or to change the selectivity for lonone isomers. With a MSA,
the percentual identity between the three tested variants was determined (Figure S 7).
This was 78.77% and 36.38% for AthLCY-B and AthLCY-E compared to CanLCY-B,
respectively. By substrate docking, non-conserved residues between LCY-B and LCY-E,
which interact with 3 in the active site (around 5 A) were identified. Subsequently,
CanLCY-B was rationally engineered by exchanging the identified amino acid positions to
alanine and/or to the amino acids present in AthLCY-E to perform an alanine scan and to
identify potential key positions for activity. Amino acids reported in previous studies to

be involved in the initiation of the reaction with lycopene were not modified.184

For all tested CanLCY-B alanine variants and variants with the AthLCY-E amino acid
substitutions no activity was measured (Figure S 8). This indicates that the selected
positions have a clear influence on the activity and are key positions. Therefore,
saturation mutagenesis of the key positions was performed and variant 335 B1 (V335L)
with 3.8% higher conversion to 3-lonone compared to the WT was identified (Figure 31).

No starting activity for a-lonone could be detected with the LCY-B variants (Figure 31).

To investigate if one of the positions identified could lead to activity of AthLCY-E with 3
and to change the selectivity for -lonone and a-lonone formation the corresponding
amino acid positions were tested by saturation mutagenesis with AthLCY-E. The tested

variants showed only traces of -lonone (<0.1 pM) and more than 100-fold less $-lonone
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formation compared to CanLCY-B (data not shown). For a-lonone, product formation
increased 4.5-fold with the best performing variant being AthLCY-E 359X G3 (S359F)
compared to AthLCY-E (Figure 31). This position corresponds to C334 in CanLCY-B.
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Figure 31. Key positions for saturation mutagenesis of CanLCY-B, AthLCY-E to improve
conversion of 3. (A) MSA of CanLCY-B, AthLCY-B and AthLCY-E with non-conserved
positions highlighted. (B) Product formation and rel. conversion of 3 by (B) CanLCY-B and
(C) AthLCY-E variants selected by saturation mutagenesis of non-conserved positions
with 3. Error bars represent the standard deviation of duplicates. Reaction conditions: 0.2
mgcww E. coli BL21 (DE3) whole cells with expressed LCY dissolved in 1 ml TRIS-Maleate
buffer pH 5.5 with 0.5 mM NADPH, 1 mM 3, 20 h, 30 °C, 800 rpm.

The selected positions were identified as key positions for the conversion of 3 and the
observed amino acid substitutions for CanLCY-B and AthLCY-E were bulkier in the
variants CanLCY-B V335L and AthLCY-E S359 compared to the respective WTs. This
indicates that more bulky amino acids in the active site of LCYs are relevant for the
conversion of 3. To elucidate structural changes in more detail the structure of the LCY
WTs and variants were modelled and 3 was docked into the active sites. In the LCY
structures, amino acid modifications for the improved variants CanLCY-B V335L and

AthLCY-E S359 occurred in a solvent-exposed (-sheet (Figure 32). The structural changes
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by AthLCY-E S359F and CanLCY-B V335L are hypothesized to induce improved
pre-organization of 3 in the active site, with the methyl group at C6 oriented towards the
double bond of the initiation unit (Figure 32). In WT LCYs, this methyl group was oriented

in the opposite direction (Figure 32).

This work demonstrated the enhanced formation of ionone isomers by generating an
alternative confinement for the pre-folding of substrate 3. As a result, $-ionone formation
was increased for the CanLCY-B V335L variant compared to the WT, and the AthLCY-E

S359F variant showed moderate a-ionone product formation.
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C D
N145 N145
)" N146 YN146
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AthLCY-E AthLCY-E S359F

Figure 32. Docking of 3 into the active site of (A) CanLCY-B, (B) CanLCY-B V335L, (C)
AthLCY-E and (D) AthLCY-E S359F. E295 or E320 and key positions mutated during
saturation mutagenesis are labeled and shown as sticks.

In addition to 3 reaction conditions for 12 in whole cells were optimized and the key
positions identified in this work were tested. Initially activity was observed for CanLCY-B
and AthLCY-E with product formations of 5.2 uM and 38.9 uM (Figure 33). At increase of
the pH from 5 to 6.8, an increase in product formation for both variants with more than

40 uM product at pH 6.8 was observed (Figure 33). No pH above 6.8 was tested because
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in previous experiments with 3 activities decreased at pH 6.8. With CanLCY-B similar
activities were observed with NADH or NADPH and with AthLCY-E, NADPH in the reaction

resulted in an increase in product formation of 33% (Figure 33).

With the optimized conditions at hand the key positions identified with 3 were tested with
12 and CanLCY-B. It was shown that all the variants increased product formation and the
best variant M366S increased product formation compared to the WTs by 2-fold in whole
cells compared to AthLCY-E and 17-fold compared to CanLCY-B (Figure 33).

A 70 B 70

OCanLCY-B
B AthLCY-E

N W S 1Y
o o o o ©
u
3~}
(=]

product formation (uM)

-
(=}
pr
=
[=]

: I DI

CanLCY-B AthLCY-E AthLCY-B % pH 5 pH5.5 pH6 pH 6.8

o
(=}

@)
)

product formation (uM)
N o
o f==] f==]
-
product formation (uM)
N
(=} (=] o
Wi11BA [}

0
O CanLCY-B
B AthLCY-E

=
(=3
S

oo}
o
(o]
(=}

o

o

NADPH NADH

D331E [ ——
C334s [ 7+
M366A [ —F—
M366S [ %

C334A
V335A

AthLCY-E .

CanLCY-B B+

Figure 33. Determination of starting activity with 12 of (A) CanLCY-B (mint), AthLCY-E
(teal) and AthLCY-B (grey). Product formation and rel. conversion with 12 (B) at change
of pH, (C) with NADPH or NADH as cofactor and (D) with amino acid substitutions at key
positions for conversion of 3. Error bars represent the standard deviation of duplicates.
Reaction conditions: 0.2 mgecww E. coli BL21 (DE3) whole cells with expressed LCY
dissolved in 1 ml TRIS-Maleate buffer, 0.5 mM NADPH of NADH, 1 mM 12, 20 h, 30 °C,
800 rpm.

The key amino acid positions that influence the activity of LCYs were identified by
substrate docking and rational engineering. Saturation mutagenesis was performed on
these positions, resulting in the identification of CanL.CY-B V335L with higher conversion
to B-lonone compared to the WT. Testing of corresponding amino acid positions in
AthLCY-E showed increased a-lonone formation, with the best performing variant being
AthLCY-E S359F. The enhanced formation of ionone isomers was attributed to alternative

confinement for the pre-folding of substrate 3 induced by amino acid modifications. The
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optimized reaction conditions were also tested for 12, and the key positions identified
with 3 were shown to increase product formation, with the best variant M366S resulting
in a 2-fold increase in whole cells compared to AthLCY-E WT and 17-fold compared to
CanLCY-B.

3.3. Conversion of substrates with limited ability for pre-organization

Substrates with limited ability for pre-organization are substrates which are structurally
divergent in comparison to the native substrate. An example are very small substrates
forming multiple possible intermediates when the native substrate is rather large, or
cyclized substrates when the native reaction is the formation of cyclic compounds starting
from linear substrates. In this case this limited ability of pre-organization results not only
in poor conversions but in a less converged reaction progress and a mixture of products.
Monoterpenes are substrates with limited pre-organization when tested with SHCs,
because they are often cyclic compounds, and their chain length (C10) is small compared
to the native linear substrate squalene (C30). Previous studies with pinenes and AacSHC
demonstrated the general feasibility of the reaction but with small activities and

selectivity compared to larger terpenes following the isoprene rule.156.160

To obtain good activities and selectivity with these substrates the potential of generating
alternative confinement for monoterpenes by secondary interactions with the active site
of SHCs was tested. In addition, the aim was to stabilize specific transitions states starting
from different substrates to enrich the formation of one specific product. Thereby highly
confined active sites are generated, which are able to force the reaction progress and

rearrangement reactions towards one product.

3.3.1. Detection of starting activity for hydrated compounds

To achieve alternative confinement with AacSHC, commercially available monoterpenes
with and without ring stain were selected in collaboration with Julian Ludwig (University
Stuttgart). The formation of value-added hydrated compounds was focused because their

selective formation is scarce, but in demand.208

In total ten different monoterpenes were tested to determine conversion and selectivity
(Figure 34). Of the tested monocyclic compounds product formation and conversion in
traces was observed only for 18. With the bicyclic compound 22 the highest conversion
of 48% was observed (Figure 34). The selectivity for the main product 20 was 39% and
38% for the hydrated product terpinen-4-ol (Figure 34). The product (3-terpineol could
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only be measured in traces. For bicyclic 23 and 24 the conversion was 1.9% and 28.6%
(Figure 34). The two main products were either the isomerization product 25 and 19 or
25 and 23, respectively. The hydrated products a-terpineol, borneol and terpinen-4-ol
were detected with highest measured a-terpineol selectivity of 9% using 23 as substrate
(Figure 34). When using 18 in biotransformations conversion was clearly decreased in
comparison to the other substrates with ring strain. The main product could not be

characterized or identified. However, terpinen-4-ol could be detected in traces.

Because 22 showed good starting activity with AacSHC and the main product
terpinen-4-ol is of high demand for industrial applications it was selected for further
enzyme engineering. In addition to the bicyclic substrate 22 the monocyclic substrate 18
with little starting activity was chosen for further engineering and for testing of the
potential and limitations of alternative active site confinement design to control
carbocation rearrangements for formation of terpinen-4-ol. Substrate 19 showing no
activity was tested for evolvability, too, because it is a cheap starting material and

conversion to value added products has very promising applications.
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Figure 34. Tested monoterpenes for product distribution and conversion with AacSHC.
The main product and selectivity for the hydrated products are indicated. Reaction
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conditions: 0.2 mgcww E. coli BL21 (DE3) whole cells with expressed AacSHC dissolved in
1 ml ddH20, 2 mM substrate, 40 h, 30 °C, 800 rpm.

3.3.2. Optimization of reaction conditions for 18 and 19

Biotranstormations with monoterpenes were performed analogous to the previous ones
using substrates with a modified isoprene pattern. However, due to high evaporation of
monoterpenes and the partially low conversions, the reaction conditions were optimized
to obtain a reliable screening assay via GC/MS. The reaction conditions for the conversion
of 18 were optimized with the help of Sandra Schmierer (Hohenheim Agricultural School).
Optimization of reaction conditions for conversion of 19 was performed under similar
reaction conditions but using variant W312A due to the lack of activity by the WT enzyme
with this compound. Previously the Hauer group showed that variant W312A converts 19
to 20 and therefore reaction conditions could be optimized for increased formation of 20.
In the first experiments different buffer conditions were tested with 18 and subsequently

the reaction conditions of the biotransformation were adapted for 18 and 19.

For the improved production of terpinen-4-ol TRIS, MES, citric acid buffer and ddH20
were tested with 18 and WT AacSHC (Figure 35). The negative control was performed
with variant TKO (triple knock-out) having the catalytic acid D376 and the two adjacent
aspartates D374 and D377 exchanged to alanines. No product formation was measured
with WT in TRIS buffer and with citric acid buffer terpinen-4-ol concentration was 3.2 pM
(Figure 35). With MES and ddH:20 terpinen-4-ol formation was increased to 4.6 and
4.8 uM, respectively (Figure 35). To determine the pH dependence on the terpinen-4-ol
formation the reaction was tested at pH 6, 6.5 and 7. At pH 6.5 and 7 the product formation
increased for the WT compared to the TKO variant. At pH 6 product formation was
decreased by 75% (Figure 35). Next, lyotropic agents influencing the hydrogen bonding
network between water molecules from the Hofmeister series were added to the reaction
solution to a concentration of 100 mM. Potassium thiocyanate (KSCN) in the reaction
showed highest product formation in comparison to the other tested agents (Figure
35).197.198 However, with ddH20 the highest product formation of 4.5 pM terpinen-4-ol
was measured (Figure 35). Reactions in ddH20 at pH 7 adjusted with HCl and NaOH

resulted in the highest terpinen-4-ol formation and was used as reaction solution.

The following optimization of the biotransformation conditions aimed at further
increasing product formation by adapting substrate concentration, reaction temperature

and incubation time. Substrate concentrations of 3 mM, 5 mM and 7 mM were tested in a

67



3. Results

biotransformation and compared to the TKO variant. With 7 mM and 5 mM substrate an
increase in non-catalyzed reaction products, present in the substrate stock, was observed
for TKO and the terpinen-4-ol formation by WT was more pronounced with 3 mM
substrate (Figure 35). By increasing the temperature from 30 °C to 40 °C up to 50 °C the
formation of product decreased (Figure 35). In the case of incubation time, higher product

amounts are measured after 40 h in comparison to 20 h reaction time (Figure 35).

In reactions with 19 and the W312A variant or the negative control similar tendencies
were observed. High concentrations of the products in non-catalyzed reactions with TKO
with higher substrate concentrations, low product formation at 50 °C and higher product

amounts after 40 h in comparison to 20 h reaction time were measured (Figure S 9).

Overall, by using H20 at pH 7 higher product formation was obtained in comparison to
standard conditions with citric acid at pH 6. Additionally, biotransformation for 40 h at
30 °C with 3 mM substrate leads to better distinction between enzyme catalyzed and
non-catalyzed reactions with the TKO variant. The following biotransformations were

performed with ddH20 pH 7 for 40 h at 30 °C with 2 mM 18 or 3 mM 19.
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Figure 35. Product formation and rel. conversion of AacSHC with 18 at change of (A)
buffer, (B) ionic additives (C) pH values, (D) substrate concentration, (E)
biotransformation time and (F) temperature. Error bars represent the standard deviation
of duplicates. lonic additives were selected from the Hofmeister series.197.198 Reaction
conditions: 0.2 mgcww E. coli BL21 (DE3) whole cells with expressed AacSHC dissolved in
1 ml buffer or ddH20 and 3-5 mM substrate.

With the optimized reaction conditions at hand to allow efficient screening of AacSHC
variants during iterative saturation mutagenesis, monoterpene 18 was screened in 96
DWPs, but the product formation was below the detection limit and no product formation
was measured. The screening method was adjusted by using 24 DWPs to increase the
expression volume from 1 to 4 ml and obtain more cells. Moreover, high volatility of the
monoterpenes was observed in catalyzed and non-catalyzed reactions when injected

directly from plate (Scheme 1).20° Applying different sealing materials (Polycarbonate or
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Silicone) did not reduce evaporation. Therefore, the biotransformation was extracted in
inlets and transferred to airtight GC vials (Scheme 1). By this method a Cv of 23.5 could be
established. The Cv indicates the variation throughout the plate and implies that
approximately 50% increase in product formation is necessary to determine an improved

variant, reliably.

o, on.,
Preculture Main culture Biotransformation
i 30°C,40h
I o e
Measurement Extraction

Scheme 1. Adjusted screening procedure for monoterpenes.

3.3.3. Engineering of AacSHC towards terpinen-4-ol formation
The aim was to engineer AacSHC towards terpinen-4-ol formation and to improve
selectivity and efficiency starting from three different substrates by controlling the

direction of carbocation rearrangement.

With the screening method at hand, the available in-house library was screened with 18,
19 and 22 to detect a variant with increased formation or selectivity for terpinen-4-ol.
With 18, variant Y420W/G600L (VT1) increased product formation by 4-fold and
increased selectivity by 13% compared to the WT (Figure 36). Starting from 22 variant
T599M (VS1) showed the highest terpinen-4-ol formation of 184 pM with a minor
decrease in selectivity compared to the WT (Figure 36). For 19 no activity could be
detected.

To further improve the activity, amino acid residues were mutated that interact with the
substrate and have either hydrophobic and - interaction properties or are bulky amino
acids that can block the substrate in a specific orientation in the active site. With 18, two
rounds of saturation mutagenesis were performed and resulted in variants AacSHC
V448Q/Y420W/G600L (VT2) and AacSHC Q366V/V448Q/Y420W/G600L (VT3). The
highest terpinen-4-ol formation of 2.9 uM was measured with VT2 (Figure 36). The
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highest selectivity of 64% was detected with variant VT3 with a 3-fold increase compared
to the WT (Figure 36). The TTN was determined to be 3.4-fold higher for variant VT3
compared to the WT enzyme (Figure 36).

With 19 no variant from the in-house library showed activity. A combinatorial approach
was used at positions [261, G600 and L607 and aimed at steering the substrate inside the
active site via the formation of a carbocation cage. Within the carbocation cage active site
residues stabilize the reactive carbocation intermediates formed in the reaction trajectory
and can lead to reaction acceleration and selectivity. Docking studies with MD simulated
WT were performed to get insights on the substrate binding. In addition, substrate
engineering was tested by ether linkage of limonene to hexane. The hexane-tail was
assumed to anchor the substrate in the active site and to facilitate its pre-organization
similar to linear substrates (Figure S 10). Nevertheless, no activity was measured with the

described approaches.

For 22, one round of saturation mutagenesis with residues adjacent to T599M resulted in
identification of variant T599M/G600T (VS2). This variant showed a selectivity of 48%
for terpinen-4-ol and a TTN of 18, thereby 11% increased selectivity, 1.84-fold increased
product formation and doubled TTN compared to WT (Figure 36).

To investigate the effects of the identified mutations on the structure and
pre-organization of the substrates, substrates 18 and 22 were docked into the active sites

of the WT, VS2 and VT3.
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Figure 36. Selectivity, TTN and terpinen-4-ol formation of AacSHC variants generated
during saturation mutagenesis for (A) 18 and (B) 22. Error bars represent the standard
deviation of duplicates. Reaction conditions: 1 mg/ml AacSHC variant dissolved in 1 ml

ddH20, 1 mM substrate, 40 h, 30 °C, 800 rpm.
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3.3.4. Structural analysis of VT3 and VS2
The structural analysis of the generated variants provides explanations for the improved
terpinen-4-ol formation. The modelled structures docked with the substrates 18 and 22

are shown in Figure 37.

For monoterpene substrates three residues were identified that could contribute
significantly to the stabilization of carbocations by m-m interactions: W312, W489 and
F365 (Figure 37). For the variants VT3 and VSZ, saturation mutagenesis of these residues
did not result in an improved selectivity or product formation. Improved selectivity and
product formation was attributed mainly to residues around 3 A distance to W312, W489
and F365 which were Q366C/V448Q/Y420W/G600L for VT3 and T599M/G600T for VS2
(Figure 37). In VT3 and VS2 the rotation of the side chain of F365 was observed, but not
in the WT, possibly indicating an impact of the position of the F365 side chain on the
terpinen-4-ol formation with substrates 18 and 22 (Figure 37). For both variants position
G600 is modified to bulkier residues leucine and methionine in VT3 and VS2, respectively.
Itis assumed that G600 is not only involved in positioning of W489 for n-stacking but also
responsible for steric effects with the substrates, which can contribute to altered binding
of the smaller substrates in the active site. Especially when in combination with Y420W
in VT3 interactions with 18 are likely to stall the substrate in a conformation favored for
catalysis. In the variant VT2 mutation V448Q was added. This position is adjacent to W489
and to D376 and resulted in an increase in product formation but not in selectivity (Figure
37). The position Q366V added in VT3 adjacent to Y420W could compensate for possible

changes in stability and structural organization (Figure 37).

Structural investigation of VS2 indicates a rotation of W489 by mutations T599M and
G600T. The docking with VS2 shows that 22 is organized in the active site in the middle
of W312, W489 and F365 (Figure 37), whereas in the WT 22 is positioned outwards with
larger distance between 22 and W312. Thus, stabilization of carbocation intermediates of

22 could be obtained with higher probability.

In conclusion, structural characteristics in variants VT3 and VS2 were determined such
as the presence of bulky residues at position 600 that can influence the arrangement of

other aromatic residues in a way to promote the formation of terpinen-4-ol.

73



3. Results

A w312 B 4
I ‘-n} Q366 W312 “{  Q366V

> o

D376 }/4\\ e
D376 _ % p/. 2
Y420 Eﬁﬁg G600L
L & oo {00 Ya20W
97 w489
AacSHCWT AacSHC VT3
C W312 D w312
F365 F365

& ‘o

3
N
&
o [\ G600T
49 G600 W489 |
T599 T599M
AacSHC WT AacSHC VS2

Figure 37. Structure of AacSHC WT and saturation mutagenesis variants VT2 and VT3
with 18 or 22. Docking of 18 into the active site of (A) AacSHC WT and (B) VT3 and
docking of 22 into the active site of (C) AacSHC WT and (D) VS2. D376, residues with the
ability to interact via -1 interactions (teal) and key positions mutated during saturation
mutagenesis are labeled and shown as sticks.

3.3.5. Acyclic monoterpenes and other substrates converted by the confined active
site

In addition to cyclic monocyclic terpenes, the conversion of acyclic monoterpenes with
modified isoprene pattern with AacSHC was investigated. In contrast to cyclic
monoterpenes, product selectivity is easier to achieve with acyclic monoterpenes because
the active site is configured for conversion of linear molecules. However, the activity of
SHCs for conversion of acyclic monoterpenes with C10 chain length was minor or not
present. In a previous study 14 showed 1% conversion by AacSHC G600F.147 The aim was
to screen variants for activity with acyclic monoterpenes and monoterpenes with a
conjugated m-system. Because of their chain length (C10) acyclic monoterpenes have a

high degree of flexibility for positioning in the active site, however the conjugated
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Tt-system results in a more rigid conformation compared to the common isoprene pattern.
To meet the requirements of acyclic monoterpenes with conjugated m-systems, the
formation of m-m interactions in an alternatively confined active site might be

advantageous and would stabilize the compounds for efficient catalysis.

For compounds 28 and 29 with conjugated m-system, conversions of 2.35% and <0.01%
were detected with AacSHC WT, respectively (Table 6). The variant G6001/Y420F (VM1)
was identified by screening the SHC in-house library and showed the highest conversion
of 6.06% with 28 (Table 6). Compound 30 was previously reported to be converted with
AacSHC WT and the G600F variant.147 These results could be confirmed in this work. In
addition, a conversion of 0.67% of compound 31 was achieved with variant VM1 in

contrast to the WT where no conversion was observed (Table 6).

In summary, variant VM1 was identified as a catalyst with activity in the conversion of 28
and 31, as an interesting variant for acyclic monoterpenes. Minor activity was observed
with 29. To investigate the origin of the observed activity structural characteristics of

variant VM1 were investigated.
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Table 6. Overview of acyclic substrates with modified isoprene pattern studied for SHC
catalyzed cyclization. Conversion is shown as average * deviation of measurements in

duplicates.
R4 R4 -H* Q/R1
= Nu
Oj/OH/@/U\RZ @L\Rz R
D376
Substrate WT rel. conversion (%) Variant re(lo./c)o nversion
0
14 | 0.40 +0.032 68 3.1
X OH
(G600F)a
28 X 2.35+0.01 6.06 + 1.07
X (Y420F/G6001)
17 X n.d. n.d.
X
29 = | <0.01 <0.01
N
(Y420F/G6001)
30 N 0.06 £ 0.01 0.09 £ 0.01
OH
> (G60OF)
31 n.d. 0.67 £ 0.20
OH
N (Y420F/G600I)
|

aresults from Hammer et al. 2016.146

breaction conditions: 0.2 mgcww E. coli BL21 (DE3) whole cells with expressed AacSHC dissolved in 1 ml

ddH:0 and 2 mM substrate, 40 h, 30°C, 800 rpm.
n.d. not determined.
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The mutations found in variant VM1, namely Y420F and G600I, have a dual effect on the
positioning of the substrate. On one side the bulky side chain of G600I forces the substrate
in a position close to the side chain of Y420F (Figure 38). Based on docking studies the
conjugated T-system of the substrate might interact with the side chain of Y420F which
stabilizes it in a more productive conformation for monocyclization through m-m stacking
(Figure 38). A distance between two centroids of 4 A is possible for T-m interactions.210 In
the depicted docking of VM1 and 28 a distance of 3.9 A was measured between the
conjugated double bond of 28 and Y420F (Figure 38). Thus, the feasibility to form -1
interactions was demonstrated for VM1. With the WT the distance of 6 A between the
conjugated double bond of 28 and Y420 does not support the formation of m-m
interactions (Figure 38). Hence, the WT is not providing stabilization of the conjugated -
system and the substrate is therefore less stabilized in the active site. The energetically
favored docking state for WT and VM1 depicts 28 with the initiation unit oriented
opposite or towards D376, respectively (Figure 38). The distance of the double bond of
the initiation unit of 28 to D376 in VM1 is 4 A and 7.5 A in the WT (Figure 38). This
indicates improved pre-organization of the substrate in the active site of VM1 compared

to the WT.
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Figure 38. Docking of 28 into the active site of (A) AacSHC WT, (B) VM1 and (C) schematic
representation of possible m-1 interactions of 28 with Y420F. D376 and key positions
identified during screening of AacSHC variants in the in-house library are labeled and
shown as sticks.

The engineering resulted in variants with different active site shapes for different
functions. The reaction for monocyclic monoterpenes with limited ability to pre-organize
in the active site can be directed towards desired products by variants, which presumably
stabilize reactive carbocations along the reaction trajectory. For acyclic monoterpene 28

steric interactions and m-m interactions with the variant's active site are hypothesized to
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stabilize the substrate’s conjugated double bond and result in pre-organization. Overall,
alternative confinement was established with acyclic and monocyclic monoterpenes and

resulted in starting activity for C10 compounds.
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4. Discussion

Confinement contributes to enhanced catalyst performance and improves activity and
selectivity. Despite the advantages of confined active sites, they are sensitive towards
structural modifications of substrates and pre-organization of the substrate is limited to
distinct structural motifs. Subsequently, substrates with hampered or no
pre-organization in the active site and subsequent low turnover or selectivity remain
challenging to convert efficiently.3 In Brgnsted acid catalysis, site-selective formation of
carbocations by protonation of polyprenoids and control of carbocation intermediates is
difficult to achieve due to low acidity of general Brgnsted acid catalysts, competition
between terminal and internal isoprenyl groups and rearrangement reactions.?!! To
develop chiral Brgnsted acid catalysts and convert unreactive carbohydrate molecules
pre-organization is key.211.212 This pre-organization can vary between confined active
sites of Brgnsted acid catalysts for transition states resulting in different cyclization
products.213 Within this work, three different approaches to achieve alternative
confinement in cyclases SHC and LCY were established, which strongly depend on tightly
confined active sites and overcome the described limitations. Productive pre-organization
is provided and modified substrates as well as substrates, whose reaction course is
difficult to direct, are converted, thereby expanding the substrate versatility and product
range. First, starting activities towards challenging substrates with poorly tolerated
structural modifications of the isoprene backbone were obtained by tunnel modification
and generation of substrate shape complementarity even with initial non-optimized
conditions. Second, LCYs were engineered based on residues identified by MSA for the
formation of different ionone isomers. Third, SHCs acting as protonases provided access
to selective acidic isomerization of small monoterpenes in water by enzyme engineering

with focus on amino acids surrounding aromatic residues.

SHC WT homologs and variants were tested towards starting activity in
biotransformations with several substrates. SHCs homologs and variants were shown to
convert several substrates and despite the observation of promiscuous activity with SHCs,
it was shown that SHCs can control the product outcome selectively.?159160 Compared to
active sites with more directional interactions, such as hydrogen bonds and salt bridges,
the hydrophobic active sites present in SHCs have a degree of conformational
variability.214 Therefore substrates can access reactive and unreactive binding modes

within the given structure of the confined active site. Additionally, hydrophobicity is
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suggested to contribute to structural flexibility, which allows to find conformations to
bind non-natural substrates.215216 Finally, hydrophobicity promotes stability towards
active site mutations.21” Nonpolar amino acids can be exchanged by amino acids with
similar properties, which disturbs only weak non-bonded interactions. Hence, the SHC’s
hydrophobic active site was described as a malleable, conformationally flexible and
evolvable reaction vessel, equipped with a strong Brgnsted acid.14” Analogous to SHCs,
LCYs contain hydrophobic active sites to accommodate the hydrophobic native substrate
lycopene.173 However, for LCYs published data on promiscuity and substrate scope are

Scarce.

Exploiting the evolvability of SHCs and LCYs to achieve alternative confinement in
cyclases increased substrate scope and product formation while maintaining good
selectivity. This demonstrates the potential of cyclases to generate interesting products

and building blocks for applications in various industries.

4.1. Challenges of substrates with modified isoprene pattern

Modifications of the substrate length from C10 to C35 were tolerated and resulted in the
expected cyclization pattern based on cyclization of squalene with SHC. In addition,
substrates with epoxide or carbonyl groups at the initiation unit and modifications of the
nucleophile at the final cyclization unit (e.g. hydroxyl groups) were converted with
moderate to high activities.155157.218 Despite this observed promiscuity of SHC, several
substrates demonstrated to be particularly challenging. For example, substrates with
modification of the backbone, which results in deviation from the common isoprene
pattern, were not converted when one or two of the geminal methyl groups at initiation
unit were missing.163 Moreover, the exchange of methyl groups with sterically demanding
ethyl groups at C1 or C6 resulted in no detectable conversion.150.167.170 Abnormal
cyclization is observed when the methyl group at C10 is removed, shifted to C11 or when
it is replaced by an ethyl group.163.168 Hence, the active site of cyclases is more compact in
early cyclization steps and less compact in later cyclization steps, thus bulkier ethyl
groups are rather tolerated in the latter cyclization steps. In this work, analogs of 1, 8 and
10 were shown to possess similarly challenging backbone modifications at C3 and Cé.
These 12-18-carbon analogs are smaller than squalene, which has 24 carbons. Especially
substrate analogs 2-5 and 11 were poorly or not converted. Therefore, steric

modifications at C3 and C6 of the terpene backbone were confirmed to be challenging for
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SHC. These observations are true merely for modifications of the hydrocarbon skeleton,
because a hydroxy group in 7 instead of a methyl group in 2 at C3 resulted in good starting
activity. For substrates with modifications at C9 or C10 a good initial activity was more
easily achieved. Based on the docking results the productive pre-organization of the
modified substrates 2-5 and 11 was not supported by the active site of AacSHC and the
catalysis is impaired due to unfavorable interactions and deteriorated access to the
catalytic center with the modified or more rigid substrates. Similar impaired pre-

organization in the active site of SHC was previously reported to result in no activity.128187

To obtain starting activity with the challenging substrates 2-5 and 11 alternative active
site confinement in AacSHC was created. Beneficial mutations that stabilize reactive
binding of hydrophobic substrates in a hydrophobic active site are hard to predict and
reactive binding is very sensitive as large changes in activity were observed by minor
modifications of the substrates.82 For example, protonation and substrate selectivity of
AacSHC for epoxygeraniol depends on slightly different orientations of the reactive

chair-like conformations in the active site.82

This work tested different approaches to identify beneficial mutations to generate
starting activity. Next to rational engineering based on previous studies, investigating
anchoring through hydrogen bonding and loop engineering, a semi rational approach
based on tunnel simulations to select positions for subsequent saturation mutagenesis
was used. Thereby, the high conversion of 98% from 1 with variant AacSHC G600R was
validated, and high conversion with 6 was observed. However, no starting activity for 2-5
and 11 could be detected. With 2, variant VD1 harboring the G600M mutation was
identified, which modified the active site tunnel to generate good starting activity with 2,
4 and 5. The ability of single point mutations to redesign the active site of enzymes for
new functions is broadly accepted.219220 By this variant’s promiscuity for the tested
substrates the residues along dynamic tunnel structures were identified as key positions
to convert modified substrates. The unbranched, flexible methionine is mandatory for the
starting activity because all other residues including hydrophobic residues such as valine
or isoleucine did not increase product formation. Methionine, among other hydrophobic
aliphatic amino acids, is frequently found in proteins and maintains the stability of

hydrophobic protein cores.220221
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In conclusion AacSHC WT was tolerating modifications in 6 and 9 at C9 and C10 and
demonstrated moderate to good activities. Poor or no conversion was observed with
AacSHC WT for conversion of 2-5 and 11 due to the compactness of the active site in early
cyclization steps and the less compact organization of the active site for cyclization steps
later in the cascade. Consequently, not only bulky groups at C3 and C6 resulted in no or
minor conversion, but every tested modification of the isoprene backbone around Cé6
resulted in limited conversion with the AacSHC WT. Hence, the active site around C3 and

C6 is not only compact but presumably substrate complementary to the isoprene pattern.

Engineering of tunnel led to the identification of a G600M variant that successfully
overcame this limitation with 2. Additionally, good starting activity with G600M for
conversion of 4 and 5 with modification of double bonds was observed. This

demonstrated general evolvability towards challenging substrates.

4.1.1. Implications of tunnel modification in variant VD1

Very often, protein engineering addresses the enlargement of the active site to fit bulkier
substrates.222223 Hence, the changes needed can frequently be estimated by comparing
the substrate and the shape of the active site.24 Small substrates were investigated in this
work, which tend to bind in an unreactive manner into the large (native) active site. For
small substrates it was postulated that a large unoccupied space is present in the active
site of SHCs and results in potentially unproductive binding modes.8? Usually, rational
engineering approaches or saturation mutagenesis is applied to identify positions in the
active site or enzyme tunnels, which contribute to better catalyst performance. Growing
possibilities of bioinformatics have led to comprehensive computer-based approaches
becoming increasingly important in identifying and characterizing positions that impact
the catalyst and structural dynamics.87.143.224 The investigation of mutations on the
catalyst-substrate interaction and the influence on dynamic structures is mandatory for
data driven enzyme engineering campaigns and prediction of enzyme
functions.188189,194225 A comprehensive investigation on the effects of the G600M
mutation in variant VD1, which was recognized by tunnel simulation and saturation
mutagenesis was conducted within this work. Tunnel simulations were previously
applied to modify tunnels for anchoring of substrates e.g. via interaction between a
carboxylic acids and arginine in the substrate entrance tunnel.18? In addition, removal of
tunnel bottlenecks was exploited with several enzymes e.g. monooxygenases, hydrolases,

halogenases, etc., to improve conversion of more bulky substrates compared to the native
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one.189194226 In this work, the variant with improved conversion of substrates with
modified isoprene backbone exhibited a bottleneck identified by tunnel simulation. To
our knowledge, this is the first time that bottleneck creation in cyclases is attributed to

improved conversion and catalysis.

The creation of a bottleneck in variant VD1 resulted in the generation of proximity from
the terminal double bond of the substrate's initiation unit to the catalytic D376, thus
better positioning of all tested substrates except 9 for catalysis. Condensed distance
distribution for substrates 2, 4, 5, 7 and 9 indicates more constrained substrate
pre-organization. For 3 and 6, G600M in VD1 occupies more space in the active site and is
suspected to negatively affect catalysis by less productive positioning of the more rigid,
conjugated double bond of 3 or the additional methyl group at C9 in 6. As a result, a
broader distance distribution was observed, and the substrates were less compactly
pre-organized. Nevertheless, substrates 3 and 6 are positioned in closer proximity to
D376. Given the similar conversions of WT and VD1 with 3 and 6, it is implausible that the

positioning was improved in the VD1 variant for these compounds.

Hammer et al. observed a correlation between the distances of 2.9 A or less from the
terminal isoprene double bonds of compounds to the catalytic center and the catalytic
activity for unnatural substrates.14¢ The distances measured for the docked substrates in
this work are all above 3.4 A. This ambiguity may indicate an exception of the reported
correlation due to the generated reduction of the tunnel radii or the fact that the distances
were measured with substrates docked to the enzyme structure obtained from the MD
simulation. In order to obtain adjusted distances MD simulations including substrate and

the enzyme would be necessary.

Nevertheless, the decreased distance and condensed conformations of the initiation unit
indicate better positioning for modified substrates 2, 4 and 5, which were more affected

than the other substrates in the biotransformations with VD1.

4.1.2. Substrate complementarity by saturation mutagenesis with 2

Variants with improved conversion of compound 2 obtained during saturation
mutagenesis with VD1 demonstrated evolvability of VD1 and generated alternative
confinement for conversion of 2. Initially, residues around G600M were mutated by
saturation mutagenesis to compensate for possible changes in stability and structural

organization caused by G600M. The added mutations R488P, F605C, Y495D and S455V
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increased the TTN stepwise. Addition of mutations Y495D and S455V around C9 of 2
demonstrated the highest impact resulting in overall 1174-fold increased TTN compared
to the WT. The amino acids located around C9 of 2 were selected to generate substrate
shape complementarity to fit the methyl group. The results demonstrate a high impact of
engineered shape complementarity on the catalyst performance regarding TTN and
conversion. Specific interactions, e.g., changes in electrostatic effects were not further
investigated, but might contribute to the observed improvement of the catalyst.21?
Previous studies reported the increase in efficiency by 5- to 10-fold of a Diels-Alder
reaction by an antibody catalyst as consequence of shape complementarity by introducing
site-directed mutations that improved packing interactions.?* Additionally, shape
complementarity was successfully used to afford high rate accelerations in artificial
enzyme design.?? The presented multifold increased TTN highlights the efficiency of the
shape complementary approach in combination with the tunnel modification to engineer

SHCs and increase their catalytic efficiency.

The origin of the improved catalytic performance of VD1 and VD5 was traced back to
altered catalytic efficiency kcat/Km rather than keat. Steady-state kinetics can be described
by the Briggs-Haldane approximation with Km as (kz + k1)/ki derived from the
Michaelis-Menten equation. Due to only small deviations observed in the ket and the
increased Kcat/Km for the variants an effect on the k2 rate constant, which describes the ES
complex dissociating to give free enzyme and product, is not evident in the variants.
Therefore, the engineered variants may influence the dissociation of the ES complex to
enzyme and substrate or vice versa, thus decrease k-1 or increase ki, respectively. Thereby
the substrate affinity and binding would be improved. Further evidence for improved
binding in the active site was observed in the docking analysis. The importance of the
G600M mutation for activity is highlighted herein, resulting in a 61-fold increase in
Keat/Km. Its significance for the catalyst’s performance was evident in the
biotransformation with individual single and double variants of the VD5 mutations
G600M, R488P, F605C, Y495D and S445V. Here, G600OM or combinations with G600M in
double variants showed the highest conversion. Minuscule or no product formation was

detectable with the other single mutations.

Substrate conversion was also improved by optimizing reaction conditions. A 6-fold
increase in conversion was obtained by optimization of reaction conditions in whole cell

biotransformations with VD3. Initially, the conversion could be increased by using ddH20

84



4., Discussion

instead of the tested buffers. This was unexpected, since the performance of enzymes
depends on maintaining a constant pH within the range tolerated by the enzyme. Based
on previous enzyme studies on pH dependence and the published pH optimum of AacSHC
at pH 6.0, the catalytic performance of AacSHC does not improve in ddH20,
presumably.199227 More likely, the cellular structure and the membrane were disrupted
and therefore the catalyst is more exposed and the diffusion of substrate/product to the
enzyme is facilitated. Further, addition of different ions selected exemplarily from the
Hofmeister series showed a positive effect on conversion.1°7.198 The AacSHC variants
performed best with 2 in 100 mM Mg(NOs)2 at pH 6. These ions, among others of the
lyotropic series, are postulated to increase the solubility of hydrophobic molecules in
water by reducing the viscosity of water and decreasing the order of water.228 This may

lead to better substrate accessibility in solution.

For variants VD4 and VD5 amino acid substitution Y495D is close to C9 of docked 2 and
therefore increased the variability of distances to D376 and varied positioning of the
initiation unit. Particularly, mutation Y495D, is assumed to generate void space and thus
allows improved positioning of the sterically demanding methyl group of 2 at C3.
Subsequently, the complementarity between substrate and the active site of VD4 was
improved, but more possible conformations in the distance analysis were observed. In the
final variant VD5 the distance distribution was condensed again to anchor the initiation
unit. This presumably improves pre-organization of the substrate. In addition, VD4 and
VD5 showed similar conversions, but very different TTNs. The TTN depends on enzyme
concentration and the enzyme concentration of VD5 was lower compared to VD4 in this
reaction. This indicates the higher efficiency of VD5 for the reaction with 2 compared to
VD4 and supports the hypothesis of a more productive pre-organization of 2 in VD5.
Therefore, generation of shape complementarity with VD5 in order to evolve for
improved catalyst performance is demonstrated. Furthermore, Y495 is presumed to
coordinate a water molecule in the active site to establish hydrogen bonding to D376.
Together with H451, Y495 is involved in in the positioning of the D376 in anti-orientation,
which was proposed to increase the acidity and contribute significantly to the
reactivity.828> However, mutation Y495D did not decrease activity as expected, but
resulted in the improved variants VD4 and VD5. Based on previous findings in our group,
the aspartate side chain of mutation Y495D in VD4 and VD5 could act as proton shuttle or

catalytic acid. It was previously observed that AacSHC activity is completely abolished
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only when all three aspartates within the prevalent DxDD motif are replaced by
alanines.156 Residual activity was observed with $-pinene when the D376A variant was
used, suggesting that aspartates other than D376 (D374 and D377) can act as catalytic
acid.’>¢ To investigate the possibility of mutation Y495D to act as catalytic acid, the
distance of this residue to the terminal double bond of the initiation unit was determined
and a distance of 9.5 A was measured. For D374 and D377 the distances were 4.4 A and
8.6 A, respectively. Therefore, no definite conclusion can be drawn as to whether Y495D
serves as an alternative residue for Brgnsted acid catalysis. QM/MM modelling and
structural studies could address the impact of this mutation on e.g., hydrogen bonding in

future engineering campaigns to elucidate the origin of the increased activity.

Despite the reported achievements by engineering shape complementarity for the
conversion of 2 to bicyclic product, limitations of this approach were observed for the
conversion of 3 to monocyclic product and the monocyclization of 2. The obtained
engineered AacSHC variants PI3-PI5 showed only minor improvements in conversion,
thus the approach to generate shape complementarity is not suited to engineer AacSHC
for conversion of 3. The rigidity of the conjugated double bonds could impede the
productive organization and hinder the evolvability towards conversion of 3 with
AacSHC. In a study by Eichenberger et al. a similar conclusion was drawn after a
comprehensive SHC screening panel with several homologs failed to convert 3.187 In the
context of monocyclization of 2 the formation of monocyclic dihydroionones was
described starting from (E/Z)-1. In these studies, the SHC variants could differentiate
between the E- and Z-isomer. The E-isomer was converted to a bicyclic ether (98%) and
the Z-isomer yielded the bicyclic (60%) and the monocyclic product (10%).187 Schneider
et al. showed that variants, which anchor the substrate by hydrogen bonding increased
the formation of monocyclic product.1?8 In the present work, no conversion of the
Z-isomer of 2 could be detected and the generated variants to facilitate hydrogen bonding
with the substrate diminished bicyclic product formation, while no or minor amounts of
monocyclic product was detected. Based on this high selectivity for the E-isomer of 2,
observed with the G600M variant, pre-organization of the Z-2 isomer was not supported.
Therefore, the engineering of activity towards monocyclization was not feasible with
G600M present and additionally no good starting activity with rationally engineered

variants could be obtained.
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For monocyclization with rigid compound 3 and engineering of hydrogen bonding to
convert the Z-Isomer of 2, generation of shape complementarity was not effective to
improve conversion. However, the generation of shape complementarity with E-2 showed
a high increase in TTN of 1174-fold and demonstrated great potential for evolving
efficient catalysts with alternative confinement in ddH20. The generated variants show
the highest activities when residues around the C3 methyl group of 2 were substituted to
generate shape complementarity with high selectivity for E-2. Addition of salts of the
Hofmeister series improved catalysis presumably by increasing the solubility of the
hydrophobic substrates. Taken together, the catalysts demonstrate not only the great
increase in TTN, but also a highly selective active site for the E-isomer of 2 to yield the

bicyclic product.

4.1.3. Mechanistic consequences for the characterized products

The formation of building blocks from the tested modified substrates demonstrates the
potential for applicability of AacSHC variants in preparative scale synthesis. The formed
products in mg scale were mainly bicyclic compounds, indicating that the substrate is
bound in an all pre-chair state required for the continuous cascade to bicyclic product.
This all pre-chair conformation is observed already in the dockings of the tested
substrates 2-7,9 and 11 in the active sites of the AacSHC variants. Protonation by SHC
would lead to an asynchronous, concerted reaction to monocyclization and formation of
a second carbocation to yield the bicyclic product after nucleophilic attack of the carbonyl
group, as previously described for 1 (Figure 5).146153 For 4 and 5 variation of the
cyclization mechanism due to structural challenges was anticipated. Surprisingly 4a was
observed as product of 4. This product is the same as reported for 1. Due to the structural
variation in the double bonds of 4 compared to 1, the common cyclization progress is not
possible. Thus, the cyclization mechanism or the carbocation formation for this compound
vary and the involvement of a hydrate shift was assumed. However, the exact reaction
mechanism needs further investigation. Product 5a could not be detected with the
employed methods after extraction, because the activity of VD1 was not sufficient to form
enough product for structure characterization. The pre-organization is expected to be
mandatory to allow the concerted reaction with variant VD1 because no intermediary

tertiary carbocation can be formed at C6 of 5.

The relative stereochemistry was determined for 6a to be either (R,R) or (S,5)

configuration. The cyclic product of 1 and stereochemical information for cyclization by
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AacSHC is known from previous studies.187 In addition, it was observed for SHCs that the
absolute configuration of the newly generated stereocenter resulting from the first
cyclization step is expected to be defined by the configuration of the double bond of the
substrate. Hence, asymmetric induction is determined solely by the geometry of the
double bond.187 Based on the confined active site which forces a similar and constricted
pre-organization for substrates 2-7, 9 and 11 as observed in docking studies and
presumably binds only the E-isomer in productive conformation, the absolute
S,S-configuration observed in 1 will likely apply for 6a. Similar effects are expected for 4a,
due to the confined active site and the observed pre-organization of the substrate. The
stereochemistry of further products could not be determined and no comment on the

stereochemistry can be made.

Overall, the pre-organization of the substrate in the active site is key for the conversion
using cyclases. Establishing proximity and fine tuning of secondary interactions with the
active site are mandatory for expansion of the substrate scope and enable the product
formation with modified substrates in preparative scale. The hydrophobic active sites of
the tested cyclases are tolerant for modifications, because of weak interactions with the
substrate (e.g. van der Waals or electrostatic interactions) creating a good platform for
engineering. Key residues to fix the substrates in a productive conformation probably

promote the stereoselective formation of either (E,E) or (Z,Z) bicyclic product.

4.2. Lycopene cyclase

The challenge to convert compound 3 efficiently was represented by previous studies
where no activity towards 3 could be determined with an expanded SHC library and by
this work’s limited success in increasing activity by saturation mutagenesis with
AacSHC.160187 [t was argued that the double bond and putative steric effects of the
conjugated y,6-double bond impose constraints on the substrate backbone conformation,
which would not result in productive pre-organization.160.187 Further enzyme engineering
strategies to improve the AacSHC conversion, e.g.,, combinatorial approaches, random
mutagenesis etc., are promising strategies to improve the conversion of 3. Yet, these
strategies were not tested, due to lacking starting activity. Instead, alternative catalysts,
of which native substrates are linear terpenes with conjugated double bonds, such as
lycopene, were targeted for generation of starting activity with 3. The enzymes capable of

cyclization of lycopene to carotenes are LCYs and are, based on phylogenetic analysis, not
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related to SHCs. This was expected due to the origin of the enzymes in prokaryotes and
eukaryotes, the different roles in either hopanoid or carotenoid biosynthesis, the different
tetra- and triterpene substrates and the different function of SHC and LCY to alter the
structural order of phospholipid membranes or as catalysts for accessory pigments,
respectively.172173.181,199 Moreover, the thermo- and acidophile AacSHC represents an
isoprene-based cyclization chemistry that appeared early on Earth.155> LCYs occur in

plants, which evolved in a later period on earth.

Of the three LCYs tested only CanLCY-B was able to convert 3 with good starting activity.
The formed B-lonone was the expected product formed by LCY-B, because of the
formation of the corresponding 3-ring with the native substrate lycopene.1’3 The other
tested LCYs, AthLCY-B and AthLCY-E, did not show any starting activity with 3. The latter
two enzymes are only distantly related to CanLCY-B as was previously shown in a
neighbor-joining phylogenetic tree of LCYs.204 LCY-E and LCY-B were clustered in two
different groups and the phylogenetic relation between AthLCY-B and CanLCY-B was
distant within the LCY-B group.204 Therefore, the starting activity observed with
CanLCY-B but not with AthLCY-B and AthLCY-E could be explained by differences during
natural evolution. Additionally, the sequence analysis provided identities of 78.77% and
36.38% for AthLCY-B and AthLCY-E to CanLCY-B and indicates strong differences
between the amino acid sequences. Structural data on the LCY cyclases was not available
and based on the sequence-based difference and the modelled structure of the enzymes

it was suggested that the pre-organization of 3 differs between the tested LCYs.

4.2.1. Substrate scope and reaction conditions of tested LCYs

Investigation of the substrate scope revealed that next to 3, 12 and 13 were converted by
CanLCY-B. Additionally, AthLCY-E converted 12, but with lower conversion. No product
formation could be determined with the other substrates or AthLCY-B. Conjugated double
bonds are present in 3 and 12, but not in 13 and carbonyl groups were present in all the
converted compounds. Alcohols 10, 14 and 15 and unfunctionalized terpenes 16 and 17
with conjugated double bonds were not converted. It was reported that the lycopene
cyclases from cyanobacteria, CrtL, are dependent on desaturation of the C7-C8 or C7'-C8'
carbon bond for cyclization.?2° However, fungal bifunctional lycopene cyclases are
reported, which convert lycopene and phytoene that has mostly saturated bonds and no
7-8 double bond as in lycopene.230 Nevertheless, due to the reported evolutionary origin

of LCYs from CrtL similar restrictions in LCYs were expected.17# This work shows that in
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the case of the respective substrates with no product formation no 7-8 double bond is
present. When a double bond was present in 3, 12 and 13 cyclization could be observed.
Notably, even compound 13 with a non-conjugated carbonyl double bond present at C7,
was converted. Thus, the conjugated double bond in the substrate is assumed to be
facultative but not mandatory. To gain more insights on the significance of the 7-8 carbon
double bond more substrates could be tested with similar backbone and different chain
lengths. Nevertheless, the observed dependence on the 7-8 carbon-carbon bond in CrtL
was validated for LCYs and bifunctional activity for mostly unsaturated substrates in
addition to lycopene as reported for fungal lycopene cyclases, was refuted for the tested

LCYs.

In contrast to 3 the product of the reaction with CanLCY-B and 12 and 13 were not cyclic
compounds, but reduced products. How the size of the substrates and the aldehyde group
instead of the keto group might be involved in this different reaction mechanism has to
be investigated further. To our knowledge this is the first-time reduction of aldehydes in

the reaction with purified LCY-B was observed.

Biotransformations with whole cells and purified enzyme gave different results for the
conversion of 13 and 14. For 13 and 14 in whole cell biotransformations, reactions with
enzymes from the E. coli BL21 (DE3) strain were assumed to be involved in the conversion
of the substrates and not LCYs. The aldehyde reduction of 13 is expected to occur due to
the E. coli BL21 (DE3) enzymes with higher catalytic efficiency or affinity for the substrate
compared to the tested LCYs. Subsequently, in E. coli BL21 (DE3) whole cells no LCY
activity could be measured. However, with purified LCY activity could be observed.
Several reduction reactions of aldehydes in E. coli BL21 (DE3) whole cell approaches were

observed previously, and strains were engineered to reduce aldehyde reduction.206.207

The reaction optimization to obtain higher 3-lonone concentration and good conversion
of 3 in whole cells was partially consistent with references on the conversion of lycopene
by purified LCY-B, e.g., the buffer system.18* However, differences were documented in pH
optima, addition of detergence and cofactors. Various studies suggest optimal pH of 7 or
7.6 for LCY-B and a pH of 6.8 for CanLCY-B with lycopene.1¢4 The biotransformation with
3 demonstrated pH tolerance at pH 5 to 6 with highest conversion observed at pH 5.5.
Detergent and FAD did not improve conversion or product formation contrary to previous

reports.176¢ Hence, the whole cell system and/or the smaller size of 3 in comparison to
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lycopene is assumed to result in altered reaction conditions for optimal conversion of 3.
Even though it was postulated that FAD is required for the reaction our results suggest
the opposite and can be supported by results with a Erwinia uredovora lycopene cyclase
(CrtY).231 With this enzyme FAD addition without NADH or NADPH did not result in higher
product formation, but NADH or NADPH in the reaction resulted in 10-fold increased
activity.231 A similar trend is observed in the present work, and no activity without

addition of NADPH or NADH could be reported.

4.2.2. Saturation mutagenesis with LCYs

The positions selected for saturation mutagenesis were identified by MSA and docked
ligand 3 in the LCY active site (around 5 A). The proposed catalytic acid is E295, because
mutations of this residue to E295A, E295K and E295R completely abolished activity.184
The identified variants with increased product formation for 3-lonone and a-lonone were
CanLCY-B V335L and AthLCY-E S359F, respectively and are too distant to directly interact
with E295. AthLCY-E S359F corresponds to position C334 in CanLCY-B. Hence, the
location of the residues is within the same helix in the enzymes. The phenylalanine in
comparison to S359 in AthLCY-E WT has a longer carbon chain and could make the active
site more compact and therefore better to accommodate the substrate. Possibly, the
corresponding cysteine in CanLCY-B WT occupies more space in the active site, too and
promotes the conversion of 3. Similar tendencies towards higher conversion with the
larger amino acid leucine instead of valine at position 335 in CanLCY-B were observed.
For both variants CanLCY-B V335L and AthLCY-E S359F the modification of the potential
amino acid network with N120 and N121 (numbering of positions according to CanLCY)
based on the simulation and the docking of 3 was considered. These modifications are
capable of improving pre-organization of the substrate for catalysis. To investigate
possible interactions of N120 and N121 and V335L or S359F for CanLCY-B and AthLCY-E

with the catalytic acid or the substrate, a crystal structure would be necessary.

In previous studies, a multiple sequence alignment could be used to identify amino acid
substitutions with the potential to modify the function of LCYs. Alignment with a
bi-e-cyclase from Lactuca sativa var. romaine and the AthLCY-E was used to identify a key
position to transform AthLCY-E into a bi-e-cyclase. The key position for this molecular
switch was L448H.232 This demonstrates the general potential of this method for
modifications of LCYs. However, for this work residue L448 was not considered for

saturation mutagenesis, because of a 14 A distance to 3 that was observed in the docking
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studies. Minor involvement of this residue in pre-organization of 3 and no effect on
catalysis was assumed. However, the multiple sequence alignment demonstrates great

potential for future engineering campaigns.

More insights on the activity of LCYs and interactions in the active site with 3 could be
obtained. The substrate scope of LCY-B and LCY-E was determined and the evolvability
with 3 based on MSA was demonstrated by formation of the products (8- and a-Ionone by
the LCYs, respectively. This indicates the potential of LCY to complement for the
limitations observed by SHCs. Investigation of structural data of the evolved variants
revealed analogous positions in both enzymes to be hot spots. Nevertheless, to gain a
comprehensive understanding of mechanistic details in LCYs more detailed information

on the mechanism and the structure is required.

4.3. Alternative active site confinement for substrates with inherently
limited pre-organization

Substrates with inherently limited pre-organization in the active site of SHC showed
increased selectivity towards terpinen-4-ol starting from 18 and 22 via alternative
confinement. The tested monoterpenes are inherently limited to pre-organize in the
active site due to their lacking linearity, their small size, and their ability to adapt several
orientations within the large SHC active site. The focus with these substrates was on
stabilization of the reactive carbocationic intermediates to direct the product outcome
and reduce byproduct formation. Especially reaction trajectories of the carbocation
rearrangements with monoterpenes are difficult to control due to multiple possible
rearrangement reactions of the highly reactive carbocation intermediates.113-115 The
challenge of selectively converting monoterpenes is immense. In chemical synthesis,
usually chiral Brgnsted acids in water-free organic solvents at low temperature (=78 °C
to 0 °C) are used, because stereoselective Brgnsted acid catalysis with monoterpenes in
water is extremely challenging owing to protonation by water and subsequent
nonselective activation of the substrate.233 In this work enzymes were applied to enable

the selective Brgnsted acid catalysis reaction under mild conditions in water.

Physiologically relevant enzymes for conversion of monoterpenes in terpene biosynthesis
are terpene synthases and the stabilization of the carbocation intermediates in confined
biocatalysts are fundamental for the diversity of terpenes.234235 [n nature, monoterpenes

are mostly generated from linear substrates via diversification through cyclization,
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rearrangements, isomerizations and modification by water or pyrophosphate attack or
downstream enzymes.127.236-238 [t was suggested that most terpene cyclases are generally
promiscuous but have evolved to direct the reaction to specific products via dynamic
effects.23° The hydrophobic active site serves as a template to chaperone the
conformations of the substrates and can coordinate water molecules as part of the
template. In a bornyl pyrophosphate synthase electrostatic interaction with the
pyrophosphate moiety direct the reaction trajectories towards selective product
formation.239 In fact, Weitman et al. determined that the lifetime of the bornyl cation could
be increased by approximately a factor of 4 in complex with the enzyme in a simulation
comparing the enzymatic environment with the reaction in the gas phase.23° Reactions
with monoterpenes catalyzed by SHC can be carried out without pyrophosphate
substrates making electrostatic interactions negligible and control of selectivity relies
mainly in the stabilizing effects of cation-m interactions with the cationic reaction
intermediates. The stabilization of carbocation intermediates via cation-mt interactions
was applied to design confined heterogenous catalysts by Zhang et al. to produce a self-
assembled resorcinarene capsule with Brgnsted acid functionalities.® They
demonstrated acid-based cyclization of linear monoterpenes within the confined catalyst
and the control of the products by preventing side reactions with undesired
nucleophiles.19.240.241 Confinement allowed steering of the intermediate carbocations and
direction of the reaction for selective product formation with up to 39% selectivity
depending on the double-bond geometry and/or leaving group.?4! In the present work
increased selectivity by SHC variants was observed without the need of different leaving
groups. Selectivity in monoterpene isomerization reactions is challenging as shown for
pinene isomerization reactions in bulk. Non-aqueous conditions favor ring expansion to
bornyl and fenchyl cations, whereas aqueous solvents favor ring opening to the p-
menthenyl cation.242243 With SHC reactions towards different products could be
performed under aqueous conditions and inherent promiscuous activity. Conversion of
pinenes with AacSHC to different products in previous studies represents a promising
starting point to investigate the conversion of other monoterpenes to different

products.155156

The initial screening of monoterpenes to identify relevant products resulted in the
selection of four potential monoterpene substrates out of ten tested. For the monocyclic

monoterpenes, no or very little conversion was observed, probably due to the lack of
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bicyclic ring stain, which increases the reactivity of the bicyclic monoterpenes. An
exocyclic double bond might be more promising in bicyclic monoterpenes for good initial
conversion as observed for 22 and 24, but not for 25. For the latter the two adjacent
methyl groups next to the initiation motif might block the accessibility to the catalytic
center in AacSHC. The initially formed products were mainly deprotonated products and
only a few industrially relevant, value-added hydrated compounds could be detected. This
indicates that AacSHC excludes water from the active site before reaction initiation to
shield the carbocations from nucleophilic attack by water, even if the pre-folding of the

substrate cannot be achieved, as already observed for squalene.146

Substrates 18 and 19 showed very low to no conversion and were tested under different
reaction conditions. High volatility poses a challenge with monoterpenes as substrates.
The reaction setup itself already minimized the evaporation of the compounds by
performing the reaction and the analysis of the reactions in screw capped vials. Moreover,
optimization of the reaction conditions revealed a similar tendency as previous
experiments with substrates exhibiting modified isoprene patterns. Deviations from the
results with the modified isoprene pattern were observed for the tested monoterpenes in
the form of lower product formation at higher substrate concentrations and increased
product formation at higher pH. Lower product formation at higher substrate
concentrations is expected due to the described cytotoxicity of terpenes with terpinolene
rated among the most toxic terpenes and limonene toxicity in E. coli BL21 (DE3) observed
as consequence of the spontaneously formed common oxidation product limonene
hydroperoxide.244245 At higher pH the protonation state of the residues differs, thereby
modifying the interactions in the active site. Moreover, at higher pH, water activation was
demonstrated in the terpene cyclase mechanism of a hedycaryol synthase and was shown
to be fundamental for the reaction with nerolidol.246 Thus, the change in pH and the
described optimized conditions could contribute to higher concentration of the hydrated

compound terpinen-4-ol for the conversion of 18 and 22 with AacSHC.

4.3.1. Assessment of AacSHC enzyme engineering for selective terpinen-4-ol
formation

Natural and synthetic approaches to selectively generate terpinen-4-ol demonstrate
challenges for efficient and selective product formation. To date terpinene-4-ol is
generated by isolation from tea tree oil or synthetic routes.24” For extraction from tea

trees, breeding programs aimed at increasing the terpinene-4-ol concentration in tea
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leaves for its extraction. In leaves terpinene-4-ol is not generated as immediate product
of monoterpene synthases but is derived from non-enzymatic rearrangement of sabinene
hydrate.248 [n organic synthesis, several methods were developed and patented for
industrial application, but present potential for improvement.249.250 For example high cost
for energy and substrate arise in the E2 elimination of 1,4-cineole for terpinene-4-ol
synthesis.24? Some synthesis approaches focused on the photooxidation of terpinolene
giving rise to a mixture of hydroperoxides, which could be reduced.251 More recent studies
investigated the epoxidation of terpinolene with peroxides and subsequent formation of
terpinene-4-01.250.252-254 However, epoxidation of terpinolene suffers from modest overall
yields, byproduct formation and multiple chemical steps. To efficiently produce
terpinen-4-ol this work addressed the limitations of the current processes by engineering
AacSHC. Aromatic residues were shown to be involved in carbocation stabilization and
important to place steric constraints on the carbocation intermediate in a linalool
synthase and a cineole synthase.l2¢6 The observed cation-m interactions by aromatic
residues guide the cation towards a single route down the cyclization cascade and thereby
prevent branching. This shows that this approach has the potential to generate
selectivity.126 Therefore, aromatic residues and the neighboring residues in AacSHCs

involved in substrate binding were modified in a semi-rational approach.

Starting from a promiscuous catalyst for acidic isomerization, AacSHC could be
engineered with up to four mutations towards more selective formation of terpinen-4-ol
from compounds 18 and 22. Compound 19 is not converted and not a suitable substrate
for AacSHC, despite only small structural differences to 18. Therefore, the different double
bond position might be a major bottleneck for conversion with AacSHC. The active site
was narrowed by G600L and G600T and resulted in steric constraints. Thereby the
observations with monoterpene synthase homologs and an improvement in selectivity

based on a narrower and confined active site could be confirmed.101

The presence of at least one water molecule in the active site was expected, which is
responsible for the nucleophilic attack onto the carbocation to generate terpinen-4-ol.
Water molecules in the active site can generate efficient packing densities in combination
with the substrate and perform the controlled nucleophilic attack at the terpinen-4-yl
carbocation to direct the reaction towards terpinen-4-0l.94255256 However, based on the
structural analysis, it was infeasible to identify anchored water molecules that could fulfill

this function.94256
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The most significant influence on the selectivity and substrate positioning is presumably
obtained by the targeted amino acid residues W312, F365 and W489. Rotation of the side
chain F365 was shown for both monoterpenes 18 and 22 and might be important for the
conversion of small, cyclic substrates. However, other similar structural rearrangements
could not be observed for the two monoterpenes. It is likely that a tailored active site is
required for each terpene substrate/product combination. Therefore, the generation of
alternative confinement and stabilization of intermediates by cation-m interactions is
mandatory for the selective conversion of monoterpenes. These interactions in the active
site were optimized for terpinen-4-ol formation with a saturation mutagenesis approach
focusing on residues around W312, F365 and W489 and resulted in variants with
increased TTN and selectivity for the formation of terpinen-4-ol starting from substrates

18 and 19.

4.4. Enzyme engineering with alternative confinement

Overall, enzyme engineering with alternative confinement demonstrated a promising
engineering approach for cyclases and several challenging substrates. With respect to the
substrate's properties three different strategies could be developed. For substrates with
modified backbone correct pre-organization was difficult to establish. Therefore, an
alternative confinement based on proximity via tunnel modification and substrate
complementarity could be obtained. For engineering of enzymes with no structural data
available and little sequence similarity with known enzymes structure-guided enzyme
engineering approaches are not suitable. Therefore, an MSA was used to determine
engineering targets and to form o- and -ionone from 3 with generated LCY variants. For
substrates with inherently limited ability to pre-organize an engineering strategy based
on the stabilization of the carbocation intermediate through cation-m interactions was
selected. It was shown that selectivity and product formation was increased by focusing
on residues around aromatic amino acids. Furthermore, variants that formed

terpinen-4-ol starting from different substrates were generated.

Engineering of non-native enzyme functions was demonstrated for various enzymes
based on promiscuous enzyme activities. Most relevant studies in this context described
the lipase-catalyzed kinetic racemate cleavage of amines by selective acetylation, the
cytochrome P450-catalyzed carbene and nitrene transfer reactions and the halohydrin

dehalogenase-catalyzed epoxide opening reactions with various non-natural
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nucleophiles.257-260 Given a comprehensive understanding of the reaction mechanism and
the advances in enzymology, the catalytic functionalities of enzymes can be used to allow
various reactions with diverse substrates. This approach is hampered by years of
evolution of enzyme activity for specific substrates and reactions. In this work,
overcoming this limitation was achieved by creating alternative active site confinement
in protonases SHC and LCY. To obtain alternative confinement the following guiding
principles were defined: i) Identification of the bottleneck for substrate binding in the
active site. In this work these bottlenecks were the limited pre-organization and the
limited stabilization of intermediates. ii) Select engineering targets based on structure
guided analysis and screen variants for starting activity. iii) Improve the selected traits
via saturation mutagenesis with focus on the substrate’s modification or the engineering

target.

For application of these guiding principles to generate alternative confinement, AacSHC
presents a versatile platform, because of the robustness of AacSHC towards active site
mutations. [terative saturation mutagenesis was applied and single-point mutations with
focus on residues in the first and second shell of the AacSHC active site were
generated.128141147 For all engineering approaches remarkable robustness of the AacSHC
activity was observed and deleterious mutations were absent during the iterative
saturation mutagenesis. The reason for this is suggested to be the separation between the
protonation machinery and the major part of the active site. In that way the amino acids
involved in protonation and substrate pre-organization are distinctive structural
elements that are independent of each other. The amino acids are mainly part of a rigid,
well-ordered as-as barrel double fold and the active site is separate and mostly built on
loop structures.8>147 The initial engineering efforts on LCYs demonstrate similarly
susceptible enzymes for amino acid substitutions in and around the active site. The
plasticity and further investigation could result in a broader substrate scope and versatile

applications of this biocatalyst.

The demonstrated approaches to engineer enzymes with focus on alternative
confinement were efficiently applied for SHC and LCY. These enzymes exhibit active site
plasticity in saturation mutagenesis approaches and tolerate the reshaping of the active
site to generate alternative confinement for substrates, which do not pre-organize for
efficient catalysis or for stabilization of reaction intermediates. Purposeful enzyme

engineering could benefit from the implementation of the reported findings in order to
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direct engineering efforts to specific structural elements in the enzyme and efficiently

generate variants with the desired traits.
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5. Outlook

In this work the ability to generate alternative confinement with SHCs and LCYs was
demonstrated. It was shown that SHCs can be engineered to convert linear terpenes with
modified isoprene unit and poor pre-organization in the active site and cyclic
monoterpenes inherently limited to pre-organize. In addition, the substrates scope of
LCYs was investigated and the conversion of 3 to different isomers was obtained by

MSA-based engineering.

These results demonstrate the evolvability of SHC for conversion of non-native
substrates. The key towards the observed evolvability is the stabilization of substrates in
a pre-organized conformation and carbocationic intermediates along the reaction
trajectory. Limitations in the conversion of non-native substrates arise through the
confined active site, which is evolved and conserved within the SHC superfamily to
selectively convert the native substrate by minimizing the byproduct formation. And even
though confinement in nature is generally a beneficial trait, it limits the applicability of
biocatalysts for new chemistries and substrates. The demonstrated generation of
alternative confinement via distinct approaches to improve catalysts for cyclization
reaction and acidic isomerization overcomes the limitations of confined active sites and
provides comprehensive structural insights to understand the origin of the improvement.
This work provides an approach for broader application of these enzymes with
non-native substrates and novel reactions. Further approaches to expand the reaction and
substrate scope of SHCs and obtain product yield above mg scale could be applied to
improve catalysis. Previously, single-point mutations with focus on residues in the first
and second shell of the SHC active site were selected as target.128141,147 Random or semi-
rational engineering approaches could be tested to increase the activity further. In
particular, combinatorial approaches could be advantageous for modification of enzyme
activities, because active site substitutions have synergistic effects.261.262 Thereby,
residues for tunnel modification and generation of shape complementarity or residues
around aromatic amino acids could be addressed in parallel. Besides the structure of the
active center, the acid strength could also be varied. The catalytic Brgnsted acid (D376 in
AacSHC) is activated by a hydrogen bond to a histidine. The introduction of hydrogen
bonds of different strengths should affect the acidity of D376 and lead to faster
protonation and conversion. Specifically for the tested modified substrates activity could

be increased by using only one isomer or generation a tolerance for the different substrate
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isomer. Based on the results described above, VD1-5 are solely converting the E-isomer
of 2 and preparative approaches with this isomer only could increase the product
formation. Potentially, inhibitory effects of the Z-isomer on the enzyme could result in a
slow biotransformation and lower yield. It was shown that SHCs can convert
homofarnesol stereoconvergently.263 Thereby, E- and Z-isomers can be converted to the

same product.263 However, this behavior was not observed with the tested compounds.

Moreover the up-scaling of reactions in membrane bound or membrane associated
enzymes is impaired, because the outer cell membrane acts as a diffusion barrier for
hydrophobic substrates and products.264 Stable and substrate-accessible enzymes were
obtained using spheroplasts and SHC activity was increased up to 100-fold in comparison
to whole cell biotransformation with squalene, GA or farnesol.264 In particular for the
tested monoterpenes the application of spheroplasts could be promising, because of the
reported toxic effects for E. coli cells. Moreover, membrane mimicking or enlarging
systems could be tested to increase conversion, as the catalytic activity is assumed to be
limited to the integration of overexpressed SHC to the membrane. It was shown that
induced membrane invagination to a E. coli strain increased the squalene production by

more than 3-fold.265

To complement the presented methods for improving biocatalysis with SHCs to convert
terpenes, the expansion of diversity for protonation enzymes is promising. It was
experienced that not all substrates and structural modifications are tolerated by SHCs.
Thus, no starting activity with 3 could be obtained by the presented approach to generate
alternative confinement. However, LCYs show good starting activities towards 3 and
further engineering via MSA-analysis gave access to two ionone isomers. These enzymes
are expected to act as protonases, similar to SHCs. Further diversification of the protonase
superfamily could result in a diverse reaction panel and substrate scope. In this context
the substrate molecular docking in the active site could contribute to identifying new

potential catalysts.

Besides the application of the catalysts for generation of interesting building blocks the
enzymes could be used in natural terpene extracts to enrich the product of interest. The
more selective variants for the formation of terpinen-4-ol could be very promising for this
application. The generated variants were engineered to generate terpinen-4-ol as the

main product starting from two different monoterpene substrates. The variants’
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selectivity could be improved, and they could be further engineered to convert other
monoterpene substrates. Addition of these variants to essential oils with mixtures of

different monoterpenes would then lead to the enrichment of one value added terpene.

Overall, this work contributes to a potentially greener synthesis of organic molecules and
understanding of biosynthetic pathways as well as the extension of the reaction portfolio
in organic synthesis with regard to chiral Brgnsted acid catalysis in water. With deeper
insights on the substrate pre-organization and dynamic properties of enzymes, activity
hotspots could be more specifically and predictably identified and targeted in the future.
This work demonstrates that structure-based engineering for alternative confinement
provides higher activities, broader substrate specificities and expands the substrate
scope. Exploiting all the past and the future results in the research of structure-activity
relationships of catalysts and combining them with emerging digital technologies, such as
artificial intelligence, will enable the rational prediction of catalysts on the basis of pattern

analysis.
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6.1. Material
6.1.1. Chemicals

Reagents were purchased in analytical grade from Sigma-Aldrich (Steinheim, Germany),
Carl Roth (Karlsruhe, Germany), VWR (Darmstadt, Germany) and Alfa Aesar (Karlsruhe,
Germany), unless otherwise stated. The substrate 2 was obtained from Givaudan
(Vernier, Switzerland) and substrates 4-6 were chemically synthesized (see section 6.7).

A list of other chemicals used is given in Table 7.

Table 7. Chemicals used with indication of the manufacturer.

Application Chemical Manufacturer

Desoxyribonucleic acid (DNA) Midori Green Advance NIPPON Genetics Europe,

staining Diiren, DE

Loading buffer for agarose gel 6x DNA loading buffer New England BioLabs® GmbH

electrophoresis Ipswich, Massachusetts, US

DNA marker for agarose gel GeneRuler™ 1 kb Plus DNA Fermentas, St. Leon-Rot, DE

electrophoresis Ladder

Protein marker for SDS-PAGE PageRuler™ Prestained Protein | Fermentas, St. Leon-Rot, DE
Ladder

SDS sample buffer (4x) RunBlue™ SDS Sample Buffer Expedeon, Heidelberg, ED

6.1.2. Enzymes and molecular biology kits

Commercially available enzymes used in this work are listed in Table 8. The used
molecular biology kits Zyppy™ Plasmid Miniprep Kit, DNA Clean and Concentrator™ Kit
and the Zymoclean™ Gel DNA Recovery Kit were obtained from Zymo Research (Irvine,

USA).

Table 8. Enzymes and kits used with indication of the manufacturer.

Enzyme Manufacturer

KOD HotStart DNA-Polymerase from Thermococcus Sigma-Aldrich, Steinheim, DE

kodakaraensis

Dpnl (20 000 U/ml) from Diplococcus pneumoniae G41
T5-Exonuclease from Enterobacteriophage T5 New England BioLabs® GmbH Ipswich,
Taq-DNA-Ligase from Thermus thermophilus HB8 Massachusetts, USA

Phusion® HF DNA Polymerase
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6.1.3. Escherichia coli strains

E. coli strain XL1-Blue was obtained from Stratagene (Agilent, St. Clara, USA) and
BL21(DE3) from Novagene Inc. (Madison, Wisconsin, USA) (Table 9). The strains were
used for molecular biology methods and biochemical experiments, respectively.

Table 9. E. coli strains used with genotype and origin.

Strain Relevant genotype Manufacturer

E. coli XL1-Blue recAl endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F proAB | Stratagene; Agilent,
laclqZAM15 Tn10 (Tetr)] St. Clara, USA

E. coli BL21 (DE3) | fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS Novagen®,
ADE3 =AsBamHIo AEcoRI-B
int::(lacl::PlacUV5::T7 genel) i21 Anin5

Darmstadt, DE

6.1.4. Oligonucleotides and plasmids

For generation of enzyme variants by site-directed mutagenesis and saturation
mutagenesis, sequencing and cloning of genes in this work oligonucleotides were
designed in silico and obtained from Metabion (Planegg, Germany) or Microsynth AG
(Balgach, Switzerland) (Table S 6-9). Oligonucleotides were diluted with ddH20 to a final
concentration of 0.1 pmol pl-*and stored at -20 °C.

The construction of the pET 22b (+) plasmid encoding AacSHC WT (UniProt: P33247) and
variant G600OM and G600T was described previously.192227 Plasmids with loop insert and
deletion SHC variants were generated by Peter Heinemann as described previously.188
Transcription occurs by T7-RNA polymerase and is induced by 32.4 mM lactose. LCY WT
variants (UniProt: Q38933, Q43415, Q38932) were encoded by a pDHE1650 plasmid
construct created by Philip Horz (University Stuttgart). Vector constructs used in this
work and plasmids, created within this work designed in silico with the Snapgene 3.1.4

software are listed in the supplementary information (Table S 10-11).

6.1.5. Media and buffer

Media and buffer for cultivation were adjusted to the required volume with ddH20 and
transferred to culture tubes (5 ml) or Erlenmeyer flasks (50 ml, 500 ml) at 20% of the
total volume (Table 10). Temperature stable solutions were autoclaved at 120 °C and
100 kPa for 20 min. Temperature sensitive solutions were sterile filtered (0.2 um
diameter). Vector specific antibiotics were added for selection at temperatures below

55 °C. TB media and salts were autoclaved separately and mixed in a 10:1 ratio.
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Table 10. Culture media used in this work.

Culture media

Ingredients

Lysogeny broth (LB) medium

10 g/l tryptone, 10 g/1 NaCl, 5 g/l yeast extract

Terrific broth defined autoinduction medium (T-
DAB) medium?266

T-DAB salts (10 x)

12 g/l tryptone, 24 g/l yeast extract, 2.9 g/1
glucose, 11.1 g/l glycerol, 7.6 g/1 lactose
23.1 g/1 KH2P04, 125.4 g/1 K2HPO4

Terrific broth (TB) medium

TBsalts (10x)

12 g/l tryptone, 24 g/l yeast extract, 4 ml/1
glycerol
23.1 g/1 KH2P04, 125.4 g/1 K2HPO4

Buffers and solutions used in this work are listed in Table 11. Stock solutions were

aliquoted in 1 ml and stored at -20 °C.

Table 11. Used buffers and stock solutions.

Solution/buffer

Ingredients

Ampicillin (Amp) stock solution

100 mg/ml Ampicillin

Rhamnose stock solution

250 g/1 Rhamnose

IPTG stock solution

1 M Isopropyl-f-D-thiogalactopyranosid (IPTG)

TRIS-acetate-EDTA (TAE) buffer (10x)

400 mM TRIS-Acetat, 10 mM EDTA (pH 8)

Electrophorese buffer (10x)

0.25 M TRIS, 1.92 M glycerol, 10% (v/v)
Natriumdodecylsulfat (SDS), ad 1000 ml ddH20

Coomassie staining solution

30% (v/v) Ethanol, 10% (v/v) acetic acid, 0.1%
(v/v) Coomassie Brilliant blue, 60% (v/v) ddH20

Coomassie destaining solution

30% (v/v) Ethanol, 10% (v/v) acetic acid, 60%
(v/v) ddH20

TfBI buffer 30 mM potassium acetate, 100 mM RbCl, 100 mM
CaClz - 2 H20, 50 mM MnClz - 4 H20, 15% (v/v)
glycerol (pH 5.8)

T{BII buffer 10 mM MOPS, 10 mM RbCl, 75 mM CaClz - 2 H20,

15% (v/v) glycerol (pH 6.5)

The buffers used for protein purification and biotransformations are listed in Table 12

and Table 13, respectively.
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Table 12. Buffers for protein purification

Buffer

Ingredients

Lysis buffer

200 mM citrate, 0.1 mM EDTA, pH 6

Solubilization buffer I

100 mM citrate, 1% CHAPS

Ion exchange chromatography (IEX)

wash buffer

25 mM citrate, 1% CHAPS, pH 6

[EX elution buffer

25 mM citrate, 200 mM NacCl, 1% CHAPS, pH 6

IEX regeneration buffer

25 mM citrate, 1 M NaCl, 1% CHAPS, pH 6

Lysis buffer 11 100 mM TRIS pH 7.4
Binding buffer 50 mM TRIS, 500 mM NaCl, 20 mM Imidazole pH 7.4
Elution buffer 50 mM TRIS, 500 mM NacCl, 500 mM Imidazole
pH 7.4
Desalting buffer 50 mM TRIS, 100 mM NaCl pH 7.4

Table 13. Buffers for biotransformation

Buffer

Ingredients

TRIS-Maleate buffer

50 mM Maleic acid, 50 mM TRIS, 1 mM DTT, 1% CHAPS (v/v)

PIPES buffer

50 mM PIPES, 1 mM DTT, 1% CHAPS (v/v)

Cyclodextrin (CD) buffer

0.4% SDS, eqimolar CD (to the substrate), pH 6

6.2. Molecular biological methods

6.2.1. Mutagenesis and plasmid construction

Site-Directed Mutagenesis was performed with the QuikChange® protocol and the
employed primers are listed in Table S 6-7. KOD Hot Start DNA polymerase obtained from
Merck (Darmstadt, Germany) was used in the reaction and the conditions using the

Novagen protocol were adjusted to the size of the target DNA fragment and the annealing

temperature of the oligonucleotides shown in Table 14.
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For saturation of positions with degenerate codons, the ,22c-trick® with overlap
extension polymer chain reaction (PCR) was used. Respective oligonucleotides contain 3
forward (fwd) primers including the position of interest and one reverse (rev) primer
with complementary overhangs at the 5-ends (approx. 20 base pairs (bp) long)
(Table S 6-7). The non-complementary overhangs at the 3’-end are selected to have a
melting temperature (Tm) of approx. 55 °C. The used codons for the forward primer are
NDT (N=A/T/C/G,D =no C), VHG (V=no T, H = no G) and TGG. These were mixed in a
12:9:1 ratio to final concentration of 10 uM each. By using this method, the screening
effort can be reduced from 96 to 66 variants per position.267 The used PCR conditions are

based on the Novagen protocol with KOD Hot Start DNA polymerase.

During site-directed mutagenesis and saturation mutagenesis template DNA is
methylated, in contrast to the amplified DNA, and is digested by treating the PCR products
with endonuclease Dpnl from NEB GmbH (Frankfurt a. M., Germany) for at least 3 h at
37 °C after PCR.

Table 14. Components and temperature profile for QuikChange® site-directed
mutagenesis using the KOD Hot Start DNA polymerase.

PCR assay PCR program
V (ul) Temperature (°C) Time (s)
ddH:z0 29 Activation 95 120
Buffer 5 Denaturation 95 30
Primer fwd. (10 uM) 1 Primer annealing | Tm(Primer)-10°C | 30 30 cycles
Primer rev. (10 pM) 1 Elongation 70 25s/kb
dNTP’s (8 mM) 5 Final elongation 70 2x elongation
time
DMSO 2.5 Storage 8
MgSO4 4.5
Template DNA (50 ng) | 1
KOD polymerase 1

For plasmid construction by Gibson assembly, vector and insert DNA were amplified separately
with oligonucleotides that generate overhangs and adjusted elongation time (Table S 9). Gibson
Assembly Master Mix was prepared according to Table 15 in 15 ul aliquots and stored at -20°C
until further use. The purified and concentrated DNA fragments of vector and insert (see 6.1.2.)

were added in a 4:1 ratio within 5 pl volume to a Gibson Assembly Master Mix and were
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incubated at 50 °C for 60 min. The product obtained was transformed into E. coli XL1-Blue for
amplification and methylation of the plasmid construct. Colonies grown overnight were used
for colony PCR and were processed for sequencing to verify the ligation of the DNA fragments.

Table 15. Composition of Gibson Assembly Master Mix and 5 x ISO reaction buffer.

Gibson Assembly Master Mix 5 x ISO reaction buffer

5x Iso reaction buffer 100.0 pl 25% (w/v) PEG-8000 15¢g

T5 Exonuclease 0.2l 500 mM TRIS-HCI pH 7,5 3000 pl

(10 U/mL)

Phusion polymerase 6.25 pl 50 mM MgClz 150 pl

(2U/ml)

Taq DNA Ligase 50.0 ul 50 mM DTT 300 pl

(40 U/ml)

ddH20 218.55 ul dNTPs (1 mM) each 240 pl
5mM NAD 300 pl
ddH20 to 6 ml

6.2.2. Colony PCR

Colony PCR was performed to verify the ligation of DNA products. The Novagen protocol with
KOD Hot Start DNA polymerase was prepared as a Master Mix with the oligonucleotides for
the amplification of the insert and 1 pl ddH-O instead of the template DNA (Table 14). Colonies
grown overnight after transformation (see 6.2.6.) of the Gibson assembly product into E. coli
XL1-Blue were picked from the plate and added separately to the PCR reactions to serve as
template DNA. The reaction conditions of the PCR program were adjusted by increasing the
activation time to 15 min to lyse the cells and make the template DNA accessible. Analysis of

the colony PCR was done by agarose gel electrophoresis.

6.2.3. Agarose gel electrophoresis

Agarose gel electrophoresis confirmed the size of the amplified DNA fragments and was
used for analytical separation or preparative separation to purify PCR products. For the
preparation, 0.8% agarose was dissolved in TAE buffer by heating. For DNA staining
0.01% Midori Green Advance was added at temperatures below 60 °C. PCR products were
mixed with 6 x DNA loading dye (Thermo Scientific, USA) and were loaded onto the gels
next to the GeneRuler 1kb Plus DNA ladder to analyze the size of DNA fragments. Samples
and ladder were separated electrophoretically at 100 V for 30 min. Laddered fragments

were visualized with Blue/Green LED (470 nm) or UV light (366 nm).
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6.2.4. Isolation and purification of plasmid DNA and DNA from agarose gels
Plasmid DNA was isolated and purified from 5 ml of overnight grown E. coli XL1-Blue in
LB medium and 100 ug/ml Amp with the Zyppy™ Plasmid Miniprep Kit following
manufacturer’s instructions. Plasmids were eluted with 30 pl sterile ddH20 and stored
until further usage at -20 °C.

DNA from PCR samples was extracted from agarose gels by cutting out the bands with the
expected size of the DNA fragment and processed with the Zymoclean Gel DNA Recovery
Kit following the manufacturers protocol. For digested PCR products the Zymoclean DNA
Clean & Concentrator Kit was used following the manufacturer’s instructions. The

purified DNA was eluted with 10 pl sterile ddH20.

DNA concentration and purity was determined by a NanoDrop spectrometer
(NanoDrop® 2000, Peqlab Biotechnologie GmbH, Erlangen, DE) at a wavelength of

260 nm. ddH20 was used as a reference.

6.2.5. Sequencing

DNA sequencing was performed by Eurofins Genomics (Ebersberg, Germany) or
Microsynth AG (Balgach, Switzerland). According to the service requirements 15 pl of the
purified DNA samples with concentrations of 40-100 ng/ul were send for sequencing with
the appropriate oligonucleotides (Table S 9). The obtained sequencing results were
analyzed to confirm the mutations before they were transformed to competent E. coli

BL21(DE3).

6.2.6. Transformation of chemically competent E. coli

For the reproduction of the plasmid DNA in chemically competent cells the heat shock
method was used. Therefore, 3 pl of purified PCR product was added to 25 pl competent
XL1-Blue cells and incubated for 20 min on ice. The heat shock was performed for 60 s at
42 °C. The cells were cooled for approximately 1 min on ice afterwards and 500 pl sterile
LB medium was added for recovery at 37°C and 180 rpm for 60 min. For site-directed
mutagenesis, the obtained cell suspension was centrifuged at 14000 rpm, dissolved in
150 pl of supernatant, plated and incubated 24 h at 37 °C. Single colonies were used for
inoculation of 5 ml LB medium. For saturation mutagenesis cells were directly used to

inoculate 5 ml LB medium with 100 pg/ml Amp.
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6.3. Microbiological methods

6.3.1. Strain maintenance and cultivation
For strain maintenance glycerol stocks were prepared with 500 pl of 50% glycerol and

500 pl of overnight grown cell culture and stored at -80 °C until further use.

For cultivation of E. coli XL1-Blue for molecular biology methods either single colonies
grown overnight at 37 °C or glycerol stocks prepared from single colonies and stored at
-80 °C were used. The cells were used for inoculation of 5 ml LB-media with the required
antibiotic and incubated at 180 rpm and 37 °C overnight. Cultivation of E. coli BL21 (DE3)
for heterologous expression was conducted on LB agar plates and at least 5 colonies were

used for inoculation of 5 ml LB medium with appropriate antibiotic.

6.3.2. Preparation of chemically competent cells

For preparation of chemical competent cells, the Rubidium chloride method was used.
Rubidium chloride contributes to the enhanced association of foreign DNA to the cell
membrane in the surrounding medium and results in enhanced uptake into the cells by
the subsequent heat shock (see 6.2.6.). Therefore, 1 ml E. coli culture grown overnight in
5 ml LB medium at 37 °C was used to inoculate 100 ml LB medium. Cells were grown until
ODeoo of 0.5-0.8, cooled on ice for 15 min and kept at 4 °C in the following steps.
Centrifugation at 4000 rpm and 4 °C for 15 min, resuspension of the cell pellet with 30 ml
volume cold TfBI buffer and incubation for 30-90 min at 4°C followed. Harvesting cells by
centrifugation at 4000 rpm and 4 °C for 15 min provided a cell pellet, which was
resuspended in 4 ml cold TfBII and incubated on ice for 15 min. Afterwards 50 pl cells
were aliquoted in precooled reaction tubes (Eppendorf AG, Hamburg, DE) and

snap-frozen in liquid nitrogen. Until further use cells were stored at -80 °C.

6.3.3. Heterologous protein expression

Heterologous expression of SHC variants was conducted with E. coli BL21 (DE3) cells in
either 50 ml or 500 ml autoinduction medium with the corresponding antibiotic. The
medium was inoculated with 1% of freshly grown cells and grown at 37 °C at 180 rpm for
50 ml and 120 rpm for 500 ml cultures. Enzyme expression was induced by 32.4 mM
lactose after consumption of the preferred carbon source glucose in the medium. For the
expression of LCY variants expression was induced by rhamnose at a final concentration

of 250 mg/l1. Expression occurred overnight for 18 h. Cells with expressed SHC or LCY
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variants were harvested for 20 min at 4000 rpm and used directly for cell lysis and protein

purification or biotransformation.

For expression of protein variants in 96 DWPs, 2 mL Riplate®, Carl Roth, Karlsruhe,
Germany) the expression protocol was modified as follows. The preculture of 500 pl LB
medium with antibiotic was added to each well. 91 freshly transformed colonies were
picked and used for inoculation of the medium. The remaining 5 wells were filled with
two positive controls and two negative controls, e.g.,, WT variant and empty vector. One
well was not inoculated. The DWPs were sealed with a Breath Easier Sealing Membrane
(Sigma-Aldrich, Steinheim, DE) and incubated for 18 h at 37 °C and 300 rpm. For the main
culture 990 pl of either T-DAB or TB medium supplemented with antibiotic and rhamnose
were added to the wells for SHC or LCY, respectively. To inoculate the media, 10 ul of the
preculture were used. The preculture was harvested, and the cell pellets were stored
at -80 °C. The main culture was sealed with the Breath Easier Sealing Membrane and
incubated for 18 h at 300 rpm and 37 °C or 30 °C for SHC or LCY, respectively. Cells were
harvested at 4 °C for 15 min and 4000 rpm. The supernatant was discarded, and the cells

used directly for biotransformation.

6.3.4. Cell lysis

Depending on the enzyme and the experiment the cell lysis protocol varied. With SHC
variants for [EX chromatography, freshly harvested cells were suspended in lysis buffer |
(5 ml per gram of cell pellet) and homogenized using a tissue homogenizer (Radnor, PA,
USA). After addition of 10 mg/mL DNAse I (Roche Diagnostics, Switzerland) cells were
lysed twice with a high-pressure homogenizer (EmulsiFlex-C5, Avestin, Ottowa, CAN) or
with ultrasound (Branson Sonifier 250 with microtip 1/8" diameter, Danbury,
Connecticut, USA) under constant cooling in an ice bath for 5 min (duty cycle 30%) with
an output of 3-5. The resulting suspension was centrifuged at 40000 x g and 4 °C for
45 min. A sample of the supernatant was taken before discarding the rest. The obtained
pellet was washed with wash buffer (3 ml per gram of cell pellet) and centrifuged again.
To the obtained pellet containing the membrane bound monotopic enzyme, solubilization
buffer [ was added and the solution incubated overnight under agitation. The CHAPS (3-
[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate) is a zwitterionic
detergent in the solubilization buffer and solubilizes the membrane associated SHC. With

the cell solution thermo-lysis at 50 °C for 2 h was performed and precipitated protein was
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separated from the supernatant using centrifugation (40000 x g, 1 h, 4 °C). Enzyme

preparations of SHC were used for further purification.

For the LCY purification by affinity chromatography, 3 ml per gram of cell pellet lysis
puffer Il was added after cell harvest. Cells were homogenized using a tissue homogenizer,
supplemented with 10 mg/ml DNAse I and lysed twice with a high-pressure homogenizer
(EmulsiFlex-C5, Avestin, Ottowa, CAN). The resulting suspension was centrifuged at
50000 x g and 4 °C for 1 h and the obtained supernatant was filtered (0.25 pm) in

preparation for purification by affinity chromatography.

6.3.5. Fed-Batch cultivation and lyophilization of cells

For fed-batch cultivation of E. coli BL21 (DE3) expressing VD1 to be used in preparative
approaches the Labfors 3 bioreactor (Infors AG, Bottmingen, Schweiz) was used. VD1 was
produced in a 3 1 batch of start salt medium inoculated from 500 ml preculture grown in
salt medium pH 6.7 at 30 °C under exponential feeding with 2 growth rates (u=0.24/0.11)
before and after induction, respectively (Table 16). The culture was constantly
oxygenated at 6 1/min with NH,OH as base and expression was induced with 1 mM IPTG
at 0D=94. After 3 h incubation, the cells were harvested at 0D=112 for 1 h at 7500 x g and

4 °C. Cells were frozen and stored at -80 °C overnight. Lyophilization of the cells was
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performed in a Christ alpha 2-4 LD plus lyophilizer (Christ, Osterode) for 24 h. Afterwards

cells were mortared and stored at -80 °C upon further use.

Table 16. Solutions used for the fed batch process to express VD1.

Solutions Ingredients

Preculture salt medium* 13.3 g/l KH2PO4, 4.0g/l (NH4):HPO4, 1.2 g/l
MgS04-7 H20, 1.7 g/1 citric acid monohydrate,
8.4 mg/l Titriplex III, 2.5mg/l CoClz:6 H-20,
1.5 mg/]1 CuClz-2 H:0, 3.0 mg/l H3BOs3, 15.0 mg/]
MnClz-4 H20, 2.5 mg/1 NazMoO4-2 H20, 13.0 mg/]
Zn(CH3-C00)2:2 H20, 100.0 mg/1 Fe(Ill) citrate
hydrate, 4.5 mg/I thiamine HCI, 8.0 g/1 D-glucose,
0.1 g/l Amp

Start salt medium* 13.3 g/l KH:POs, 4.0g/l (NH4):HPOs, 1.2g/]
MgS04-7 H20, 1.7 g/1 citric acid monohydrate,
8.4 mg/l Titriplex III, 2.5mg/l CoClz:6 H20,
1.5 mg/]l CuClz-2 H:0, 3.0 mg/l H3BOs3, 15.0 mg/]
MnClz-4 H20, 2.5 mg/l NazMo0O4-2 H20, 13.0 mg/]
Zn(CHs-C00)2-2 H20, 100.0 mg/1 Fe(Ill) citrate
hydrate, 4.5 mg/I thiamine HCl, 0.1 g/l Amp
Feeding solution* 750.0 g/l D-glucose, 20.0 g/l MgS04+7 H:20,
13.0 mg/1 Titriplex III, 4.0 mg/l CoCl2:6 H:0,
2.5mg/l CuClz-2 H20, 5.0 mg/l H3BOs, 23.5 mg/]
MnClz-4 H20, 4.0 mg/1 NazMoOa4:2 H20, 16.0 mg/]
Zn(CHs-C0O0)2-2 H20 and 40.0 mg/1 Fe(III) citrate
hydrate, 0.1 g/l Amp

*trace elements autoclaved separately
6.4. Protein biochemical methods

6.4.1. Protein purification

Further impurities could be separated from the SHC variants by ion exchange
chromatography with an anion exchange matrix (diethylaminoethyl-Sephacel, Sigma
Aldrich, St. Louis, US) of 2 ml column volume (CV). Therefore, the supernatant was diluted
1:5 with ddH20, filtered with 0.45 pum filter and loaded onto the anion exchange matrix,
which was equilibrated with IEX wash buffer. The matrix was then washed with 5 CVs [EX
wash buffer and the SHC variants were eluted with 7.5 CVs IEX elution buffer. The
collected samples during purification and the eluted fractions were analyzed by SDS-
PAGE. The column was regenerated with the IEX regeneration buffer. Purified enzymes

were used directly in biotransformations.

Affinity chromatography with 2x 2ml HiTrap Chelating columns loaded with Nickel on an
AKTA pure 25 System (Cytiva, Marlborough, US) was used to purify LCY. The columns
were equilibrated with 5 CVs binding buffer at 4 °C before 50 ml of the filtered lysate was
loaded onto the column at 5 ml/min. After loading the lysate unspecifically bound

proteins were washed out by applying 5 CVs of binding buffer containing 20 mM of
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imidazole. The specifically bound His-tagged enzyme was eluted with 200 mM imidazole
in the elution buffer. Proteins were desalted using a HiPrep 26/10 with Sephadex G-25
Fine resin column (Cytiva, Marlborough, US) in desalting buffer. Fractions containing the
protein were used directly for biotransformation or were concentrated by Vivaspin 20
centrifugal concentrators (Satorius, Gottingen, Germany) with a molecular weight cut-off
of 50.000 PES. Buffer was exchanged in the centrifugal concentration to the TRIS maleate

buffer, and then the biotransformations were performed.

6.4.2. Determination of protein concentration

Protein concentration was determined in triplicates with a NanoDrop® 2000
spectrometer (Thermo Scientific, USA) with molecular weight (MW) of 71.44 kDa and
molar extinction coefficient € = 185180 for SHC and with MW of 57.43 kDa and € = 56880
for LCY.

6.4.3. Sodium dodecyl sulfate-Polyacrylamide gel electrophoresis (SDS-PAGE)

Protein purity was assessed by SDS-PAGE. Samples were diluted 1:10 and 10 pl
SDS-sample buffer (RunBlue™ LDS Sample Buffer) was added to 30 pl protein sample and
heated at 95 °C for 5 min. 10 pl of the samples were loaded onto a 12% precasted
SDS-PAGE SurePAGE gel from Expedeon (Abcam, Berlin, DE) together with 3 pl of the
PageRuler™ Prestained Protein Ladder. Separation of the proteins occurred
electrophoretically at constant voltage of 80 mV for 10 min following 110 mV for 1.5 h.
The gels were stained for 1 h at room temperature with the Coomassie staining solution
and destained with the destaining solution afterwards for at least 1 h to visualize the

protein bands.

6.5. Biotransformations

6.5.1. Biotransformations in DWPs

After heterologous protein expression and cell harvest, whole cells in DWPs were
resuspended with 395 pl ddH20 or TRIS-maleate buffer adjusted to the determined
optimal pH for in vivo biotransformations with SHCs and LCY, respectively, unless
otherwise stated. Cells were transferred to a fresh 96 DWP with 1.2 ml glass inlets and
supplemented with 5 pl of a 80 mM or 160 mM substrate solution dissolved in DMSO
(1 mM or 2mM final concentration), unless otherwise stated. In reactions with LCY,
NAD(P)H and FAD were added in concentrations of 0.5 mM and 0.01 mM (100 mM

NAD(P)H and 2.5 mM FAD stock concentration), respectively. Reactions were incubated
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in sealed plates for 20 h at 30 °C and 300 rpm with the substrates except for substrate 3
and 9 and SHC. The latter biotransformations were performed at 50 °C. With
monoterpenes as substrates biotransformation time was 40 h. Reactions were terminated
and reactants extracted by addition of 500 pl cyclohexane/ethylacetate (1:1) and shaking
for 40 s. Samples were centrifuged (4000 rpm, 5 min) and analyzed by GC/MS.

6.5.2. Biotransformations in vials

For biotransformations in 9 mm short thread glass vials (Fisher Scientific, Schwerte, DE),
cell wet weight (cellww) concentration was adjusted to 0.2 mg/ml with ddH20 or
TRIS-maleate buffer adjusted to the optimal pH, for SHCs and LCY, respectively. In the
vials 945 pl cell solution of purified enzyme was mixed with 5 pl substrate to a final
concentration of 1 mM or 2 mM (190 mM or 380 mM stock solution dissolved in DMSO).
In reactions with LCY NAD(P)H and FAD were added to a final concentration of 0.5 mM
and 0.01lmM (100 mM NAD(P)H and 2.5 mM FAD stock concentration), respectively.
Biotransformations with whole cells were performed in duplicates and reactions with
purified enzyme were performed in triplicates under conditions described (see 6.5.1).
Extraction with 950 ul cyclohexane:ethylacetate (1:1) by 40 s mixing terminated the

reaction. The obtained organic phase was analyzed with GC/MS.

6.5.3. Preparative biotransformations

Preparative biotransformations were performed in closed flasks with 2 g freeze dried
cells or 10 g fresh cells dissolved in 100 ml ddH20, 100 ml CD buffer or in 11 CD buffer
with 100 mM Mg(NOs3)2 added. Reaction progress was monitored by GC/MS to determine

the end of the reaction in order to initiate extraction and purification.

6.5.4. Determination of Kinetic parameters

The determination of Km and kcat was used to characterize the catalytic performance of the
tested proteins and was based on the Michaelis-Menten equation. In initial experiments
different substrate concentrations and time points were selected to determine the
reaction conditions with the critical conversion below 10% and a linear increase in
product formation in the steady state. The reactions were performed as described in
section 6.5.2. at selected time points of 1 h and 2 h reaction time. Substrate concentrations
were selected between 0.1 and 8 mM for 2. The kinetic parameters were fitted with the

GraphPad Prism software to the Michaelis-Menten equation.
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6.6. Analytical methods
6.6.1. Gas chromatography

GC/MS measurements were performed on an Agilent GC 7820A coupled to a mass
spectrometer MSD 5977B or an Agilent GC 7890A equipped with a mass spectrometer
MSD 5975C. The MS detector was operating with 70 eV (EI ionization). The GC 7820A
equipped with a PAL autosampler (RSI 120, Agilent, Santa Clara, USA) and a HP-5MS
(30 m x 250 pm x 0.25 pm, Agilent, Santa Clara, USA) or a ZB-1HT Inferno™ capillary
column (30 m x 250 pm x 0.25 pm, Phenomenex, Aschaffenburg, DE) was used with
constant helium pressure of 14.168 { or 14.476 ¥ and sample injection temperature of
250 °Cor 300 °C, respectively. With the Agilent GC 7890A and the autosampler 7693A ALS
(Agilent, Santa Clara, USA) a DB-WAX column (30 m x 320 pm x 0.25 pm, Agilent, Santa
Clara, USA) was used with sample injection at 280 °C, a split of 5:1 and chromatographic
separation of the sample with constant helium gas pressure of 15.754 . The methods
developed for the analysis and quantification of the biotransformations with different

substrates are listed in Table 17.

For measurements from DWPs, a GC-MS equipped with a PAL-Sampler allowed the
sample injection from the organic phase of the sealed plate with 91 variants screened per
plate, directly. Only for biotransformations with volatile monoterpenes in DWPs the
organic phase was transferred into GC vials with inlets, which were capped to reduce

evaporation.

Chiral GC analysis was performed on a Shimadzu GC-2010 system with FID detector
equipped with an autosampler (AOC-20i Auto-Injector, Shimadzu, Kyoto, JPN) and CP
ChiraSil-Dex CB capillary column (25 m x 250 pm x 0.25 um, Agilent, Santa Clara, USA).
Samples were injected at 250 °C in split mode (15:1) and hydrogen was used as carrier

gas with constant linear velocity (33.1 cm/s) (Table 17).

The GC/MS results were analyzed and integrated with the MassHunter Qualitative
Analysis Software (Agilent, Santa Clara, USA) or the GC solution software (Shimadzu,
Kyoto, JPN). Samples were  quantified based on the conversion
(AREAproduct/(AREAsubstrate+ AREAproduct)*100)  calculated from the total ion count
chromatogram. Products were quantified with a calibration curve from 0.015-1 mM with
commercially purchased or synthesized product standards, unless otherwise stated. The

total turnover number (TTN) was based on product concentration in mol and enzyme
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concentration related to the molecular weight and was calculated from
TTN=(6,02*1023*(1/1000)*(1/1000)*(Concproduct))/(Concenzyme/(74,6*1000*1,66*10-27*
1000)). For screening in DWPs an increase of more than 50% in product formation was
the threshold for the selection of hit variants and was based on the determination of the

variation coefficient (Cv) determined for VD1 with 2 (see 3.1.4.).

Table 17. GC methods for the substrates and the corresponding products.

Substrate Column Rate (°C/min) Temperature Hold (min)
(9
1 ZB-1HT Inferno™ 118 0.5
15 128 5.5
2 HP-5 165 1
15 185 3
2 (chiral) CP ChiraSil-Dex CB 100 1
10 190 10
3 ZB-1HT Inferno™ 125 0.5
30 140 5.6
3 DB-Wax 160
20 175 9
4 ZB-1HT Inferno™ 40 1
10 220 1
5 ZB-1HT Inferno™ 40 1
15 200 1
6 ZB-1HT Inferno™ 40 1
15 300 2
7-10 DB-Wax 75
70 100 4.25
100 180 0.5
20 210 2

6.6.2. Nuclear Magnetic Resonance

The 1H and 13C NMR spectra were measured at 500.15 MHz for H- and 125 MHz for 13C
using a Bruker Avance 500 spectrometer. The tested substances were dissolved in CDCI3
and sampled at room temperature. Chemical shifts 6 refer to tetramethylsilane (TMS) in
ppm set to 0. To assign more complex signals 2D NMR methods 1H,1H-COSY (Correlated
Spectroscopy), 1H,13C-HSQC (Heteronuclear Single Quantum Coherence), 1H,13C-HMBC
(Heteronuclear Multiple Bond Correlation) and 1H,1H-NOESY (Nuclear Overhauser

Enhancement Spectroscopy) were used.
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6.7. Chemical synthesis and separation of isomers
Compounds 2-6 and 9 were synthesized by Heng Li, Lukas Lauterbach, Kizerbo A.
Taizoumbe under the supervision of Jeroen S. Dickschat (University Bonn) and were

provided for this work.

6.7.1. Synthesis of 7
|

o 1) o’sé<
)\/ij\ - )\/\/M
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Scheme 2. Preparation of 7 adapted from Hoshino et al. (2004).157 Reagents and
conditions: i) TBDMSCI, NEts, ii) NBS, THF H20, N2, 0°C and iii) K2CO3, MeOH.

Synthesis of 7 was supervised within the scope of this work and was performed by T.
Trinks. Reaction conditions were adapted from Hoshino et al. (2004).157 For the synthesis
4.6 ml (3.4 g, 33 mmol) triethylamine was added oxygen and water free to a 200 ml
two-necked flask with 5.6 ml (4.9 g, 25 mmol) 1. During stirring, 4.9 g (35.50 mmol)
tert-butyldimethylsilyl chloride (TBDMSCI) was added in the course of 15 min at 30-40 °C.
The yellow solution was stirred for an additional 30 min before 35 ml of 0.92 M Nal in dry
acetonitrile was added dropwise over the course of 30 min. The solution was stirred for
1 h and warmed to 50 °C. After 4 h incubation under stirring the solution was cooled to
room temperature. Next, 25 ml ice-cold hexane and 55 ml ice-cold water were mixed with
the solution for extraction with hexane (3x30 ml). The obtained organic phase was dried
over sodium sulfate and concentrated in vacuo. 5.41 g (17.50 mmol, 70.1% yield) of crude

product 711 was obtained.

In the second step 5.41 g (17.50 mmol) of the crude 711 was dissolved in 480 ml
tetrahydrofuran (THF), stirred under nitrogen atmosphere, and cooled to 0 °C. Water was
added until the solution became cloudy. Next, THF was added to the solution until it
became clear. During 10 min, 3.38 g (19.00 mmol) N-bromosuccinimide (NBS) was added
to the reaction solution and stirred an additional 20 min at 0 °C. Approximately, half of

the solvent was evaporated in vacuo. The remaining reaction solution was then mixed
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with 200 ml water and extracted with hexane (4 x 150 ml). The organic phase was dried
over sodium sulfate and the product was concentrated in vacuo. 12.12 g of crude 712 was
obtained and stored in the fridge for three days under nitrogen atmosphere, until it was
stirred with 3.55 g (25.70 mmol) potassium carbonate in 75 ml methanol for 3 h. After
extraction with hexane (3 x 100 ml) the solution was filtered and evaporated to remove

potassium carbonate and MeOH and obtain 7 (3.55 g, 25.70 mmol).

Yield and spectral data of 7: Yellow oil, 25.7 mmol, 65.62% yield. 7 ((E)-9-hydroxy-6,10-
dimethylundeca-5,10-dien-2-one): 1H-NMR (CDCl3, 500 MHz): & (ppm) 1.15-1.21 (q, 2H),
1.59-1.64 (d, 6H) 2.03-2.06 (t, 2H), 2.13-2.15 (m, 3H), 2.25-2.26 (q, 2H), 2.44-2.51 (m, 2H),
3.30-3.34 (t, 1H), 4.92 (s, 1H), 5.06-5.1 (m, 2H), 5.13-5.16 (t, 1H). Impurities MeOH and
THF: § (ppm): 1.16 (s), 1.6 (m), 3.1 (s). 13C-NMR (CDCls, 125 MHz): § (ppm) 18.57 (1C),
20.06 (1C), 22.26 (1C), 23.53 (2C), 30.53 (2C) 33.17 (1C), 44.03 (1C), 123.14 (1C), 124.29
(1C), 127.61 (1C), 136.91 (1C), 208.79 (1C).

6.7.2. Separation of E- and Z-2

A mixture (1 g) of E- and Z-isomers of 2 were separated with a silver nitrate column (5.5 g
silver nitrate, 50 g mesh silica) protected from direct light with gradually increasing the
ratio of polar solvent from 50:1 to 10:1 (petroleum ether/ethyl acetate). Fractions
containing the E- or the Z-isomer were determined by GC/MS measurement and pooled,
respectively. After solvent evaporation, the substrates were analyzed by 1H-NMR and

tested in a biotransformation.

(2)-2
Yield and spectral data of (Z)-2: Colorless oil, 0.911 mmol, 18.99% yield. (2)-2 ((£)-6,9,10-
trimethylundeca-5,9-dien-2-one): 1H-NMR (CDCls, 500 MHz): § (ppm) 1.64-1.66 (d, 9H),
1.7 (s, 3H) 2.05-2.07 (s, 4H), 2.13 (s, 3H), 2.24-2.28 (q, 2H), 2.43-2.46 (t, 2H), 5.05-5.07 (t,
1H). 13C-NMR (CDClIs, 125 MHz): 6 (ppm) 18.57 (1C), 20.06 (1C), 22.26 (1C), 23.53 (2C),
30.53 (2C) 33.17 (1C), 44.03 (1C), 123.14 (1C), 124.29 (1C), 127.61 (1C), 136.91 (1C),
208.79 (10).
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(E)-2
Yield and spectral data of (E)-2: Colorless oil, 0.176 mmol, 3.67% yield. (E)-2 ((E)-6,9,10-
trimethylundeca-5,9-dien-2-one): 1TH-NMR (CDCI3, 500 MHz): & (ppm) 1.63 (s, 12H), 1.96-
1.99 (dd, 2H) 2.07-2.10 (dd, 2H), 2.14 (s, 3H), 2.23-2.28 (q, 2H), 2.44-2.47 (t, 2H), 5.06-
5.09 (t, 1H). 13C-NMR (CDCls, 125 MHz): 6§ (ppm) 16.09 (1C), 20.04 (1C), 20.55 (2C), 29.96
(1C), 33.48 (2C) 38.16 (1C), 43.76 (1C), 122.27 (1C), 124.07 (1C), 127.51 (1C), 136.85
(1C), 208.94 (1Q).

6.7.3. Synthesis of the perillyl hexyl ether
The perillyl hexyl ether for substrate engineering of limonene for SHC was synthetized by
Williamson ether synthesis with perillyl alcohol and 1-bromohexane adapted from

Hammer (2014).147

NN
OH NaH, THF, DMSO o
+ PN >
Br Room temp.

Scheme 3. Synthesis of perillyl hexyl ether adapted from Hammer (2014).147

Water and oxygen free to 20 ml anhydrous THF, NaH (1,1 eq., 60% ig, 0,352 g, 8.8 mmol)
was added at room temperature (RT). Perillyl alcohol (1 eq., 1.22 g, 8 mmol) was dissolved
in 5 ml anhydrous THF and added dropwise in 5 min to the reaction. After 2 h incubation
1-bromohexane (0.8 eq., 1.056 g, 6.8 mM) in 5 ml anhydrous DMSO was added in 5 min to
the reaction. The reaction was stirred for 20 h at room temperature until conversion was
confirmed by GC/MS. The reaction mixture was then hydrolyzed in ice water and
extracted three times with ethyl acetate (50 ml). The combined organic phase was dried
with Na2S04, the solvent was removed on a rotary evaporator and the crude product was
purified by SiOz column chromatography (n-hexane:dichloromethane 2:1). Fractions
containing the perillyl butyl ether were determined by GC/MS measurement and pooled.
After evaporation of solvents, the substrates were analyzed by 'H-NMR, 13C-NMR and

tested in a biotransformation.

Yield and spectral data of perillyl hexyl ether: Colorless oil, 0.47 mmol, 10.23% yield, Rf =
2.37 (n-hexane:dichloromethane 2:1). Perillyl butyl ether (1-((hexyloxy)methyl)-4-
(prop-1-en-2-yl)cyclohex-1-ene): TH-NMR (CDCl3, 500 MHz): & (ppm) 5.62 (t, 1H), 4.65 (dt,
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2H), 3.76 (s, 2H), 3.30 (t, 2H), 2.06 (m, 1H), 1.09 (m, 1H), 1.77 (m, 1H), 1.67 (s, 3H), 1.50 (m,
3H), 1.41 (m, 1H), 1.42 (m, 7H), 0.82 (t, 3H). 13C-NMR (125 MHz, CDCl3) § (ppm) 13.1 (1C),
19.80 (1C), 21.65 (2C), 24.91 (1C), 25.42 (1C), 28.77 (1C), 29.50 (1C), 30.73 (1C), 40.19 (1C),
69.02 (1C), 74.15 (1C), 107.55 (1C), 122.96 (1C), 134.00 (1C), 148.99(1C).

6.8. Enzymatic synthesis
Compound 11 was synthesized by Benjamin Aberle (University Stuttgart) and was

provided for this work.268

6.8.2. Preparative scale biotransformations

After preparative biotransformations the crude product was first centrifuged to get rid of
the cell debris. Second, the aqueous phase containing the product encapsulated by CD was
extracted with diethyl ether five times (CD stays in aqueous phase) for 2 and with
cyclohexane/ethylacetate (1:1) for 4-6. Next the products were reduced under vacuum,
dried over MgS0s4, purified over SiO2 column chromatography and characterized by NMR
and GC/MS. Due to impurities compound 4a could not be characterized by NMR and was

identified by a commercial product standard via GC/MS.

2,5,5,6,8a-pentamethyl-4a,5,6,7,8,8a-hexahydro-4H-chromene (2a)

2 2a

Scheme 4. Enzymatic synthesis of 2a (2,5,5,6,8a-pentamethyl-4a,5,6,7,8,8a-
hexahydro-4H-chromene). Reaction conditions: VD5, 30 °C, 10 mM 2, 11 CD buffer with
100 mM Mg(NO3)2.

Yield and spectral data of 2a (2,5,5,6,8a-pentamethyl-4a,5,6,7,8,8a-hexahydro-4H-
chromene): Yellow oil, 0.163 mmol, 34% yield. 2,5,5,6,8a-pentamethyl-4a,5,6,7,8,8a-
hexahydro-4H-chromene (2a): tH-NMR (CDCI3, 500 MHz): 6 (ppm) 0.96-1.22 (m, 9H),
1.91-1.93 (m, 6H) 2.72 (s, 5H), 3.38-3.93 (m, 1H), 5.26-5.30 (m, 1H). 13C-NMR (CDCls, 125
MHz): 6 (ppm) 14.65 (1C), 19.00 (1C), 19.28 (1C), 20.52 (1C), 23.74 (1C) 26.63 (1C), 28.77
(1C), 33.64 (1C), 35.36 (1C), 39.29 (1C), 42.21 (1C), 95.28 (1C), 148.02 (1C).
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2,3,5,5,8a-pentamethyl-4a,5,6,7,8,8a-hexahydro-4H-chromene (6a)

Scheme 5. Enzymatic synthesis of 6a (2,5,5,6,8a-pentamethyl-4a,5,6,7,8,8a-hexahydro-
4H-chromene). Reaction conditions: VD5, 30 °C, 10 mM 6, 100 ml CD buffer.

Yield and spectral data of 6a: Yellow oil, 0.48 mmol, 98% yield. 2,3,5,5,8a-pentamethyl-
43,5,6,7,8,8a-hexahydro-4H-chromene (6a): 1TH-NMR (CDCls, 500 MHz): 6 (ppm) 0.82 (s,
4H), 0.92 (s, 4H), 1.12 (s, 3H), 1.25-1.29 (m, 2H), 1.40-1.42 (m, 2H), 1.48-1.52 (m, 2H),
1.56 (s, 2H), 1.60 (s, 3H), 1.69 (s, 3H). 13C-NMR (CDCls, 125 MHz): § (ppm) 16.67 (1C),
17.95 (1C), 19.21 (1C), 19.84 (1C), 20.60 (1C) 25.65 (1C), 32.17 (1C), 33.11 (1C), 39.87
(1C), 41.61 (1C), 49.01 (1C), 75.54 (1C), 100.99 (1C), 141.21 (1C).

6.9. Computational studies

6.9.1. In silico mutagenesis, ligand and receptor preparation

Models of AacSHC variants were constructed in silico by SWISS-MODEL19 or
RoseTTAFold.269.270 The target sequences with the corresponding amino acid substitution
in FASTA format were used in the template search to build the model on the crystal
structure of the WT AacSHC obtained from the RCSB Protein Data Bank (PDB entry 2SQC).
For LCY the model structure with the highest identity (= 60%) was used as template. The
protonation state of the obtained variant structures was computed by H++ 3.0 web tool
at pH 6, 0.01 molar salinity and with an internal dielectric constant of 10 and external of
80 when models were constructed with SWISS-MODEL19.269 Subsequent energy
minimization of all obtained variant structures and tested substrates with YASARA

(version 19.12.14.W.64) gave the primed models.271

6.9.2. MD refinement and simulation

The obtained enzyme models were subjected to MD refinement for 500 ps. The resulting
lowest energy snapshots were used for MD simulation in the AMBER14 force field over a
period of 25 ns using the default settings with a density of 0.997 g/ml, 0.9% NaCl and
pH 7.4 at 298 K in a water filled simulation cell. A total of 250 snapshots were generated.
Calculation of root-mean-square deviation (RMSD) values and b-factors by YASARA was

based on AMBER14.271
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6.9.3. Molecular docking in the active site

The substrates were docked into the crystal structure of AacSHC WT (PDB entry 2SQC)
and the simulated variants by YASARA docking tools (version 19.12.14.W.64) based on
AutoDock VINA algorithms.2”! The simulation cell was defined by a box of 20x20x20 A
covering the active site of the AacSHC variants. The resulting binding energies of 25 runs
were clustered. Best rated ligand structures based on the binding energies with the

isoprene unit oriented towards D376 were selected for visualization.

6.9.4. Calculation of molecular tunnel

CAVER 3.0 plugin for PyMOL was used to identify protein tunnels in the AacSHC WT or
variant’s average structure of all snapshots calculated by YASARA.195271 Tunnels were
calculated using the default setting and a shell radius of 3 A and shell depth of 4 A. D376

was set as the starting point for the tunnel calculation.

6.9.5. Multiple sequence alignment

Homologous sequences of AacSHC and CanLCY-B, AthLCY-B and AthLCY-E were searched
using the Protein Blast sequence similarity search with Point Accepted Mutation Matrix
(PAM 30) in the target database of UniprotKB reference genomes and Swiss-Prot. The
database was screened for 250 sequences and the E-value to limit the hits to the most

significant ones was set to 10.

6.9.6. Phylogenetic tree construction

Sequences of different cyclase representatives from different enzyme classes and families
were retrieved from BRENDA and combined with the sequences of interest for this work.
In the MEGA11 software ClustalW sequence alignment was performed.2’2 Phylogenetic
analysis was performed by selection of default settings and the Maximum Likelihood
method. The bootstrap consensus tree represents the evolutionary history of the analyzed
taxa. Original trees for the heuristic search were automatically generated by applying the
Neighbor-Join and BioN] algorithms to a matrix of pairwise distances estimated with a
Jones-Taylor-Thornton (JTT) model and the topology with the superior log likelihood

value. The analysis included 57 amino acid sequences.
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Supplementary

Table S 1. Numbered substrates with trivial names used in this work.

OH

No. Compound Trivial name
1 o Geraniol
w
2 o Dihydropseudoirone
W
3 o Pseudoionone
W
4 o} -
A A
5 0 -
M
6 0 -
W
’ )L'/\/L\/\)(L -
OH
8 Farnesylacetone
N N N
9 )\/\/L/\)L/\/L i
A A 0
10 Farnesol
NS N N OH
11 -
x N-"oH
12 Citral
X NN
6}
13 W Citronellal
A N
o]
14 W Geraniol
NS N OH
15 « « « « Geranylgeraniol
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No. Compound Trivial name
16 )\/\/WL/ Farnesene
NS NS =
17 w Ocimene
S = =
18 /@)\ a-terpinolene
—

19 /@)j\ Limonene
20 /©)\ y-terpinene
21 /@)\ a-terpinene
22 ﬂ)\ Sabinene
23 /@ a-pinene
24 XBT B-pinene
25 iD B-camphene
26 /©>< 3-carene
27 ﬁ 4-carene
28 X Myrcene

AN
29 = | Alloocimene

X
30 N Linalool

x. OH
31 Geranyllinalool
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Table S 2. List of SHC WT variants from the in-house library, the organism of origin, and
the corresponding NCBI identifier.

Name Organism NCBI No.
AacSHC Alicyclobacillus acidocaldarius WP_014465455.1
BamSHC1 Burkholderia ambifaria WP_011659891.1
ZmoSHC1 Zymomonas mobilis P33990.2

SfuSHC Syntrophobacter fumaroxidans ABK17672.1
TelSHC Thermosynechococcus elongatus WP_011058142.1
RpaSHC Rhodopseudomonas palusTRIS WP_011665849.1
Sco/SfuSHC Streptomyces coelicolor WP_011031166.1
BjaSHC Bradyrhizobium japonicum WP_012041632.1
ApaSHC Acetobacter pasteurianus WP_012812952.1
TtuSHC Teredinibacter turnerae WP_015819476.1
PcaSHC Pelobacter carbinolicus ABA87615.1
BamSHC2 Burkholderia ambifaria WP_011660979.1
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Figure S 1. Product formation and rel. conversion of in-house library hits with 7 in
duplicates. Error bars represent standard deviation of replicates. Reaction conditions:
0.2 mgcww E. coli whole cells with expressed AacSHC and ZmoSHC1 variants dissolved in
1 ml ddH20, 2 mM substrate, 20 h, 30 °C, 800 rpm.

Table S 3. Reaction initiation distance, binding energy and dissociation constant for the
best docking pose of 1-7 and 9 to the active site of WT and VD1. The best docking pose
was selected based on the orientation if the substrate to the catalytic center and the
binding parameters.

Reaction initiation Binding energy Dissociation constant

distance (A) (kcal/mol) (mM)
Substrate WT VD1 WT VD1 WT VD1
1 13.8 9.4 6.82 6.48 9.97 17.91
2 3.9 8.5 7.00 7.41 7.55 3.70
3 14.9 4.8 7.39 7.35 3.86 4.10
4 8.3 10.5 6.71 6.46 12.00 18.33
5 13.7 7.4 6.20 6.55 12.28 15.78
6 12.5 9.7 7.00 6.57 7.38 15.20
7 10.9 4.7 6.93 7.25 8.35 4.84
9 4.1 9.5 7.38 7.40 3.86 3.77
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Table S 4. Two sample t-test statistics for the docking distances of 2-7 and 9 in AacSHC
WT and VD1 with 95% confidence interval.

Average
Substrate WT VD1 p-value t-statistic d.ft
2 10.460 7.340 0.002 3.243 48
3 11.188 7.608 0.000 4.204 48
4 9.540 7.272 0.027 2.279 48
5 10.552 6.904 0.000 3.812 48
6 11.080 8.212 0.002 3.318 48
7 8.296 5.268 0.003 3.140 48
9 8.844 8.884 0.967 0.041 48
Ldegrees of freedom
TKO WO

100 kDa

70 kDa
55 kDa

40 kDa

35 kDa

15 kDa

W1 W2 W3 W4 W5 W6 W7 W8 W9

Figure S 2. SDS-PAGE from 10 randomly selected wells of a 96 DWP expressing AacSHC
and one sample of expressed TKO. M is the size standard.
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C

100 kDa
70 kDa

55kDa

40 kDa

35 kDa

15 kDa

M TKO WT VD1 VD5

Figure S 3. SDS-PAGE after IEX purification of AacSHC WT, VD1 and VD5. M stands for

size standard.

Table S 5. ANOVA results for the measured distances between D376 and the terminal

substrate double bond and the TTN for 5 different variants.

Parameter p-value F value d.f1
Distance <0.001 4.4 5(144)
TTN <0.001 592.3 5(11)

Ldegrees of freedom
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Figure S 4. Michaelis-Menten fit to data from kinetic measurements of AacSHC WT, VD1
and VD5. Reaction conditions: 0.5 ml purified enzyme in IEX elution buffer (25 mM citrate,
200 mM NaCl at pH 6), 0.5-8 mM 2, 30 °C, 800 rpm.
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Figure S 5. Rational engineering of AacSHC variants for monocyclization of 2. Formation
of 2a and monocyclic product in biotransformations with (C) WT, VD5 and VD6 in
combination with Y420F, S168Y, and W169G and (D) variants of the G600 saturation
mutagenesis shown from highest (left) to lowest (right) formation of monocyclic product.
For all other variants no monocyclic product was measured. Error bars represent
standard deviation of duplicates. Reaction conditions: 0.2 mgcww E. coli whole cells with
expressed AacSHC variants dissolved in 1 ml of ddH20, 1 mM substrate, 20 h, 30 °C,

800 rpm.
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Figure S 6. SDS-PAGE after purification with affinity chromatography of CanLCY-B. M is
the size standard.
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5p/ (0389322 LycEA/1-524 1 MECV - GARNFAAMAVSTFP SWSC-RREKFPVVKRYSYRNIRFGLCSVRASGGG 50
5p| 454152/ LycBC/ 1-498 MDTLLERTPNMLEFLH----GFGVEVSAFSSV----- KESQEFGAKKFCE-G-- 40
sp| 389331/ LycBA/1-501 MDTLLETPNKLDFFIPQFHGFERLCSNNPYH- - - - - SEVRLGVEKRAI -K- - 44

(R

5p/ 0389322 LycEA/1-524 51 SSGSESCVAVREDFADEEDFVHKAGGSEILFV-QMQQNKDMDEQSKLVDKELPP 101
5p|Q43415.2(LycBC/1-498 41 - - - - - - - - - - - - - LGSRSVCVEKASSSALLELVPETKEKEENLD- - - - - - FELPM 73
sp|38933.1|LycBA/1-501 45 - - - - -------- - I---VS5S5VVSGSAALLDLVPETEKENLD - - - - - - FELPL 74

sp|38932.2|LycEA/1-524 102 15 - IGDGALDLVVIGCGPAGLALAAESAKLGLEVGLIG- -PDLPFTNNYGVW 150
5p|Q45415.2[LycBC/1-498 74 YDP SKGVVVDLAVVGGGPAGLAVAQQVSEAGLSVCSIDPNPELIWPNNYGVW 125
5p|38933.1|LycBA/1-501 75 YDTSKSQVVDLAIVGGGPAGLAVAQQVSEAGLSVCSIDPSPEKLIWPNNYGVW 126

sp|38932.2|LycEA/1-524 151 EDEFNDLGLQKCIEHVWRETIVYLDDDKPITIGRAYGRVSRRLLHEELLRRC 202
5p|Q45415.2(LycBC/1-498 126 VDEFEAMDLLDCLDATWSGATVYIDDNTTKDLNRPYGRVNREKQLK SKMMQKC 177
5p|38933.1|LycBA/1-501 127 VDEFEAMDLLDCLDTTWS GAVVYVDEGVKKDLSRPYGRVNRKQLKSKMLQKC 178

5p|Q38932.2|LycEA/1-524 203 VESGVSYLSSKVDSITEASDGLRLVACDDNNVIPCRLATVASGAASGKLLQY 254
sp| (434152 LycBC/1-498 178 I LNGVEFHQAKVIKVIHEESK- SMLICNDGITIQATVVLDATG-FSRSLVQY 227
£p|Q38933.1|LycBA/1-501 179 ITNGVEFHQSKVTNVVHEEAN- STVVCSDGVKIQASVVLDATG-FSRCLVQY 228

5p|Q38932.2|LycEA/1-524 255 EVGGPRVCVQTAYGVEVEVENSPYDPDQMVFMDYRDYTNEK - - - VRSLEAEY 303
sp| 0434152/ LycBC/1-495 228 DEP -YNPGYQVAYGI LAEVEEHPFDVNEMVFMDWRDSHLEKENNVELKERNSRI 278
5p|Q38933.1/LycBA/1-501 229 DKP - YNPGYQVAYGIVAEVDGHP FDVDEKMVFMDWRDKHLDSYPELKERNSKI 279

5p|Q38932.2|LycEA/1-524 304 PTFLYAMPMTKSRLFFEETCLASKDVMPFDLLETKLMLRLDTLGIRILKTYE 355
5p| 0434152/ LycBC/1-498 279 PTFLYAMPFS SNRIFLEETSLVARPGLGMDDI QERMVARLSHLGIKVESIEE 330
5p|Q38933.1/LycBA/1-501 280 PTFLYAMPFSSNRIFLEETSLVARPGLRMEDI QERMAARLKHLGINVKRIEE 331

5p|Q38932.2|LycEA/1-524 356 EEWSY IPVGGSLPNTEQKNLAFGAAASMVHPATGYSVVRSLSEAPKYASVIA 407
5p| 0434152/ LycBC/1-498 331 DEHCVIPMGGPLPVLPQRVVGIGGTAGMVHP STGYMVARTLAAAPVVANAITL 382
5p|Q38933.1/LycBA/1-501 332 DERCVIPMGGPLPVLPQRVVGI GGTAGMVHP STGYMVARTLAAAPIVANAIV 383

5p|Q38932.2|LycEA/1-524 408 EI LREETT-KQINSNI SRQAWDTLWPPERKRQRAFFLFGLALIVQFDTEGIR 458
5p| 0434152/ LycBC/1-498 383 QY LSSER- - SHSGDELSAAVWHEKDLWP IERRRQREFFCFGMDILLELDLPATR 432
5p|Q38933.1/LycBA/1-501 384 RYLGSPSSNSLRGDQLSAEVWRDLWP IERRRQREFFCFGMDILLEKLDLDATR 435

5p|Q38932.2|LycEA/1-524 459 SFFRTFFRLPEWMWQGFLGSTLTSGDLVLFALYMFVISPNNLRKGLI - - - - - o205
5p| 434152 LycBC/1-498 433 RFFDAFFDLEPRYWHGFLSSRLFLPELIVFGLSLFSHASNTSRLEIMTKGTL 484
5p|Q589335.1/LycBA/1-501 436 RFFDAFFDLQPHYWHGFLS SRLFLPELLVFGLSLFSHASNTSRLEIMTKGTV 487

5p|Q58932.2|LycEA/1-524 5086 - - - - - - NHLISDPTGATMIKTYLEKYV 524
5p| 434152/ LycBC/1-498 485 PLVHMINNLLQDKE- - - - - - - - - - - 498
5p|Q589335.1/LycBA/1-501 488 PLAKMINNLVQDRD- - - - - - - - - - - 501

Figure S 7. MSA of AthLCA-E (LycEA), CanLCY-B (LycBC) and AthLCY-B (LycBA) by
ClustalWw.
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Figure S 8. Product formation and rel. conversion of CanLCY-B alanine and AthLCY-E
amino acid substitutions variants from 3. Positions for substitution were selected based
on an MSA. Error bars represent the standard deviation of duplicates. Reaction
conditions: 0.2 mgecww E. coli whole cells with expressed LCY variants dissolved in 1 ml
TRIS-Maleate buffer (pH 6.8), 0.5 mM NADPH, 0.01mM FAD, 1 mM 3, 20 h, 800 rpm.

0.35
03 B -

A = = 03
=0.25 S

=
g 02 S 02
é g 0.2
5 0.15 S 0.15
g 01 g 01
3 S
S 0.05 - §0_05
= 0 0
2 mM 5 mM 10 mM 20 h 40 h

—0.7
=
206
505
=)
(9]
: 0.4
503
£0.2
S
g 01
5 0

30°C 40°C 50°C

Figure S 9. Product formation and rel. conversion of AacSHC with 19 at change of (A)
substrate concentration, (B) biotransformation time and (C) biotransformation
temperature. Error bars represent the standard deviation of duplicates. Reaction

conditions: 0.2 mgcww E. coli whole cells with expressed AacSHC dissolved in 1 ml buffer
or ddH20 and 3-5 mM substrate.
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Figure S 10. Approaches to convert 19 by SHCs. In (A) schematic synthesis of a limonene
ether for substrate engineering, (B) docking studies with MD simulated AacSHC WT and
(C) combinatorial approach at positions 1261, G600 and L607 in AacSHC WT.

Table S 6. Oligonucleotides for saturation mutagenesis and site-directed mutagenesis
with AacSHC for substrates with modified isoprene pattern.

Variant Sequence (5°- to 3‘-direction)
R488X fwd 1 CGGATGGCAGCTGGTTTGGCNDTTGGGGCGTGA
fwd 2 CGGATGGCAGCTGGTTTGGCVHGTGGGGCGTGA
fwd 3 CGGATGGCAGCTGGTTTGGCTGGTGGGGCGTGA
rev CGCGAACAGAAACCGGATGGCAGCTGGTTTGGCCGC
G600M/T599X fwd 1 ATGAACCGTATTATACCGGCNDTATGTTCCCGGGCGA
fwd 2 ATGAACCGTATTATACCGGCVHGATGTTCCCGGGCGA
fwd 3 ATGAACCGTATTATACCGGCTGGATGTTCCCGGGCGA
rev GCCGGTATAATACGGTTCATCCCAGCCGCCATCCGGGCGCTGGGTTTC
G600M/Y606X fwd 1 CCATGTTCCCGGGCGATTTTNDTCTGGGCTATACCATGTATCG
fwd 2 CCATGTTCCCGGGCGATTTTVHGCTGGGCTATACCATGTATCG
fwd 3 CCATGTTCCCGGGCGATTTTTGGCTGGGCTATACCATGTATCG
rev AAAATCGCCCGGGAACATGGTGCCGGTATAATACGGTTCAT
G600M/F605X fwd 1 GCACCATGTTCCCGGGCGATNDTTATCTGGGCTATACCATGTATCG
fwd 2 GCACCATGTTCCCGGGCGATVHGTATCTGGGCTATACCATGTATCG
fwd 3 GCACCATGTTCCCGGGCGATTGGTATCTGGGCTATACCATGTATCG
rev ATCGCCCGGGAACATGGTGCCGGTATAATACGGTTCATCCCAG
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Variant Sequence (5°- to 3‘-direction)

G600M/P602X fwd 1 ATTATACCGGCACCATGTTCNDTGGCGATTTTTATCTGG
fwd 2 ATTATACCGGCACCATGTTCVHGGGCGATTTTTATCTGG
fwd 3 ATTATACCGGCACCATGTTCTGGGGCGATTTTTATCTGG
rev GAACATGGTGCCGGTATAATACGGTTCATCCCAGC

G600M/F605C/Y609X | fwd 1 CGGGCGATTGTTATCTGGGCNDTACCATGTATCGCCATGTG
fwd 2 CGGGCGATTGTTATCTGGGCVHGACCATGTATCGCCATGTG
fwd 3 CGGGCGATTGTTATCTGGGCTGGACCATGTATCGCCATGTG
rev GCCCAGATAACAATCGCCCGGGAACATGGTGCCGGTA

G600M/F605C/L607X | fwd 1 TGTTCCCGGGCGATTGTTATNDTGGCTATACCATGTATCG
fwd 2 TGTTCCCGGGCGATTGTTATVHGGGCTATACCATGTATCG
fwd 3 TGTTCCCGGGCGATTGTTATTGGGGCTATACCATGTATCG
rev ATAACAATCGCCCGGGAACATGGTGCCGGTATAATACGGTTC

R488P/Y495X fwd 1 CGTGGGGCGTGAACTATCTGNDTGGCACCGGCGCGGTG
fwd 2 CGTGGGGCGTGAACTATCTGVHGGGCACCGGCGCGGTG
fwd 3 CGTGGGGCGTGAACTATCTGTGGGGCACCGGCGCGGTG
rev CAGATAGTTCACGCCCCACGGGCCAAACCAGCTGC

G600M/F605C/Y612X | fwd 1 GTTATCTGGGCTATACCATGNDTCGCCATGTGTTTCCGAC
fwd 2 GTTATCTGGGCTATACCATGVHGCGCCATGTGTTTCCGAC
fwd 3 GTTATCTGGGCTATACCATGTGGCGCCATGTGTTTCCGAC
rev CATGGTATAGCCCAGATAACAATCGCCCGGGAACA

G600M/D377X fwd 1 TGTATTATCCGGATGTGGATNDTACCGCGGTggtG
fwd 2 TGTATTATCCGGATGTGGATVHGACCGCGGTggtG
fwd 3 TGTATTATCCGGATGTGGATTGGACCGCGGTggtG
rev ATCCACATCCGGATAATACACGTTATCAAACTGAAACGCAAAG

G600M/D374X fwd 1 TTGATAACGTGTATTATCCGNDTGTGGATGATACCGCGGTg
fwd 2 TTGATAACGTGTATTATCCGVHGGTGGATGATACCGCGGTg
fwd 3 TTGATAACGTGTATTATCCGTGGGTGGATGATACCGCGGTg
rev CGGATAATACACGTTATCAAACTGAAACGCAAAGC

R488P/W489X fwd 1 ATGGCAGCTGGTTTGGCCCGNDTGGCGTGAACTATCTGTA
fwd 2 ATGGCAGCTGGTTTGGCCCGVHGGGCGTGAACTATCTGTA
fwd 3 ATGGCAGCTGGTTTGGCCCGTGGGGCGTGAACTATCTGTA
rev CGGGCCAAACCAGCTGCCATCCGGTTTCTGTTCGCGTTTC

S445X fwd 1 GAAGTGACCGATCCGCCGNDTGAAGATGTGACCGC
fwd 2 GAAGTGACCGATCCGCCGVHGGAAGATGTGACCGC
fwd 3 GAAGTGACCGATCCGCCGTGGGAAGATGTGACCGC
rev CGGCGGATCGGTCACTTCGCCAAAATCGCAAAACGGAA

F605C/G600X fwd 1 AGATAACAATCGCCCGGGAANDTGGTGCCGGTATAATAC
fwd 2 AGATAACAATCGCCCGGGAAVHGGGTGCCGGTATAATAC
fwd 3 AGATAACAATCGCCCGGGAATGGGGTGCCGGTATAATAC
rev TTCCCGGGCGATTGTTATCTGGGCTATACCATGTATCGC

G600M/Y609F/F605X | fwd 1 GCACCATGTTCCCGGGCGATNDTTATCTGGGCTTTACCATGTATCG
fwd 2 GCACCATGTTCCCGGGCGATVHGTATCTGGGCTTTACCATGTATCG
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Variant Sequence (5°- to 3‘-direction)
fwd3 | GCACCATGTTCCCGGGCGATTGGTATCTGGGCTTTACCATGTATCG
rev ATCGCCCGGGAACATGGTGCCGGTATAATACGGTTCATCCCAG
G600M/Y609F/L605X | fwd 1 | TGTTCCCGGGCGATTTTTATNDTGGCTTTACCATGTATCG
fwd2 | TGTTCCCGGGCGATTTTTATVHGGGCTTTACCATGTATCG
fwd3 | TGTTCCCGGGCGATTTTTATTGGGGCTTTACCATGTATCG
rev ATAAAAATCGCCCGGGAACATGGTGCCGGTATAATACGGTTC
R488P fwd CTGGTTTGGCCCGTGGGGCGTGAAC
rev GTTCACGCCCCACGGGCCAAACCAG
F605C fwd ATACCGGCACCGGGTTCCCGGGCGATTTTTATCTGGGCT
rev ATCGCCCGGGAACCCGGTGCCGGTATAATACGGTTCATCC
Y495D fwd GCTGGGGCGTGAACTATCTGGATGGCACCGGCGCGGTG
rev CAGATAGTTCACGCCCCAGCGGCCAAACCAGCTGC
S445V fwd CGAAGTGACCGATCCGCCGGTCGAAGATGTGACC
rev GCACATGCGCGGTCACATCTTCGACCGGCGGATCG
S168Y fwd CATTTATGAATTTGGCTATTGGGCGCGCGCGACCGTG
rev CGGTCGCGCGCGCCCAATAGCCAAATTCATAAATG
W169G/S168Y fwd CATTTATGAATTTGGCTATGGCGCGCGCGCGACCGTG
rev CGGTCGCGCGCGCGCCATAGCCAAATTCATAAATG
G600M/Y609L fwd AGATAAAAATCGCCCGGGAACATGGTGCCGGTATAATAC
rev TTCCCGGGCGATTTTTATCTGGGCCTGACCATGTATCGC
G600T/F607A fwd ACCTTCCCGGGCGATTGTTATGCGGGCTATACCATG
rev GATACATGGTATAGCCCGCATAACAATCGCCCGGGAA
G600T/F605C fwd CGTATTATACCGGCACCACCTTCCCGGGCGATTGTTATC
rev GATAACAATCGCCCGGGAAGGTGGTGCCGGTATAATACG
G600T/F605C/F607A | fwd ACCTTCCCGGGCGATTTTTATGCGGGCTATACCATG
rev GATACATGGTATAGCCCGCATAAAAATCGCCCGGGAA
F365X fwd1 | GAAACCGGGCGGCTTTGCGNDTCAGTTTGATAACGTGTATTATCCGG
fwd2 | GAAACCGGGCGGCTTTGCGVHGCAGTTTGATAACGTGTATTATCCGG
fwd3 | GAAACCGGGCGGCTTTGCGTGGCAGTTTGATAACGTGTATTATCCGG
rev CGCAAAGCCGCCCGGTTTCAGGTTCGGGCGTTTCAC
F365L,/Q366X fwd1 | CCGGGCGGCTTTGCGCTGNDTTTTGATAACGTGTATTATCCGGATGTG
fwd2 | CCGGGCGGCTTTGCGCTGVHGTTTGATAACGTGTATTATCCGGATGTG
fwd3 | CCGGGCGGCTTTGCGCTGTGGTTTGATAACGTGTATTATCCGGATGTG
rev CAGCGCAAAGCCGCCCGGTTTCAGGTTCGGGCGTTTC
G600M/F605L/Y609X | fwd1 | CGGGCGATCTGTATCTGGGCNDTACCATGTATCGCCATGTG
fwd2 | CGGGCGATCTGTATCTGGGCVHGACCATGTATCGCCATGTG
fwd3 | CGGGCGATCTGTATCTGGGCTGGACCATGTATCGCCATGTG
rev GCCCAGATACAGATCGCCCGGGAACATGGTGCCGGTA
G600M/Y609F/F605X | fwd 1 | TGTTCCCGGGCGATCTGTATNDTGGCTTTACCATGTATCG
/L607X fwd2 | TGTTCCCGGGCGATCTGTATVHGGGCTTTACCATGTATCG
fwd3 | TGTTCCCGGGCGATCTGTATTGGGGCTTTACCATGTATCG

rev

ATACAGATCGCCCGGGAACATGGTGCCGGTATAATACGGTTC
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Variant Sequence (5°- to 3‘-direction)

G600M/F605L/Y612X | fwd 1 TGTATCTGGGCTTTACCATGNDTCGCCATGTGTTTCCGAC
fwd 2 TGTATCTGGGCTTTACCATGVHGCGCCATGTGTTTCCGAC
fwd 3 TGTATCTGGGCTTTACCATGTGGCGCCATGTGTTTCCGAC
rev CATGGTAAAGCCCAGATACAGATCGCCCGGGAACA
S307X fwd 1 GTATCCCACACCGGGCTAATNDTCGCCTGAAACATCC
fwd 2 GTATCCCACACCGGGCTAATVHGCGCCTGAAACATCC
fwd 3 GTATCCCACACCGGGCTAATTGGCGCCTGAAACATCC
rev ATTAGCCCGGTGTGGGATACCGGCCTgGCGGTGC
G600M/F605L/601X | fwd 1 CGTATTATACCGGCACCATGNDTCCGGGCGATCTGTA
fwd 2 CGTATTATACCGGCACCATGVHGCCGGGCGATCTGTA
fwd 3 CGTATTATACCGGCACCATGTGGCCGGGCGATCTGTA
rev CATGGTGCCGGTATAATACGGTTCATCCCAGCCGCCA
A306X fwd 1 ATGGCGGCTGGATGTTTCAGNDTAGCATTAGCCCGGT
fwd 2 ATGGCGGCTGGATGTTTCAGVHGAGCATTAGCCCGGT
fwd 3 ATGGCGGCTGGATGTTTCAGTGGAGCATTAGCCCGGT
rev CTGAAACATCCAGCCGCCATAATCCAGTTCCACGCCAT
F434X fwd 1 CGGAATATGGTTCGGCAGATCGCTGGTGTTATCCACATC
fwd 2 ATCTGCCGAACCATATTCCGNDTTGCGATTTTGGCGAAG
fwd 3 ATCTGCCGAACCATATTCCGVHGTGCGATTTTGGCGAAG
rev ATCTGCCGAACCATATTCCGTGGTGCGATTTTGGCGAAG

Table S 7. Oligonucleotides for saturation mutagenesis and site-directed mutagenesis
with CanLCY-B and AthLCY-E for conversion of 3.

Variant Sequence (5‘- to 3‘-direction)
M366A fwd TGCATCCCTCTACCGGCTACGCGGTGGCACGGACAC
rev GTAGCCGGTAGAGGGATGCACCATACCTGCAGTACCG
M366S fwd TGCATCCCTCTACCGGCTACAGCGTGGCACGGACAC
rev GTAGCCGGTAGAGGGATGCACCATACCTGCAGTACC
F220A fwd CTTAGACGCCACGGGAGCGTCTCGTTCATTGGTA
rev TACCAATGAACGAGACGCTCCCGTGGCGTCTAAG
WiisA fwd ATCCGAATCCCAAATTGATTGCGCCAAATAATTACGGTGTA
rev AATCAATTTGGGATTCGGATCGATGCTGCATACGCT
W118F fwd ATCCGAATCCCAAATTGATTTTCCCAAATAATTACGGTGTA
rev AATCAATTTGGGATTCGGATCGATGCTGCATACGCT
3344 fwd GCATCGAGGAAGACGAGCACGCGGTCATTCCTATGGGC
rev GTGCTCGTCTTCCTCGATGCTTTTCACCTTTATACCCAGGTGTG
3345 fwd GCATCGAGGAAGACGAGCACAGCGTCATTCCTATGGGC
rev GTGCTCGTCTTCCTCGATGCTTTTCACCTTTATACCCAGGTG
V335A fwd TCGAGGAAGACGAGCACTGCGCGATTCCTATGGGCGGGCCGTTA
rev GCAGTGCTCGTCTTCCTCGATGCTTTTCACCTTTATACCCAG
V335Y fwd TCGAGGAAGACGAGCACTGCTATATTCCTATGGGCGGGCCGTTA
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Variant Sequence (5‘- to 3‘-direction)
rev GCAGTGCTCGTCTTCCTCGATGCTTTTCACCTTTATACCCAGGT
D331E fwd AGGTGAAAAGCATCGAGGAAGAAGAGCACTGCGTCA
rev TTCCTCGATGCTTTTCACCTTTATACCCAGGTGTGAAAGACG
D331A fwd AGGTGAAAAGCATCGAGGAAGCGGAGCACTGCGTCA
rev TTCCTCGATGCTTTTCACCTTTATACCCAGGTGTGAAAGACG
fwd1l | TGCATCCCTCTACCGGCTACNDTGTGGCACGGACAC
M366X fwd2 | TGCATCCCTCTACCGGCTACVHGGTGGCACGGACAC
fwd3 | TGCATCCCTCTACCGGCTACTGGGTGGCACGGACAC
rev GTAGCCGGTAGAGGGATGCACCATACCTGCAGTACCG
fwd 1 CTTAGACGCCACGGGANDTTCTCGTTCATTGGTA
F220X fwd 2 CTTAGACGCCACGGGAVHGTCTCGTTCATTGGTA
fwd 3 CTTAGACGCCACGGGATGGTCTCGTTCATTGGTA
rev TACCAATGAACGAGACGCTCCCGTGGCGTCTAAG
fwd1 | ATCCGAATCCCAAATTGATTNDTCCAAATAATTACGGTGTA
W118X fwd2 | ATCCGAATCCCAAATTGATTVHGCCAAATAATTACGGTGTA
fwd3 | ATCCGAATCCCAAATTGATTTGGCCAAATAATTACGGTGTA
rev AATCAATTTGGGATTCGGATCGATGCTGCATACGCT
fwd 1 GCATCGAGGAAGACGAGCACNDTGTCATTCCTATGGGC
334X fwd 2 GCATCGAGGAAGACGAGCACVHGGTCATTCCTATGGGC
fwd 3 GCATCGAGGAAGACGAGCACTGGGTCATTCCTATGGGC
rev GTGCTCGTCTTCCTCGATGCTTTTCACCTTTATACCCAGGTGTG
fwd1l | TCGAGGAAGACGAGCACTGCNDTATTCCTATGGGCGGGCCGTTA
V335X fwd2 | TCGAGGAAGACGAGCACTGCVHGATTCCTATGGGCGGGCCGTTA
fwd3 | TCGAGGAAGACGAGCACTGCTGGATTCCTATGGGCGGGCCGTTA
rev GCAGTGCTCGTCTTCCTCGATGCTTTTCACCTTTATACCCAG
fwd 1 AGGTGAAAAGCATCGAGGAANDTGAGCACTGCGTCA
D331X fwd 2 AGGTGAAAAGCATCGAGGAAVHGGAGCACTGCGTCA
fwd3 | AGGTGAAAAGCATCGAGGAATGGGAGCACTGCGTCA
rev TTCCTCGATGCTTTTCACCTTTATACCCAGGTGTGAAAGACG
fwd 1 TTTTGTTCGTCCAAATGCAANDTAACAAGGACATGGACG
085X fwd 2 TTTTGTTCGTCCAAATGCAAVHGAACAAGGACATGGACG
fwd3 | TTTTGTTCGTCCAAATGCAATGGAACAAGGACATGGACG
rev TTGCATTTGGACGAACAAAATCTCGCTCCCGCC
fwd 1 AAACATATGAAGAGGAATGGNDTTACATCCCAGTAGGTGGA
A350x fwd2 | AAACATATGAAGAGGAATGGVHGTACATCCCAGTAGGTGGA
fwd3 | AAACATATGAAGAGGAATGGTGGTACATCCCAGTAGGTGGA
rev CCATTCCTCTTCATATGTTTTCAGGATGCGAATACCCAAG
fwd 1 CATATGAAGAGGAATGGTCANDTATCCCAGTAGGTGGAAG
A360X fwd 2 CATATGAAGAGGAATGGTCAVHGATCCCAGTAGGTGGAAG
fwd 3 CATATGAAGAGGAATGGTCATGGATCCCAGTAGGTGGAAG
rev TGACCATTCCTCTTCATATGTTTTCAGGATGCGAATACCCAA
A387X fwd 1 CTGCATCCATGGTCCACCCANDTACCGGGTATAGTG
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Variant Sequence (5‘- to 3‘-direction)
fwd 2 CTGCATCCATGGTCCACCCAVHGACCGGGTATAGTG
fwd 3 CTGCATCCATGGTCCACCCATGGACCGGGTATAGTG
rev TGGGTGGACCATGGATGCAGCTGCTCCGAAAGCCAG
fwd 1 TCCACCCAGCCACCGGGTATNDTGTGGTCCGATCGCTTA
A391X fwd 2 TCCACCCAGCCACCGGGTATVHGGTGGTCCGATCGCTTA
fwd 3 TCCACCCAGCCACCGGGTATTGGGTGGTCCGATCGCTTA

rev

ATACCCGGTGGCTGGGTGGACCATGGATGCAGCTGC

Table S 8. Oligonucleotides for saturation mutagenesis and site-directed mutagenesis
with AacSHC for monoterpenes as substrates.

Variant Sequence (5‘- to 3‘-direction)
G600L/L607X fwd 1 TCTTCCCGGGCGATTTTTATNDTGGCTATACCATGTATCG
fwd 2 TCTTCCCGGGCGATTTTTATVHGGGCTATACCATGTATCG
fwd 3 TCTTCCCGGGCGATTTTTATTGGGGCTATACCATGTATCG
rev ATAAAAATCGCCCGGGAAGAGGGTGCCGGTATAATACG
G600L/Y609X fwd 1 GGCGATTTTTATCTGGGCNDTACCATGTATCGCCATGTGTTTC
fwd 2 GGCGATTTTTATCTGGGCVHGACCATGTATCGCCATGTGTTTC
fwd 3 GGCGATTTTTATCTGGGCTGGACCATGTATCGCCATGTGTTTC
rev GCCCAGATAAAAATCGCCCGGGAAGAGGGTGCC
Y420W/A419X fwd 1 GCAGCAACGGCGGCTGGGGCNDTTGGGATGTGGATAACACC
fwd 2 GCAGCAACGGCGGCTGGGGCVHGTGGGATGTGGATAACACC
fwd 3 GCAGCAACGGCGGCTGGGGCTGGTGGGATGTGGATAACACC
rev GCCCCAGCCGCCGTTGCTGCTCTGCATGC
Q366X fwd 1 CCGGGCGGCTTTGCGTTTNDTTTTGATAACGTGTATTATCCGGATGTG
fwd 2 CCGGGCGGCTTTGCGTTTVHGTTTGATAACGTGTATTATCCGGATGTG
fwd 3 CCGGGCGGCTTTGCGTTTTGGTTTGATAACGTGTATTATCCGGATGTG
rev AAACGCAAAGCCGCCCGGTTTCAGGTTCGGGCGTTTC
V448X fwd 1 GATCCGCCGAGCGAAGATNDTACCGCGCATGTGCTGG
fwd 2 GATCCGCCGAGCGAAGATVHGACCGCGCATGTGCTGG
fwd 3 GATCCGCCGAGCGAAGATTGGACCGCGCATGTGCTGG
rev ATCTTCGCTCGGCGGATCGGTCACTTCGCCAAAATCGCAAAAC
Q366V/F365X fwd 1 GAAACCGGGCGGCTTTGCGNDTGTTTTTGATAACGTGTATTATCCGG
fwd 2 GAAACCGGGCGGCTTTGCGVHGGTTTTTGATAACGTGTATTATCCGG
fwd 3 GAAACCGGGCGGCTTTGCGTGGGTTTTTGATAACGTGTATTATCCGG
rev CGCAAAGCCGCCCGGTTTCAGGTTCGGGCGTTTCAC
G600L/T599X fwd 1 ATGAACCGTATTATACCGGCNDTCTCTTCCCGGGCGA
fwd 2 ATGAACCGTATTATACCGGCVHGCTCTTCCCGGGCGA
fwd 3 ATGAACCGTATTATACCGGCTGGCTCTTCCCGGGCGA
rev GCCGGTATAATACGGTTCATCCCAGCCGCCATCCGGGCGCTGGGTTTC
T599M/F605X fwd 1 GCATGGGGTTCCCGGGCGATNDTTATCTGGGCTATACCATGTATCG
fwd 2 GCATGGGGTTCCCGGGCGATVHGTATCTGGGCTATACCATGTATCG
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Variant Sequence (5‘- to 3‘-direction)

fwd 3 GCATGGGGTTCCCGGGCGATTGGTATCTGGGCTATACCATGTATCG

rev ATCGCCCGGGAACCCCATGCCGGTATAATACGGTTCATCCCAG
T599M/L607X fwd 1 GGTTCCCGGGCGATTTTTATNDTGGCTATACCATGTATCGC

fwd 2 GGTTCCCGGGCGATTTTTATVHGGGCTATACCATGTATCGC

fwd 3 GGTTCCCGGGCGATTTTTATTGGGGCTATACCATGTATCGC

rev ATAAAAATCGCCCGGGAACCCCATGCCGGTATAATACGG
T599M/G600X fwd 1 AGATAAAAATCGCCCGGGAANDTCATGCCGGTATAATAC

fwd 2 AGATAAAAATCGCCCGGGAAVHGCATGCCGGTATAATAC

fwd 3 AGATAAAAATCGCCCGGGAATGGCATGCCGGTATAATAC

rev TTCCCGGGCGATTTTTATCTGGGCTATACCATGTATCGC
G6001/T599X fwd 1 ATGAACCGTATTATACCGGCNDTATTTTCCCGGGCGA

fwd 2 ATGAACCGTATTATACCGGCVHGATTTTCCCGGGCGA

fwd 3 ATGAACCGTATTATACCGGCTGGATTTTCCCGGGCGA

rev GCCGGTATAATACGGTTCATCCCAGCCGCCATCCGGGCGCTGGGTTTC
G6001/F605X fwd 1 GCACCATTTTCCCGGGCGATNDTTATCTGGGCTATACCATGTATCG

fwd 2 GCACCATTTTCCCGGGCGATVHGTATCTGGGCTATACCATGTATCG

fwd 3 GCACCATTTTCCCGGGCGATTGGTATCTGGGCTATACCATGTATCG

rev ATCGCCCGGGAAAATGGTGCCGGTATAATACGGTTCATCCCAG
Y420F/A419X fwd 1 CAGCAACGGCGGCTGGGGCNDTTTTGATGTGGATAACACCAG

fwd 2 CAGCAACGGCGGCTGGGGCVHGTTTGATGTGGATAACACCAG

fwd 3 CAGCAACGGCGGCTGGGGCTGGTTTGATGTGGATAACACCAG

rev GCCCCAGCCGCCGTTGCTGCTCTGCATGCCCACAATCCA

Table S 9. Oligonucleotides for cloning of CanLCY-B in the pPDHE1650 Vektor with His-tag
and sequencing primer.

Gibson_ CanLCY-B fwd TGGTGCCGCGCGGCAGCCATATGGACACCCTCTTGC

Gibson_ CanLCY-B rev CAAAACAGCCGGTACCCTCATTCCTTGTCTTGAAGAAGGTTGTTAATC
Gibson_pDHE-His fwd CTTCAAGACAAGGAATGAGGGTACCGGCTGTTTTGG
Gibson_pDHE-His rev GTGCGCAAGAGGGTGTCCATATGGCTGCCGCGCGGCA
AacSHC_SeqPR 1 fwd CGCTGAGCATTGTGATGAGCCGC

AacSHC_SeqPR 2 fwd GCGTGAACTATCTGTATGGCACCGGCG

AacSHC_SeqPR 3 rev GTTAGCAGCCGGATCTC

RV 4 fwd GACGATAGTCATGCCCCGC

pKK223 - 3 -for rev GGCGTTTCACTTCTGAGTTC

Table S 10. Vector constructs used in this work.

ITB No. Vector Relevant insert Reference

pET22b(+) Vlada Urlacher, University Stuttgart
pITB285 pET22b(+) AacSHC Stephan Hammer, University Stuttgart
pITB5137 pDHE1650 RgCrtCa Jens Schmid, University Stuttgart
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pDHE1650 CanLCY-B Philip Horz, University Stuttgart
pDHE1650 AthLCY-B Philip Horz, University Stuttgart
pDHE1650 AthLCY-E Philip Horz, University Stuttgart
pDHE1650-His CanLCY-B This work
pDHE1650-His AthLCY-B This work
pDHE1650-His AthLCY-E This work
aCarotenoid-1,2-hydratase from Rubrivivax gelatinosus?73
Table S 11. Plasmids used in this work.
ITB No. Plasmid Vector Insert Mutations Origin
plITB6032 pET-22b::AacSHC pET-22b(+) | AacSHC | G600M R488P this work
G600M R488P
plITB6033 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M F605C this work
G600M F605C
plITB6034 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M R488P F605C this work
G600M R488P
F605C
plITB6042 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M R488P F605C this work
G600M R488P Y495D
F605C Y495D
plITB6043 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M R488P F605C this work
G600M R488P Y495D S445V
F605C Y495D
S445V
plITB6044 pBAD:: AacSHC pBAD18 AacSHC | G600M R488P F605C this work
G600M R488P Y495D S445V
F605C Y495D
S445V
plITB6045 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M R488P F605C this work
G600M R488P Y495D S445V Y420F
F605C Y495D
S445V Y420F
plITB6046 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M R488P F605C this work
G600M R488P Y495D S445V 1261V
F605C Y495D
S445V 1261V
plITB6047 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600OL Y420W this work
G600L Y420W
plITB6048 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600T R488P F605C this work
G600T R488P Y495D S445V
F605C Y495D
S445V
plITB6049 pET-22b:: AacSHC pET-22b(+) | AacSHC | Y420F G600T R488P this work
Y420F G600T F605C Y495D S445V
R488P F605C
Y495D S445V
plITB6050 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600L Y420W V448Q this work
G600L Y420W
V448Q
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ITB No. Plasmid Vector Insert Mutations Origin

plITB6051 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600L Y420W V448M this work
G600L Y420W
V448M

plITB6052 pET-22b:: AacSHC pET-22b(+) | AacSHC | L607A G600T R488P this work
L607A G600T Y495D S445V
R488P Y495D
S445V

plITB6053 pET-22b:: AacSHC pET-22b(+) | AacSHC | L607A G600T R488P this work
L607A G600T F605C Y495D S445V
R488P F605C
Y495D S445V

plITB6054 pET-22b:: AacSHC pET-22b(+) | AacSHC | L36A Y420F T599M this work
L36A Y420F T599M

plITB6055 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600L Y420W V448Q this work
G600L Y420W Q366V
V448Q Q366V

plITB6056 pET-22b:: AacSHC pET-22b(+) | AacSHC | T599M G600T this work
T599M G600T

plITB6058 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M R488P F605C this work
G600M R488P Y495D S445V W169G
F605C Y495D
S445VW169G

plITB6059 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M Y420F R488P this work
G600M Y420F F605C Y495D S445V
R488P F605C W169G
Y495D S445V
W169G

plITB6060 pET-22b:: AacSHC pET-22b(+) | AacSHC | Y420F W169G this work
Y420F W169G

plITB6061 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M R488P F605C this work
G600M R488P Y495D S445V S168Y
F605C Y495D
S445V S168Y

plITB6062 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M Y420F R488P this work
G600M Y420F F605C Y495D S445V
R488P F605C S168Y
Y495D S445V
S168Y

plITB6063 pET-22b:: AacSHC pET-22b(+) | AacSHC | Y420F S168Y this work
Y420F S168Y

plITB6064 pET-22b:: AacSHC pET-22b(+) | AacSHC | Y420F R488P Y495D this work
Y420F R488P S445VW169G
Y495D S445V
W169G

plITB6065 pET-22b:: AacSHC pET-22b(+) | AacSHC | S445V this work
S445V

plITB6066 pET-22b:: AacSHC pET-22b(+) | AacSHC | R488P this work
R488P

plITB6067 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M Y420F R488P this work
G600M Y420F F605C Y495D S445V
R488P F605C W168G S169Y
Y495D S445V
W168G S169Y

plITB6068 pET-22b:: AacSHC pET-22b(+) | AacSHC | Y420F W168G S169Y this work
Y420F W168G
S169Y
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ITB No. Plasmid Vector Insert Mutations Origin
plITB6069 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M R488P F605C this work
G600M R488P Y495D S445V W169G

F605C Y495D S168Y
S445VW169G
S168Y

plITB6070 pET-22b:: AacSHC pET-22b(+) | AacSHC | F605C this work
F605C

plITB6071 pET-22b:: AacSHC pET-22b(+) | AacSHC | R488P Y495D S445V this work
R488P Y495D
S445V

plITB6072 pET-22b:: AacSHC pET-22b(+) | AacSHC Y420F R488P Y495D this work
Y420F R488P S445V
Y495D S445V

plITB6073 pET-22b:: AacSHC pET-22b(+) | AacSHC | R488P Y495D S445V this work
R488P Y495D S168Y
S445V S168Y

plITB6074 pET-22b:: AacSHC pET-22b(+) | AacSHC | Y420F R488P Y495D this work
Y420F R488P S445V S168Y
Y495D S445V
S168Y

plITB6075 pET-22b:: AacSHC pET-22b(+) | AacSHC | Y420F R488P Y495D this work
Y420F R488P S445V W168G S168Y
Y495D S445V
W168G S168Y

plITB6076 pET-22b:: AacSHC pET-22b(+) | AacSHC | S168Y this work
S168Y

plITB6077 pET-22b:: AacSHC pET-22b(+) | AacSHC | W169G this work
W169G

plITB6078 pET-22b:: AacSHC pET-22b(+) | AacSHC | S168Y W169G this work
S$168Y W169G

plITB6079 pET-22b:: AacSHC pET-22b(+) | AacSHC | R488P Y495D S445V this work
R488P Y495D W169G S168Y
S445V W169G
S168Y

plITB6080 pET-22b:: AacSHC pET-22b(+) | AacSHC | Y495D this work
Y495D

plITB6082 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600OM Y609L this work
G600M Y609L

plITB6083 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600I Y420F this work
G6001 Y420F

plITB6084 pET-22b:: AacSHC pET-22b(+) | AacSHC | AacSHC F365L G600M this work
F365L G600M Y609F F605L
Y609F F605L

plITB6085 pET-22b:: AacSHC pET-22b(+) | AacSHC | AacSHC F365L G600M this work
F365L G600M Y609F F605R
Y609F F605R

plITB6086 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M S445V this work
G600M S445V

plITB6087 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M Y495D this work
G600M Y495D

plITB6088 pET-22b:: AacSHC pET-22b(+) | AacSHC | S445V F605C this work
S445V F605C

plITB6089 pET-22b:: AacSHC pET-22b(+) | AacSHC | Y495D F605C this work
Y495D F605C

plITB6090 pET-22b:: AacSHC pET-22b(+) | AacSHC | S445V Y495D this work
S445V Y495D
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ITB No. Plasmid Vector Insert Mutations Origin
plITB6091 pET-22b:: AacSHC pET-22b(+) | AacSHC | R488P F605C this work
R488P F605C
plITB6092 pET-22b:: AacSHC pET-22b(+) | AacSHC | R488P S445V this work
R488P S445V
plITB6093 pET-22b:: AacSHC pET-22b(+) | AacSHC | R488P Y495D this work
R488P Y495D
plITB6094 pET-22b:: AacSHC pET-22b(+) | AacSHC | F365L G600M F605L Bachelor
F365L G600M Y609F L607F thesis
F605L Y609F L607F Daniela
Ramelsoh!
plITB6095 pET-22b:: AacSHC pET-22b(+) | AacSHC | F365L G600M Y609F this work
F365L G600M
Y609F
plITB6096 pET-22b:: AacSHC pET-22b(+) | AacSHC | F365L G600M Y609F this work
F365L G600M Y420F
Y609F Y420F
plITB6097 pET-22b:: AacSHC pET-22b(+) | AacSHC | G600M Y609F this work
G600M Y609F
plITB6098 pDHE::LycE pDHE1650 | AthLCY- Philip
E Horz!
plITB6099 pDHE::LycC pDHE1650 | CanLCY- Philip
B Horz!
plITB6100 pDHE::HisLycC pDHE1650 | CanLCY- this work
B
plITB6101 pHDHE1650::LycBC | pDHE1650 | CanLCY- | V335L Bachelor
V335L B thesis
Daniela
Ramelsoh!
plITB6102 pHDHE1650::LycBC | pDHE1650 | CanLCY- | W118A Bachelor
W118A B thesis
Daniela
Ramelsoh?!
plITB6103 pHDHE1650::LycBC | pDHE1650 | CanLCY- | W118F Bachelor
W118F B thesis
Daniela
Ramelsoh?!
plITB6104 pHDHE1650::LycBC | pDHE1650 | CanLCY- | D331A Bachelor
D331A B thesis
Daniela
Ramelsoh!
plITB6105 pHDHE1650::LycBC | pDHE1650 | CanLCY- | C334A Bachelor
C334A B thesis
Daniela
Ramelsoh?!
plITB6106 pHDHE1650::LycBC | pDHE1650 | CanLCY- | C334S Bachelor
C334S B thesis
Daniela
Ramelsoh!
plITB6107 pHDHE1650::LycBC | pDHE1650 | CanLCY- | V335A Bachelor
V335A B thesis
Daniela
Ramelsoh?!
plITB6108 pHDHE1650::LycBC | pDHE1650 | CanLCY- | M366A Bachelor
M366A B thesis
Daniela
Ramelsoh!
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ITB No. Plasmid Vector Insert Mutations Origin
plITB6109 pHDHE1650::LycBC | pDHE1650 | CanLCY- | M366S Bachelor
M366S B thesis
Daniela
Ramelsoh!
plITB6110 pHDHE1650::LycE pDHE1650 | AthLCY- | S359F this work
S359F E
1 University Stuttgart

LX



Supplementary

NMR spectra of substrates and products
(E)-9-hydroxy-6,10-dimethylundeca-5,10-dien-2-one (7)
1H-NMR
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13C-NMR
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(2)-6,9,10-trimethylundeca-5,9-dien-2-one (Z-2)
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13C-NMR
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(E)-6,9,10-trimethylundeca-5,9-dien-2-one (E-2)
1H-NMR

Julo1-2020 60 1 Zhdata'SCHELL_500'nmr - E
30 Schell DHFI-2 i

o -
W _

LXV



Supplementary

13C-NMR
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2,5,5,6,8a-pentamethyl-4a,5,6,7,8,8a-hexahydro-4H-chromene (2a)

1H-NMR
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13C-NMR
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1H,13C-HSQC-NMR
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1H,13C-HMBC-NMR
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1H,13C-COSY-NMR
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2,3,5,5,8a-pentamethyl-4a,5,6,7,8,8a-hexahydro-4H-chromene (6a)

1H-NMR
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13C-NMR
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1H,13C-HSQC-NMR
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1H,13C-HMBC-NMR
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1-((hexyloxy)methyl)-4-(prop-1-en-2-yl)cyclohex-1-ene
1H-NMR
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13C-NMR
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1H,13C-COSY-NMR
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1H,13C-HSQC-NMR
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1H,13C-HMBC-NMR
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