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“It is the level of perfection achieved by organic chemistry […] which is enabling 

biochemistry to penetrate the innermost secrets of life processes on a molecular basis, and 

this will more and more blur the distinction between the two disciplines.” 

– Albert Eschenmoser, Chimia 44, 1990 – 
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ZUSAMMENFASSUNG 

Das Terpenom umfasst die vielfältigste strukturelle Bibliothek natürlicher 

Verbindungen, die in allen Lebensformen allgegenwärtig sind, und stellt somit den 

Inbegriff der molekularen Biodiversität dar. Synthesechemiker waren seit jeher von der 

Komplexität der Terpene fasziniert, da es sie vor eine große intellektuelle 

Herausforderung stellte, die komplexen, meist polyzyklischen 

Kohlenwasserstoffgerüste, mit zahlreichen funktionellen Gruppen ausgestattet, 

zusammenzusetzen. Folglich umfassen die Bemühungen, das Terpenom der Natur zu 

erschließen, oft die modernsten synthetischen und katalytischen Werkzeuge, die der 

organischen Chemie zur Verfügung stehen. Mit dem Aufkommen der Biokatalyse wurde 

dieser konzeptionelle Werkzeugkasten erheblich erweitert, z. B. durch regio- und 

stereoselektive C(sp3)-H-Oxidationen von Terpenen durch P450-Monooxygenasen. 

Diese Entwicklung eröffnete völlig neue retrosynthetische Betrachtungen mit Hilfe 

hybrider chemoenzymatischer Katalyse. Diese Arbeit konzentriert sich auf die 

Erweiterung des retrosynthetischen Werkzeugkastens durch biokatalytische 

formkomplementäre kationische Zyklisierungskaskaden und die damit verbundene 

Etablierung hybrider Totalsynthesewege zu komplexen Terpenen.  

Eine bestehende Herausforderung in der Terpen-Totalsynthese ist der stereochemisch 

präzise Aufbau des zyklischen Kohlenwasserstoffgerüsts durch kationische Zyklisierung. 

Trotz vielversprechender Fortschritte in der nieder- als auch supramolekularen Katalyse 

ist ein Katalysator, der in der Lage ist, ein zyklisches Terpen zielgerichtet und mit 

absoluter Kontrolle über den Fortschritt, die Stereoselektivität und die Termination der 

kationischen Kaskade zu erzeugen, noch immer nicht vorhanden. Zu diesem Zweck hat 

die Natur Terpen-Zyklasen wie die Squalen-Hopen-Zyklase (SHC) entwickelt, die über 

die herausragende Fähigkeit der formkomplementären kationischen 

Zyklisierungskaskaden verfügen, die die absolute Kontrolle über mehrere Stereozentren 

innerhalb einer einzigen Cofaktor-unabhängigen Reaktion ermöglichen. Darüber 

hinaus haben wegweisende Arbeiten gezeigt, dass dieses Enzym sehr promiskuitiv ist 

und Dutzende von Substraten durch asymmetrische Brønsted-Säure-Katalyse umsetzen 

kann. Angesichts dieses enormen katalytischen Potenzials diente die SHC aus 

Alicyclobacillus acidocaldarius als Vorbild für eine ganzheitliche Untersuchung dieser 
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komplexen supramolekularen Maschinerie, um ihre präzise Katalyse für die organische 

Chemie nutzbar zu machen. 

Im ersten Teil dieser Arbeit wurde das katalytische Repertoire der AacSHC um die 

biokatalytisch gerichtete kationische Zyklisierungskaskade erweitert, eine in der 

chemischen Katalyse bisher beispiellose Art der Zyklisierung. Zunächst wurde hierfür 

ein GC/MS-basierter in vivo Screening-Assay etabliert, um den Durchsatz an 

Enzymvarianten von etwa 24 pro Woche auf über 200 pro Tag zu erhöhen. Als 

Modellreaktion wurde die Monozyklisierung von Nerylaceton zu (–)-γ-Dihydroionon 

ausgewählt, da sie in der Aroma- und Duftstoffindustrie von großem Interesse ist. Durch 

die Kombination von rationalen, ortsgerichteten und ortssättigenden 

Mutagenesemethoden mit in silico Docking-Untersuchungen wurde das Enzym in vier 

Runden evolviert, um die TTN von 3 auf 448 zu erhöhen und die gewünschte 

Monozyklisierung mit absoluter Kontrolle über Stereoselektivität (>99.5% ee), 

Regioselektivität (97%) und Kaskadenverlauf (99:1, Mono-:Bizyklisierung) im Gramm-

Maßstab (89% isolierte Ausbeute) zu ermöglichen. Die Docking-Untersuchungen und 

ein systematischer Dekonvolutionsansatz legten eine durch Wasserstoffbrücken 

vermittelte Vorfaltung durch Verankerung der Ketogruppe des Substrats im aktiven 

Zentrum als Ursprung der Kaskadenkontrolle nahe. So wurde die formkomplementäre 

Zyklisierung durch die Ausnutzung der funktionellen Gruppe eines nicht-natürlichen 

Substrats erweitert. Die gerichtete kationische Kaskade ermöglichte die Substitution 

einer 5-stufigen Synthese von (–)-γ-Dihydroionon mit geringer Ausbeute und mäßiger 

Selektivität (25% Ausbeute, 55% ee) durch eine vollständig selektive einstufige 

Zyklisierung in Wasser. 

Im zweiten Teil der Arbeit wurde die archetypische promiskuitive Reaktion des AacSHC 

untersucht: die stereoselektive Trizyklisierung von Homofarnesol zu dem wertvollen 

Duftstoff (–)-Ambroxid. Zunächst wurde das Enzym innerhalb von drei Runden mit 

Hilfe eines Dualen-Standort-allokierten Mutagenese-Ansatzes zur bis zum heutigen 

Stand aktivsten (TOF >600 h-1) und selektivsten (>99.5% ee, >99.5% de) Homofarnesol-

Ambroxid-Zyklase evolviert. Diese Strategie kombiniert auf synergetische Weise die 

rationale strukturgeführte Mutagenese des aktiven Zentrums mit dem Engineering des 

dynamischen Eingangstunnels des Enzyms. Interessanterweise haben MD-Simulationen 

gezeigt, dass durch die Einführung der Mutationen im Eingangstunnel des Enzymes ein 
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Phenylalanin, welches das Eingangstor bildet, beeinflusst wird. Dadurch wird ein 

„immer-offen" Zustand erzwungen, was zu einer Erhöhung des enzymatischen 

Umsatzes führte. Ein Vergleich mit SHC Homologen verdeutlichte die Notwendigkeit 

zugänglicher Eletrinonendichte für die hohe Selektivität des Enzymes und eröffnete eine 

bisher unbekannte stereokonvergente kationische Zyklisierung eines cis/trans 

Isomerengemischs des Substrats. Anschließend ergaben kinetische Untersuchungen 

ausgewählter AacSHC-Varianten in vitro und in vivo, dass eine starke Substrathemmung 

während des in vivo Experiments auftrat. Es wurde vermutet, dass die übermäßige 

Diffusion des Substrats Homofarnesol in die Biomembran, in der das Enzym verankert 

ist, eine Störung der Membranintegrität verursachte, die schließlich das Enzym 

hemmte. Diese Ergebnisse lieferten wertvolle Einblicke in die physiologische Funktion 

und Regulation eines monotopisch membrangebundenen Enzyms und könnten sich auf 

medizinische Therapien, die auf verwandte Enzyme abzielen, auswirken. Mithilfe der in 

situ Produktkristallisation von (−)-Ambroxid wurde schließlich eine Fütterungsstrategie 

angewandt, um über 190.000 TTNs mit dem evolvierten Enzym zu erreichen. 

Das Ziel des dritten Teils war die tatsächliche Implementierung der SHC-vermittelten 

formkomplementären Zyklisierung und der gerichteten kationischen Zyklisierung in 

Totalsyntheserouten für komplexe Terpene. Dazu wurde zunächst ein allgemeines 

Katalyse-Setup unter Verwendung von lyophilisiertem E. coli Pulver erstellt, wodurch 

der Katalysator lagerfähig und die anspruchsvolle Kopf-Schwanz Zyklisierung zu simpler 

Rührkessel-Chemie vereinfacht wurde. Anschließend wurde gezeigt, dass flüssige 

Zyklisierungsprodukte eine zeitabhängige Hemmung des Enzyms hervorrufen, die 

durch die Verwendung von 2-Hydroxypropyl-β-Cyclodextrin zur in situ 

Produktentfernung durch Enkapsulierung umgangen werden konnte. 

Computergestützte Untersuchungen zeigten, dass der hydrophobe Kern des 

Cyclodextrins und das Innere der Membran konkurrierende Umgebungen für die 

Diffusion von Terpenen sind. Diese Daten lieferten weitere Beweise für die regulierende 

Funktion der Membran auf dem SHC. Nachdem die optimalen Bedingungen für die 

Katalyse erarbeitet worden waren, wurden drei komplexe Meroterpene retrosynthetisch 

in hybride chemoenzymatische Syntheserouten zerlegt, die der hier etablierten 

biokatalytischen kationischen Zyklisierung beinhalteten. In der Vorwärtsreaktion 

wurden zunächst sechs lineare Terpene, die sich in Kettenlänge und funktioneller 
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Gruppe unterschieden, durch mehrere evolvierte SHC-Varianten zyklisiert, die eine 

ausgezeichnete Kontrolle über den Fortschritt, die Stereoselektivität (bis zu fünf 

Stereozentren) und die Termination der kationischen Kaskade ermöglichten. Diese 

chiralen Templates wurden dann mit einfachen katalytischen und synthetischen 

Methoden in komplexe Meroterpene umgewandelt, wodurch der schwierige Schritt der 

kationischen Zyklisierung entschärft und frühere langwierige Synthesewege um über 

50% verkürzt werden konnten. 

Insgesamt wurde die Implementierung biokatalytischer formkomplementärer 

kationischer Zyklisierungskaskaden in der organischen Chemie nicht nur erfolgreich 

demonstriert, sondern auch durch die Einführung von präzise gesetzten 

Wasserstoffbrückenbindungen zur Steuerung der kationischen Zyklisierungskaskade 

sinnvoll ergänzt. Des Weiteren ermöglichte diese präzise Vorfaltung des Substrats eine 

stereokonvergente kationische Zyklisierung. Eine ganzheitliche Betrachtung des 

Enzyms und seiner physiologischen Funktion ermöglichte darüber hinaus Raum-Zeit-

Ausbeuten, die weit über die bisher ermittelten Grenzen hinausgehen und es auf eine 

Stufe mit industriell eingesetzten Enzymen stellen. Zusammenfassend lässt sich sagen, 

dass diese Arbeit das übergreifende Bestreben der Chemie unterstützt, die ideale 

Synthese zu erreichen, indem sie die Katalysatoren der Natur nutzbar macht. 
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ABSTRACT 

The terpenome comprises the most diverse structural library of natural compounds 

ubiquitous in all life forms, and thus represents the epitome of molecular biodiversity. 

Synthetic chemists were particularly drawn to the intrinsic complexity of terpenes, as it 

deserves a significant intellectual challenge to assemble the structurally restricted 

polycyclic hydrocarbon scaffolds decorated with multiple functional groups. 

Consequently, laboratory efforts to access nature’s terpenome often encompass the 

state-of-the-art synthetic and catalytic methods available to organic chemistry. With the 

ascent of biocatalysis, this conceptual toolbox was vastly expanded, e.g., by regio- and 

stereoselective late-stage C(sp3)-H oxidations of terpenes by P450 monooxygenases. This 

development unlocked entirely new retrosynthetic considerations with the aid of hybrid 

chemoenzymatic catalysis. This thesis focuses on the expansion of the retrosynthetic 

toolbox by biocatalytic shape-complementary cationic cyclization cascades and the 

related establishment of hybrid total synthesis routes towards complex terpenes.  

A remaining challenge in terpene total synthesis is the stereochemically precise 

assembly of the cyclic hydrocarbon skeleton by means of cationic cyclization. Despite 

promising advances in small-molecule and supramolecular catalysis, a catalyst which is 

able to generate a target-oriented cyclic terpene with absolute control over progress, 

stereoselectivity and termination of the cationic cascade is still elusive. To this end, 

nature evolved terpene cyclases such as the squalene-hopene cyclase (SHC) with the 

powerful ability of shape-complementary cationic cyclization cascades enabling the 

absolute control over multiple stereocenters within a single cofactor-independent 

reaction. Moreover, seminal works have shown the SHCs broad promiscuity, converting 

dozens of substrates via asymmetric Brønsted acid catalysis. Given this enormous 

catalytic potential, the SHC from Alicyclobacillus acidocaldarius served as a role model 

for a holistic investigation on this complex supramolecular machinery to ultimately 

harness their precise catalysis for organic chemistry. 

In the first part of this work, the catalytic repertoire of the SHC was extended by the 

biocatalytic directed cationic cyclization cascade, which was so far unprecedented in 

chemocatalysis. Initially, a GC/MS based in vivo screening assay was established to 

increase the assaying throughput of enzyme variants from about 24 per week to over 200 



 

19 

per day. As a model reaction, the monocyclization of neryl acetone towards 

(−)-γ-dihydroionone was chosen as it is of high interest in the flavor and fragrance 

industry. Merging rational site-directed and site-saturation mutagenesis methods with 

in silico docking investigations, the enzyme was evolved in four rounds to increase the 

TTN from 3 to 448 and permit the desired monocyclization with absolute control over 

stereoselectivity (>99.5% ee), regioselectivity (97%) and cascade progress (99:1, mono-

:bicyclization) on a gram-scale (89% isolated yield). The docking investigations and a 

systematic deconvolution approach suggested hydrogen-bond mediated pre-folding by 

means of anchoring the substrate’s keto-group in the active site as the source of cascade 

control. Thus, the shape-complementary cyclization was enhanced by leveraging a non-

natural substrate’s functional group. The directed cationic cascade enabled the 

substitution of a 5-step synthesis of (–)-γ-dihydroionone with low yield and moderate 

selectivity (25% yield, 55% ee) by a fully selective one-step cyclization in water. 

In the second part, the archetype promiscuous reaction of the AacSHC was investigated: 

the stereoselective tricyclization of homofarnesol towards the high-value fragrance 

ingredient (–)-ambroxide. First, the enzyme was evolved within three rounds to the most 

active (TOF >600 h-1) and selective (>99.5% ee, >99.5% de) homofarnesol-ambroxide 

cyclase to this day using a dual-site allocated mutagenesis approach. This strategy 

synergistically combined the rational structure-guided mutagenesis of the active site 

with engineering the enzyme’s dynamic entrance tunnel. Intriguingly, MD-simulations 

have shown that by introducing the mutations in the entrance channel, a gate-keeping 

phenylalanine was forced into an ‘always-open’ state, which ultimately increased 

enzymatic turnover. Comparing SHC homologs highlighted the requirement for 

accessible electron density for the high selectivity of the enzyme and revealed an 

unprecedented stereoconvergent cationic cyclization of a cis/trans isomeric mixture of 

the substrate. Afterwards, kinetic investigations of selected AacSHC variants in vitro and 

in vivo disclosed substrate inhibition occurring solely during the in vivo experiment. It 

was suggested that the excess diffusion of the substrate into the biomembrane, where 

the enzyme is anchored, caused a disturbance of the membrane integrity which 

ultimately inhibited the enzyme. These results provided valuable insights into the 

physiological function and regulation of a monotopic membrane enzyme and may 

impact medical treatment targeting related enzymes. Leveraging the in situ product 
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crystallization of (−)-ambroxide, a feeding strategy was finally employed to perform over 

190.000 TTNs with the engineered enzyme. 

The aim of the third part was the actual implementation of the SHC-mediated shape-

complementary cyclization and directed cationic cyclization into total synthesis routes 

towards complex terpenes. Therefore, a general setup was established first employing 

lyophilized E. coli powder, which made the catalyst storable and the sophisticated 

cyclization as simple as batch chemistry. Next, it was demonstrated that liquid 

cyclization products induce a time-dependent inhibition of the enzyme, which could be 

circumvented by using 2-hydroxypropyl-β-cyclodextrin as an encapsulation agent for in 

situ product removal. Computational investigations clearly showed that the interior of 

the cyclodextrin and the interior of the membrane are competing environments for the 

diffusion of terpenes. This data provided further evidence for the regulative function of 

the membrane on the SHC. Having elaborated the optimal conditions for catalysis, three 

complex meroterpenes were retrosynthetically dissected into hybrid chemoenzymatic 

synthesis routes, including the herein established biocatalytic cationic cyclization. In the 

forward reaction, first, six linear terpenes varying in chain length and functional group 

were cyclized by several engineered SHC variants granting high yields (up to 90%) and 

excellent control over progress, stereoselectivity (up to five stereocenters) and 

termination of the cationic cascade. These chiral templates were then transformed by 

simple catalytic and synthetic methods towards complex meroterpenes, thereby 

debottlenecking the challenging cationic cyclization step and cutting down previous 

lengthy synthetic routes by more than 50%. 

Overall, the implementation of biocatalytic shape-complementary cationic cyclization 

cascades in organic chemistry has not only been successfully demonstrated but has also 

been usefully supplemented by the introduction of precisely set hydrogen bonds to 

direct the cationic cyclization cascade and demonstrate a stereoconvergent cationic 

cyclization. Furthermore, a holistic consideration of the enzyme and its physiological 

role enabled space-time-yields way beyond its priorly determined limits, putting it on 

par with industrially applied enzymes. In summary, this work promotes the overarching 

endeavor of chemistry to achieve the ideal synthesis by embracing nature’s catalysts. 
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Chapter 1 

INTRODUCTION – NATURE’S TERPENOME 

1.1 Programming terpenes by divergent synthesis 

The sheer infinite variety of terpenes is truly a remarkable art of natural evolution. With 

over 170.000 known compounds, this class of biomolecules accounts for almost one-

third of all known natural products in the Dictionary of Natural Products1 

subsummarized as the terpenome.2 The origin of the terpenome is unambigously linked 

with the of origin of life on earth, evidenced by findings of fossilized bacterial 

hopanoids 1 in geological deposits billions of years old (Figure 1-1).3 These ‘ancient 

lipids’ may even have coexisted with the three molecules of life DNA, RNA and proteins4 

(according to the central dogma) in the early beginnings of natural evolution.5  

As a result, terpenes are ubiquitous in all kingdoms of life with vital impact on individual 

as well as population survival. For example, animal cell membranes require cholesterol 2 

to preserve cell membrane function and homeostasis of the cell, which otherwise leads 

to diseases such as cancer or Alzheimer’s disease.6 Addtionally, cholesterol 2 is the 

precursor of diverse steroid hormones regulating vital processes such as reproduction or 

neuron function in animals.7 Plants produce and expell volatile terpenes like 

dihydroionones 3 or pinenes 4 to defend themselves against herbivores.8,9 Interestingly, 

turpentine oil, which is the eponym of this molecule class, predominantly constitutes 

from pinene 4 which thus is the archetype terpene.10 Other volatile terpenes e.g., based 

on the bisabolene scaffold 5 are universally applied as pheromones in plants, fungi and 

bugs to transmit signals and attract partners.11–13 Beyond the terrestrial life, marine 

sponges produce so-called meroterpenes, e.g., α-pyrone meroterpenes 6 in order to 

protect themselves against viral or bacterial infections.14 Finally, humans generate so 

many terpenes that isoprene is the main endogenous hydrocarbon of our breath.15 Their 

high abdundance in nature as well as their exceptionally broad functional and chemical 

diversity, has attracted chemists around the world to make use of terpenes in diverse 

applications. Historically, the first recorded application of terpenes dates far back to the 

ancient times of Egypt. Merchants reported from an enigmatic perfume material of 

marine origin with a strong animalic, sweet and woody smell, called ‘the treasure of the 

sea’ or ‘Amber gris’.16 
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Figure 1-1: The terpenome in different kingdoms of life – bacteria (brown), vertebrates (blue), plants (green) and 

fungi (gray). Colored outline means affiliation to the respective kingdom. Purple outline means affiliation to multiple 

kingdoms.2 Applications of terpenes as flavors, fragrances or pharmaceuticals indicated in the background. 

Nowadays, we are aware that this unique smell mainly derives from (–)-ambroxide 7, 

which is an auto-oxidative degradation product of the grey, waxy ambergris formed in 

the intestines of sperm whales. After expelling it to the ocean, these organic clumps are 

floating on the surface until they are washed up at beaches. Given the rarity of such an 

event, (–)-ambroxide 7 is often referred to as the ‘floating gold’ and is one of the most 

expensive fragrance ingredients on earth.17 Indeed, terpenes represent a huge market for 

the flavor and fragrance industry.18 The flavor ingredient menthol is produced on a huge 

30.000 t/year scale to meet the world’s demands for the peppermint flavor.19 Pleasant 

fragrances like the rose or violet scent originate in rose ketones like dihydroionone 3.20 

Terpenes delight this market owing to their intrinsically low vapour pressure and 

manifold scents.21 Apart from that area, terpenes are used as vitamins and are frequently 

consulted as drug candidates in the pharma industry.22 The most promiment example 

of a medical application is artemisinin 8 extracted from the plant Artemisia annua. This 

terpene is the leading component in therapies to treat Malaria, a disease which caused 

over 600.000 deaths in the year 2021.23 Its unique sesquiterpene lactone structure which 

is bridged by a peroxide ensures the rapid and full elimination of Plasmodium parasites 

from a patient’s bloodstream.24 Moreover, α-pyrone meroterpenes 6 are increasingly 

employed as agents against arteriosclerosis, mainly because of their hybrid structure 
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consisting of the three-dimensional terpene scaffold fused to a flat aromatic moiety.25 It 

is indeed the unique chemical structure of terpenes what makes them so valuable for 

the fine chamical industry: A cyclic core comprising multiple quaternary carbon and 

consecutive chiral centres. This feature renders them conformationally restricted and 

facilitates highly specific substrate recognition in biological receptors such as the human 

nose or pathogens.18,26  

The question arose as to how nature is forging such a wealth of molecular complexity to 

fulfill a plethora of biological tasks. In the late 19th century Otto Wallach deciphered this 

fundamental issue with the ‘isoprene rule’, which was further advanced to the ‘biogenetic 

isoprene rule’ by Leopold Ružička.27,28 Both chemists identified the unifying C5 

hydrocarbon isoprene as a key repetitive motif throughout the whole terpenome. 

Consequently, every terpene originates from the same precursor dimethyl allyl 

pyrophosphate 9 (DMAPP, Figure 1-2, the biogenetic analogue to isoprene) which is 

diverged in the secondary metabolism to fulfill its role within the ecological 

environment.29 This paradigm is known as divergent synthesis and is often adapted in 

chemical synthesis approaches.30–33 In the case of terpene biosynthesis, divergency is 

accomplished by three modules (Figure 1-2):  In the first module, the achiral chain 

length is definded. In the second module, the linear substrate may either be 

functionalized (scaffold derivatization) or cyclized (scaffold diversification). In the third 

module, the functionlized terpene is cyclized and the cyclized terpene is functionlized. 

In this particular case, the precursor 9 is enzymatically isomerized to isopentenyl 

pyrophosphate 10 (IPP) and is fused with another DMAPP 9 in a head-to-tail fashion to 

give C10-geranyl pyrophosphate (GPP) 11. This producedure can be repeated to give e.g., 

C15-farnesyl pyrophosphate (FPP) 12 and further C20-geranylgeranyl pyrophosphate 

(GGPP) 13. From this first module in principle every chain length may enter the second 

module. Starting from scaffold 13 one route (left, Route A) starts with an iron-porphyrin 

catalyzed epoxidation of the terminal double-bond and a cationic prenyl transfer onto a 

phenyl-α-pyrone to give linear 14 (scaffold derivatization). Next, 14 is protonated by a 

class II cyclase to open the epoxide and initiate a stereoselelctive cationic cyclization 

cascade to obtain phenylpyropene 15 (Module 3, scaffold diversification).25 

Alternatively (right, Route B), scaffold 13 may undergoe first a cationic cyclization 

cascade initiated via pyrophosphate abstraction facilitated by a class I cyclase to give 
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taxadiene 16 (Module 2, scaffold diversifaction). Afterwards, the cyclic carbon skeleton 

is derivatized (Module 3) by multiple hydroxylations, acetylations, benzoylations and 

polyketide transfer to give Paclitaxel 17.34 The divergent synthesis strategy illustrates how 

nature reuses one simple, achiral scaffold to generate the immense variety of the 

terpenome in a most efficient way. Such efficiency is achieved by nature’s chemists, the 

enzymes that have evolved over billions of years and perfectly adapted to their 

substrates.  

 

Figure 1-2: Divergent synthesis of terpenes in the secondary metabolism. In module 1 the chain length of the linear 

precursor is defined by head-to-tail prenyl transfer reactions. These linear scaffolds are derivatized (Route A) or 

diversified (Route B) in module 2 and are diversified or derivatized vice versa in the final module 3 to give the complex 

terpene scaffolds.29 

In contrast, modern organic chemistry has only developed in the last 100 years, enabling 

chemists to elucidate and synthesize the complex structure of terpenes.35 As a 

consequence, many chemists took the challenge to create terpenes by total synthesis.36 
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1.2 Accessing the terpenome by chemical synthesis 

Terpene total syntheses are adventures in classical organic transformations coupled with 

state-of-the-art catalytic asymmetric methods.37 Challenges of the synthesis endeavor 

are to properly control stereochemistry of the carbon skeleton as well as to densely and 

selectively adjust all functional groups. Retrosynthetic approaches in this thriving field 

are generally governed by four strategies (Figure 1-3):  The ex chiral pool method is by 

far the most applied strategy and makes use of abundant chiral building blocks provided 

by nature (Figure 1-3A). Iconic chemists like E. J. Corey38, K. C. Nicolaou39 or S. J. 

Danishefsky40 applied this strategy to accomplish their total syntheses towards complex 

terpenes. A prominent example of the 20th century was the concise and stereocontrolled 

synthesis of Paclitaxel 17 within 37 steps (20 in nature34) from verbenone 18 

demonstrated by Paul Wender’s group.41,42 Key transformations of the synthetic route 

included photochemical carbon chain elongation followed by an intramolecular 

cyclization and fragmentation to form rings A and B (Figure 1-3A). Aldol reaction would 

finally give the full taxane skeleton. Paclitaxel 17 also known as Taxol® is one of the most 

successful cancer treatment agents, owing to its complex structure and the manifold 

interactions it may exert with various tumor cell types.43 However, the harvesting from 

its natural resource, the Taxus brevolia bark, is unproductive and therefore synthetic 

efforts to produce this compound are still highly desired. 

The second strategy makes use of certain structural motifs within the terpene skeleton, 

which can be created by a known or a newly invented synthetic strategy and therefore 

ease the synthesis pathway (Figure 1-3B). The group of Scott Snyder successfully 

demonstrated this approach in their concise synthesis of conidiogenones 19 from ketone 

20 in 13 steps.44 In their seminal study, they demonstrated that each quaternary center 

can be leveraged to simplify the construction of the following one, either by rate 

acceleration or blocking effects. The authors took advantage of the Thorpe-Ingold effect, 

which induces large rate enhancements during the formation of quaternary carbon 

centers in cyclization reactions. With this strategy, they were able to cut down the 

previous route by 11 steps and produce the desired products in high agreement (99%, 

NMR comparison) with the natural resource. 
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Figure 1-3: Contemporary synthetic strategies towards biologically active terpenes. (A) The ex chiral pool method 

starting from naturally abundant chiral building blocks. (B) The second strategy exploits structural motifs within the 

terpene skeleton, which can be made via a certain methodology. (C) The ‘Two phase’ strategy developed by the Baran 

group45 mimics nature’s modular approach (cf. Figure 1-2) towards the final terpene scaffold. (D) The fourth strategy 

is based on contemporary retrosynthetic logic and strategic bond disconnections, making use of state-of-the-art 

synthesis strategies. 

The third strategy illustrated in Figure 1-3C is an exclusive contribution from the group 

of Phil Baran and is based on mimicking nature’s divergent synthesis.45 In their endeavor 

to synthesize eudesmantetraol 21, the authors produced multiple members of the 

eudesmane family with different oxidation stages ranging from four oxidations (level 4) 

over three to two oxidations (level 2), e.g., in 4-epiajanol 22 to a single oxidation in 

dihydrojunenol 23 (level 1) by site-selective inter- and intramolecular oxidations, 

analogously to nature’s oxidase phase. The carbon skeleton 23 was manufactured by 

simple carbocycle-forming (Aldol, Grignard, Pd-coupling) reactions to mimic the 

cyclase phase. This ‘Two phase’ strategy was further applied in different synthetic 

approaches such as synthesis of Taxol® 17, which reduced former approaches to 23 

steps.46,47 
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The fourth approach involves the classical retrosynthetic analysis of the desired terpene 

scaffold (Figure 1-3D). This strategy particularly relies on the contemporary 

retrosynthetic logic, which includes state-of-the-art synthetic and catalytic methods 

available in the chemical toolbox. The group of Tanja Gaich recently applied this 

methodology to synthesize one of the most complex natural product ever isolated: the 

canataxpropellane 24.48 This terpene exceeds all aforementioned scaffolds in their 

complexity, owing to twelve contiguous stereocenters, six quaternary carbon centers, 

two propellane motifs and the highest functional density of any known molecule.49 

Despite all these given challenges, the group achieved the convergent synthesis of 24 in 

26 steps by strategic bond disconnections and the key transformations of Pinacol 

coupling of 25, ring re-functionalization as well as alkene-arene-ortho-cycloaddition of 

26 and Diels-Alder reaction of the precursors 27 and 28.  

Notwithstanding the boundless creativity of synthesis tactics and maneuvers in all of 

these strategies, none of them incorporated a ‘true’ cationic cyclization cascade to forge 

the cyclic terpene scaffolds. Yet, the ability to change the orientation and hybridization 

of multiple carbon atoms within a single cationic cyclization to produce the carbon 

scaffold would be of benefit in every respect. To understand how enzymes control and 

manipulate these sophisticated reactions, a comparison of terpene cyclases and man-

made cation-controlling catalysts is discussed in the following part. 

1.3 Terpene cyclases and the manipulation of reactive cations 

Cationic cyclization cascades have long been recognized as one of the most elegant tools 

for the rapid assembly of high molecular complexity.50 They appeal with their simplicity 

– proton transfer across the molecule – and effectiveness – extensive scaffold 

diversification – at the same time. However, due to their highly reactive nature, the fate 

of intermediary carbocations is usually governed by migratory aptitudes,51 resulting in 

bifurcating cationic pathways and ultimately product mixtures.52 It becomes evident 

that for convergent synthesis approaches, which are usually applied in chemical 

syntheses, such serendipitous taken pathways are detrimental. Nature perfectly exploits 

the inherent substrate reactivity and potential energy bifurcations for the divergent 

synthesis of an array of terpene scaffolds fulfilling most diverse tasks in the kingdoms of 

life (cf. chapter 1.2).53 Extreme examples such as the delta-selinene synthase and the 

gamma-humulene synthase produce 34 and 52 cyclization products from the same 
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precursor FPP 12, respectively.54,55 Conversely, triterpene cyclases like the squalene-

hopene cyclase (cf. chapter 1.3.2) produce unique polycyclic products with a remarkable 

selectivity of one out of 512 stereoisomers. This precision is facilitated by tightly 

chaperoning substrates in their confined active sites and guiding cationic intermediates 

via multiple partial reactions to their final destination.2 Mechanistically, the initiation 

of such shape-complementary cationic cyclization cascades permits the differentiation 

between two classes of terpene cyclases.56 

1.3.1 Class I terpene cyclases and their artificial mimic 

Class I terpene cyclases initiate the cationic cascade by abstraction of a pyro-/ 

diphosphate group leaving behind a highly reactive allylic carbocation (Figure 1-4). The 

crystal structure of bornyl diphosphate synthase (BPPS) with several bound aza-

substrate analogs was one of the first solved class I terpene cyclase crystal structures 

examples, allowing the elucidation of structure-function relationships and the ‘chemical 

wizardry’ of these enzymes.57,58 BPPS shares the common ‘isoprene’ or ‘terpene synthase-

fold’ broadly distributed among class I cyclases.59,60 It is characterized by an αβ 

architecture, multiple α-helices and the aspartate-rich DDXXD motif in the otherwise 

hydrophobic active site with the size of 222 Å3 (Figure 1-4A+B). This motif along with 

three additional arginine residues facilitate the coordination of three Mg2+-ions 

necessary for the abstraction of the substrate’s pyrophosphate group (Figure 1-4B). 

Remarkably, binding of the three metal ions and the substrate triggers conformational 

change of the enzyme from an open active site to closed, which exemplifies the induced-

fit mechanism in class I terpene cyclases.61 The electronically closed-shell rearrangement 

sequence of monoterpene GPP 11 to bornyl diphosphate 29 (Figure 1-4C) starts with 

ionization followed by isomerization to the cisoid linalyl pyrophosphate 30 via rotation 

around the 2,3-carbon bond (Figure 1-4D). Subsequent second ionization allows the 

intramolecular SN’ C1-C6 cyclization to form (4R)-α-terpinyl cation 31, which in turn 

undergoes anti-Markovnikov cyclization to form the secondary (+)-bornyl cation 32. 
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Finally, this cation forms a C-O bond with the bound diphosphate in an endo fashion to 

generate and release the product (+)-bornyl diphosphate 29. 

 

Figure 1-4: Class I terpene cyclase bornyl diphosphate synthase (BPPS). (A) Crystal structure (PDB: 1N20) of BPPS 

demonstrates a wealth of α-helices. The active site is located in the α-domain. Domains are divided by dashed line. 

(B) Active site of BPPS with mainly unpolar amino acids and a trapped water molecule, which enforce the bound 

substrate mimic aza-11 into precise folding for catalysis. Three Mg2+ ions are ligated by aspartates and arginines. 

Amino acid side chains shown as sticks. Aromatic side-chains for cation-π interactions shown as bright orange sticks. 

Aza-analog of substrate 11 shown as blue sticks with diphosphate moiety in dark orange/ red. (C) Natural reaction of 

BPPS. (D) Proposed intramolecular cationic cyclization/ rearrangement pathway of 11.57 

Hallmarks of this sequential catalysis are the strict stereocontrol by enforcing the left-

handed helical conformation of the substrate 11 (shape complementarity), the allylic 

cation stabilization by the bound counterion diphosphate as well as cation-π 

stabilization e.g., by residues W323 and F578. Unexpectedly, a hydrogen-bound water 

molecule in the active site serves to pre-fold the substrate rather than prematurely 

quench the occurring cationic intermediates (Figure 1-4B). Noteworthy, it was 

demonstrated that the secondary bornyl cation 32 is actually a transition state rather 

than an actual intermediate which results in the above-mentioned bifurcation of the 

potential energy surfaces.62 On the one hand, this bifurcation hampers the cyclization 

fidelity of the enzyme and may explain the limited 75% selectivity towards the final 
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product (Figure 1-4C). On the other hand, reasonable doubt arose concerning the 

herein proposed mechanism and the existence of the secondary bornyl cation 32.62 

 

Figure 1-5: The resorcinarene capsule introduced by the Tiefenbacher lab.63 (A) Resorcinarene 33 self-assembles in 

apolar solvents to a hexameric supramolecular catalyst that is able to guide cationic pathways. Main features of the 

catalysts are the hydrogen-bound water molecules in the supramolecular framework responsible for ‘proton-

shuffeling’ and the aromatic cation-π interactions for cation stability. (B) Geranyl acetate 34 cyclizes in the presence 

of 33 and HCl in CDCl3 to 35 with 35% selectivity. (C) Proposed intramolecular cationic cyclization/ rearrangement 

pathway of 34. 

Man-made catalysts facilitating intramolecular tail-to-head SN’ cyclizations have long 

been elusive in chemistry, due to inevitable E1 or SN1 reactions. Few successful studies 

employed specifically synthesized substrates with demanding protection or activation 

groups.64,65 In 2015 the group around Konrad Tiefenbacher presented a catalyst that was 

finally able to mimic the modus operandi of class I terpene cyclases (Figure 1-5).63 The 

catalyst is formed by the hexameric self-assembly of resorcinarene 33 in apolar solvents 

(Figure 1-5A). This supramolecular capsule in combination with an externally added 

acid like HCl serves as an artificial cyclase facilitating non-stop cationic rearrangements 

within its ‘active site’.66 In analogy to nature’s GPP 11 the authors used i. a. geranyl 

acetate 34 to demonstrate the capabilities of the resorcinarene capsule (Figure 1-5B+C). 

After acidic ionization, the allylic carbocation isomerizes and undergoes the desired SN’ 

C1-C6 cyclization to form terpinyl cation 31. Subsequent Wagner-Meerwein-H shift and 

deprotonation lead to the product α-terpinene 35 with 35% selectivity.  
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The essential feature of cation-π stabilization was exploited here as well, but was already 

a common element in small-molecule catalysis.67,68 More importantly, by creating 

resorcinarene 33 analogues, the authors proved that bound water molecules in the 

supramolecular framework served as a ‘proton-shuffle’ and are indispensable for 

catalytic activity (Figure 1-5A).69 With this supramolecular strategy, the Tiefenbacher 

group is constantly producing new cyclic terpene scaffolds that depend on the 

substrate’s geometry and leaving group.70–72 Despite these pioneering efforts on cyclase 

mimics, the rather low yields (up to 40%) and broad product mixtures render this 

catalyst inferior to the chiral enzyme scaffold. 

1.3.2 Class II terpene cyclases and their artificial mimic 

The second class of terpene cyclases is characterized by the protonation of a terminal 

prenyl or epoxide moiety to generate a tertiary carbocation for the cyclization cascade.73 

Given the fact that tertiary carbocations, in comparison with allylic cations in class I, are 

’only’ stabilized by hyperconjugation,74 the enzyme has to be even more involved. 

Furthermore, the unprecedented control of up to nine stereocenters in a single catalytic 

step has led chemists to ponder about these enigmatic enzymes. Fortunately, the 1997 

solved crystal structure of the bacterial squalene-hopene cyclase from Alicyclobacillus 

acidocaldarius (AacSHC) gave valuable insights into the structural and chemical biology 

of SHCs.75  

In the physiological context, SHCs produce lipids (hopanoids 1) to regulate membrane 

fluidity and thus ensure the functionality of bacterial membranes, similar to 

cholesterols 2 in animals.76,77 The SHC architecture comprises a β- and a γ-domain both 

consisting of an α(outer)-α(inner) barrel (Figure 1-6A). The enzyme is embedded into 

the membrane of its host by an reentrant α-helix in the γ-domain, which defines it as a 

monotopic membrane-enzyme.78 The concentric α-barrels point with their inner 

α-helices towards the 1200 Å3 big hydrophobic active pocket that is mainly formed of 

loops (Figure 1-6A, top view). The ~30 Å long active site is made of 75% aromatic amino 

acids, which form a huge cation cage (Figure 1-6B, bright orange side chains, PDB: 

1UMP) protecting the transient cations from premature quenching. Additionally, 

hydrophobic residues (Figure 1-6B, gray side chains) flank the cation cage to support in 

pre-folding of squalene 36. 
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Figure 1-6: Class II terpene cyclase squalene-hopene cyclase from Alicyclobacillus acidocaldarius (AacSHC). (A) 

Crystal structure (PDB: 1UMP)79 and top view of the AacSHC (grey cartoon) co-crystallized with the aza-analog of 36 

(blue sticks) and artificially80 embedded into phospholipid layer by the reentrant α-helix (red cartoon). The enzyme 

produces hopanoids 37/38 (yellow scaffolds) to ensure membrane functionality.76 (B) Active site of AacSHC with pre-

folded aza-36 (blue sticks) demonstrates high abundance of aromatic amino acids (orange sticks) forming the cation 

cage. Scattered non-aromatic residues supporting the enzyme in pre-folding of 36 are also present (grey sticks, bold 

red font). Protonation machinery DXDD in grey with D376 in red sticks. (C) Natural reaction of AacSHC with absolute 

control over nine stereocenters. (D) Proposed mechanism by DFT calculations.81 (E) Reaction scope demonstrates the 

broad substrate promiscuity of the AacSHC.82–84 

Co-crystallization experiments with the aza-analog of 36 demonstrated the substrate 

perfectly aligning into the SHC’s active site, almost as a punched out missing puzzle 
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piece (shape complementarity) (Figure 1-6B, blue sticks).79 This elucidated the power of 

a strongly confined active site, which eliminates degrees of freedom and permits the sole 

generation of one of 512 potential stereoisomers of the product hopene/hopanol 37/38 

(Figure 1-6C). After the exact pre-folding, 36 is protonated by the hallmark of class II 

cyclases: the cofactor-independent protonation machinery with the 

D(374)XD(376)D(377) motif. The proton of aspartic acid 376 is oriented in an anti-

fashion by a hydrogen-bonding network, which improves its acidity by four orders of 

magnitude compared to a syn-oriented proton.85 This rare feature enables SHCs to act 

as specific organic Brønsted acids and protonate unbiased olefin double-bonds to start 

the cationic cyclization cascade (Figure 1-6D+E). 

The following cyclization/ rearrangement mechanism is under lively discussion and still 

has to be fully clarified.79,81,86–89 However, there is consensus on a concerted, but 

asynchronous mechanism without discrete intermedia (energy minima), via multiple 

‘events’, e.g., cation-olefin cyclizations or 1,2-alkyl shifts. The first three cation-olefin 

cyclizations for ring A, B and C (6,6,5) are presumably concerted, which the enzyme 

facilitates via precise positioning of π-orbitals adjacent to forming cations, thus 

leveraging the stereoelectronic effect.81,90 To expand the cyclopentyl-C-ring, it deserves 

a 1,2-alkyl shift generating a secondary carbocation, which is immediately quenched by 

the adjacent π-orbital resulting in Markovnikov cyclization for the D-ring. This ring 

expansion/ cyclization is repeated to form the E-ring, which is finally quenched via 

deprotonation or nucleophilic water attack to yield 36 and 37 in a ratio of 5:1 presumably 

by polarized water molecules.91,92  

The synergy of cation-π stabilization, dipolar interaction and substrate pre-folding in a 

confined active site enables these enzymes to balance kinetic and thermodynamic 

control during the cyclization, which indeed resembles ‘chemical wizardry’.58 To 

perform catalysis, SHCs expel water molecules from their active sites, which renders 

them entropy-driven enzymes.93,94 Intriguingly, the overall reaction is highly exergonic 

and releases a free energy of ~200 kJ/mol, which is partially used to release the bulky 37 

from the active site.79 

The absence of the pyrophosphate group within the substrate (compared to class I 

cyclases), eases the substrate tolerance studies of class II cyclases. As a result, their 

promiscuity was already discovered in 1986 by Neumann and Simon and the 
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(−)-ambroxide 7 cyclization.95 Since then Hoshino and Hauer mainly contributed to the 

enlargement of the substrate scope of the AacSHC with various truncated and elongated 

terpenes.96–98 Remarkably, Hammer et al. recognized the general applicability of the 

AacSHC as a specific Brønsted acid and demonstrated intramolecular Friedel-Crafts 

reactions99,100, acidic isomerizations82, Prins/En cyclizations101 as well as epoxide ring 

openings catalyzed by the SHC (Figure 1-6E) with excellent stereoselectivities facilitated 

by AacSHC and mutants thereof.84  

In principle one may also imagine these enzymes as a gigantic counterion-directing 

organocatalysts with confined spaces facilitating reaction- and stereocontrol 

simultaneously. While asymmetric counterion-directed catalysis was already 

established in chemocatalysis102 the group around 2021 nobel laureate Benjamin List was 

inspired by the strong confinement for the design of their Brønsted acid catalysts. In 

2012, the group presented the C2-symmetric imidodiphosphate catalyst as the first 

organocatalytic Brønsted acid catalyst design comprising a confined ‘active site’.103  

 

Figure 1-7: Imidodiphosphorimidate (IDPi) catalysts by the List lab. (A) Structure of IDPi 39 with protonating 

nitrogen in red. (B) Three-dimensional structure of 39b highlights the interlocked BINOL backbone (grey sticks) and 

the artificial ‘active site’ formed by aromatic perfluorinated naphtyl (R1) and p-pentafluorosulfanylbenzene (R2) 

residues (bright orange sticks). (C) Activation of olefins via asymmetric Brønsted acid catalysis.104 The mechanism 

proceeds via a concerted, asynchronous protonation/ hydroalkoxylation. (D) Diastereo- and enantioconvergent 

nucleophilic substitution of 2-exo-norbornyl derivatives.105 The substitution follows the same 2-norbornyl carbonium 

ion intermediate.  

Hallmarks of this catalyst and follow-up catalysts are the interlocked BINOL subunits, 

which are unable to freely rotate due to sterically demanding 3,3’-substituents as well as 
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a single catalytically active bifunctional acid/base pair in the artificial ‘active site’ 

(Figure 1-7A+B). Equipped with these features, the stage was set for Brønsted acid 

catalysis empowering the activation of small and unfunctionalized molecules e.g., for 

asymmetric spiroacetalization103 (imidiphosphate, pKa ~11)  or asymmetric 

hydroalkoxylation (imidodiphosphorimidate 39, pKa ~ 3).104,106 The latter reaction-type 

requires the activation of simple olefins 40 and the close juxtaposition of the cation to 

the π-orbital of the nucleophile (Figure 1-7C), which are features that strongly 

reminiscent of cyclase catalysis. Consequently, catalyst 39a was able to control the 

stereochemical outcome of the intramolecular hydroalkoxylation towards 40 showing 

excellent selectivities with up to 98.1:1.5 er. The authors further could show a broad 

substrate scope that was mainly attributed to the substrate’s bulky residue (Figure 1-7C, 

R1) pointing toward the outside of the ‘active site’.  

With this powerful catalyst in hands, the List group next envisioned the stereocontrol 

over an archetypical non-classical carbocation, the 2-norbornyl cation.105 In this 

endeavor, the group performed the reverse of the original Winstein experiment107, by 

means of a diastereo- and enantioconvergent nucleophilic substitution of racemic 2-

norbornyl trichloroacetamide with 1,3,5-trimethoxybenzene. This notoriously 

challenging reaction was accomplished by catalyst 39b with an excellent stereocontrol 

of 97:3 er using the racemic mixture of 2-exo-norbornyl derivatives 42a and 42b. 

Intriguingly, various substrates following the same intermediary 2-norbornyl carbonium 

ion were transformed into the same product 43, which demonstrates an unprecedented 

control over a non-classical cation in chemistry. Mechanistic investigations revealed the 

strong confinement of 39b and short non-covalent C-H···O, C-H···N and C-H···F 

interactions as the source of selectivity. Furthermore, deuterium-labelling experiments 

could show a fast exchange of hydrides between positions 1, 2 and 6 of 42a/b, which 

further proofs the existence of the carbonium ion. Such cations are often abundant in 

complex biosynthetic routes of terpenes,108 which substantiates the importance of Lists 

work in the context of terpene biosynthesis. 

The outlined comparisons showcase how terpene cyclases achieve unparalleled rate-

enhancements and selectivity by one-step shape-complementary cationic cyclization 

cascades and the urge of mankind to understand and mimic this ‘chemical wizardry’ of 

these enzymes. Gratifyingly, the main catalytic principles of cyclases such as cation-π 
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stabilization, counterion-direction or strong confinement were successfully 

conceptualized in small-molecule organocatalysis with huge impact on the chemistry 

world.109–111 However, these static elements are just one part of the dynamic 

supramolecular chiral machinery called enzyme, which is required to selectively control 

concerted multi-event reactions like cationic cyclization cascades.  

In the age of biocatalysis, chemists are now able to design and repurpose enzymes to 

provide them with expanded or even non-natural functionalities.55,112 As a result, 

enzymes are increasingly applied in synthetic approaches targeting molecules like 

Islatravir or Molnupiravir that are otherwise cumbersome to access.113,114 However, 

squalene-hopene cyclases, providing valuable shape-complementary cationic cyclization 

cascades, have not yet found their way into organic chemistry. 



MOTIVATION 

MOTIVATION 

The cationic cyclization cascade is one of the most elegant and atom-economic methods 

to access high molecular complexity115 within a single step. Nature exploits this powerful 

tool to streamline the assembly of most diverse terpene skeletons, which are increasingly 

employed as bio-flavors116, -fragrances18, pharmaceuticals43,117 or phermomones16. In 

contrast, chemical access to terpenes still relies on ex chiral pool and classical step-by-

step chemistry (cf. chapter 1.2). Therefore, sqaulene-hopene cyclases, being co-factor 

independent, highly selective and promiscuous enzymes serve as promising catalysts to 

introduce shape-complementary cationic cyclizations to organic chemistry as an 

extension to the chemical synthesis toolbox. 

In the pursuit of the ideal synthesis,118 the overarching goal of this work was to 

fundamentally grasp and reinvigorate the chemical biology of squalene-hopene cyclases 

on the molecular as well as macromolecular level to render them easy-to-use catalysts. 

First, a squalene-hopene cyclase being able to direct the cationic cyclization cascade in 

product- and stereoselective fashion should be rationally designed, employing the tools 

of enzyme engineering and in silico evaluation. Moreover, the catalytic performance of 

squalene-hopene cyclases in their natural membrane environment should be analyzed 

kinetically to identify and circumvent potential nature-given limitations. The 

accumulated knowledge should be merged to ultimately aid concurrent and devise new 

synthetic routes to terpenes – the most abundant biomolecules on earth. 
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Chapter 2 

DIRECTED CATIONIC CASCADES 

2.1 Introduction – Catalyst-controlled cationic cyclizations 

cascades 

During the last two decades, substantial progress has been made towards the initiation 

and stereocontrol of biomimetic cationic cyclization cascades employing tailor-made 

small-molecule catalysts. Such catalysts were based on inventive concepts e.g., Lewis-

acid assisted Brønsted-acids119,120 44, chiral phosphorus complexed N-

iodosuccinimides121 45 or hydrogen-bonding thiourea catalysts65,122 46 to generate the 

desired carbocation (Figure 2-1A). However, these catalysts require harsh conditions, 

Lewis-base assistance, halogen activation or specifically designed substrates,121–123 and 

challenges such as absolute stereocontrol, regioselectivity in the termination step and 

cascade control remain (Figure 2-1B, left). The latter is of major importance for many 

industrially relevant products (Figure 2-1C, 47-51) as the non-stop cationic cascade 

entails further synthetic effort to reopen the cyclic structure.124 Accordingly, a catalyst 

which is able to quench a cationic cascade at a preferred intermediary progress in a 

regio- and stereoselective way, i.e., effecting directed cationic cascades would be highly 

desirable (Figure 2-1D).  

In this context, natural as well as engineered cyclases have been reported to catalyze 

such `short-circuit´ polycyclization cascades and thereby yielding less complex cyclic 

products.87,125–127 The groups of Hoshino and Peters demonstrated this ability of class I 

and class II terpene cyclases by introducing amino acids comprising additional steric 

bulk87 or function as catalytic Brønsted bases.128 However, these approaches result in 

unwanted product mixtures and low yields (<10 mg/L), which precludes their industrial 

application. On the other hand, the AacSHC has been reported to give reasonable 

product titers (>100 g/L) in the biocatalytic production of (–)-ambroxide 7.129  

Given the ability of converting non-natural substrates harboring polar functional 

groups, this work focused on the design of molecular amino acid anchors inside the 

active site of AacSHC. Such anchors are widespread core elements in catalysis,130,131 

computational enzyme design132 and materials science.133 As a result, the variation of 
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these directing (= hydrogen bonding) groups by way of rational enzyme design appeared 

promising for directing cationic cyclization cascades. 

 

Figure 2-1: Cationic cyclization cascades and catalyst design concept to direct them. (A) Small-molecule cationic 

cyclization catalyst by Yamamoto,120 Ishihara121 and Jacobsen.122 Drawbacks are the requirement of Lewis-base 

assistance (44), halogens (45) or initiation motifs (46). (B) Challenges of a cationic cascade (left). The catalyst design 

concept is based on introducing amino acid anchors in the hydrophobic active site to bind the substrate’s polar 

functional group (blue) at chosen sites consequently directing the cascade reaction. (C) Industrially relevant products 

(47-51), which can be obtained by the demonstrated strategy of anchoring the functional group (blue).  

2.2 Results and discussion 

The very first goal of this work was to elaborate a practical enzyme screening assay. 

Enzyme engineering approaches highly rely on the throughput the assay can provide.134 

For instance, whereas directed evolution approaches based on random mutagenesis 

using error-prone PCR require enzyme libraries of 106-10 enzyme variants and High-

Throughput techniques, more rational design approaches based on site-saturation 

mutagenesis require ‘smarter’ libraries of only 102-4 variants and therefore Medium-
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Throughput techniques. Rational approaches, however, require more information 

beforehand about the target enzyme, e.g., a crystal structure or preliminary mutagenesis 

studies.135 Regarding terpene cyclase assays few reports exist in the literature using either 

specially modified substrates136 or coexpression systems,137 both designed for class I 

terpene cyclases. Furthermore, the low functional density of linear terpenes and the 

isomerase activity of the SHC is detrimental for the application of colorimetric High-

Throughput evolutionary approaches. Since both a crytsal structure (PDB: 1UMP) and 

preliminary mutagenesis studies are available for the AacSHC, a rational, structure-

guided approach combining site-saturation mutagenesis138 and computational 

modelling was chosen for evolving the enzyme.  

2.2.1 Establishment of an in vivo Medium-throughput assay 

At that point the workflow for the evaluation of the membrane-bound SHCs was based 

on producing the enzymes in E. coli cells and tediously isolating them from their host 

using detergents as membrane mimics (four labor days in total).84,139,140 This procedure 

disclosed the application in 96-DW format, which is obligatory for the site-saturation 

mutagenesis and a Medium-Throughput assay. As outlined before, it was reported that 

SHCs are also capable of performing catalysis in their producing E. coli host, without any 

background reactions catalyzed by other enzymes within the cell.129 Accordingly, a 

whole-cell based 96-DW screening assay, which avoids the unfeasible work-up 

procedure in that format was established within a Bachelor thesis (J. Berger) 

(Figure 2-2).141 As the model reaction the promsicuous cyclization140 of E-geranyl 

acetone 52t towards (S,S)-2,5,5,9-tetramethylhexahydrochromene 53t using the AacSHC 

variant G600L was selected, deduced from the results of a prior Master thesis (A. 

Schneider) (Figure 2-2C).142 Gratifyingly, acceptable yields were achieved using the 

whole-cell approach in combination with 0.2 wt% SDS (up to 20% relative conversion, 

data not shown). Next, the variation coefficient CV across the 96-DW plate should be 

determined. To that end, expression conditions in 96-DW format were improved (data 

now shown) and the same target reaction was conducted in all 96 DWs which resulted 

in an acceptable CV of ~11.1% (Figure 2-2D). Furthermore, o-xylene was evaluated as the 

most suitable extraction solvent for direct measurement from the 96-DW plates 

(Supporting Figure S 1), due to low evaporation as well as good phase separation and 

minimal cell debris layer. 
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Figure 2-2: Enzyme engineering approaches and the establishment of a Medium-Throughput assay for site-saturation 

mutagenesis. (A) Directed evolution approaches are based on a given sequence which is randomly mutated all over 

the sequence which generates a high amount of variants that are screened afterwards using an efficient assay such as 

a colorimetric assay.143 (B) Rational site-saturation approaches require information like a crystal structure of the 

enzyme beforehand. This data can be used to rationally target a desired amino-acid position within the sequence 

which is then saturated.138 This approach generates less variants and reduces the screening effort. (C) Model 

cyclization reaction E-geranyl acetone 52t to (S,S)-2,5,5,9-tetramethylhexahydrochromene 53t using AacSHC G600L 

embeddedinto the E. coli whole cell environment. (D) Retention-of-function curve of the model reaction in 96-DW 

plates. (E) Overall established Medium-Throughput assay.  

Combined with a short GC method (cf. chapter 6.4.3) the elaborated Medium-

Throughput assay permitted the screening of 250-300 enzyme variants per day, which is 

sufficient for the rational site-saturation approach. Finally, for quality control reasons 

all AacSHC variants rationally designed up to that point, as well as SHCs from alternative 

organisms were transformed into 96-DW plates (Supporting Table S 1) and surveyed 
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with the established assay for conversion of 52t. The results obtained from the sreening 

of 96 enzymes within one day reflected the identical trends that were obtained in the 

period of a master thesis142 using the previous enzyme isolation method (Supporting 

Figure S 2). These results in combination with the low CV allowed the establishment of 

the Medium-Throughput assay for the efficient screening of site-saturation libraries in 

workflow as depicted in Figure 2-2E.  

2.2.2 Target reaction and initial activity screening 

 

Scheme 1: Biotransformation of neryl acetone 52c and geranyl acetone 52t with variant G600R. The E-isomer 52t was 

almost fully converted to the bicyclic product 53t (red, bottom) and the Z-isomer 52c to bicyclic product 53c (red, 

top) as well as monocyclic products 3 (blue) and 54 (black). Relative conversions are given below the products. 

Reaction conditions: E. coli whole cells harboring AacSHC variant resuspended in whole-cell buffer (0.1 M citric acid, 

0.1% SDS, pH = 6.0) with an OD600 = 20, 20 h, 30 °C, 4.4 mM substrate (=1 µL in 1 mL cell suspension). Error bars 

represent the s. d. between technical triplicates. 

Having proved the feasibility of the screening assay, the study began by testing the E- 

and Z-isomer of geranyl acetone 52t (trans)/c (cis) with AacSHC variant G600R. This 

approach was chosen since it was recently discovered that position G600 in AacSHC is 

a hot spot position for conversion of smaller substrates and the Arginine having bulky 

but fairly flexible properties.84,142 The result of this approach showed that the E-isomer 

52t was almost fully converted to the bicyclic product 53t (Scheme 1, red scaffold). The 

Z-isomer or neryl acetone 52c was mainly converted to a bicyclic product 53c as well as 

to the monocyclic products α-54 and γ-dihydroionone 3 (Scheme 1, blue scaffold). This 

means that products 3 and 54 can only be manufactured by way of an engineered enzyme 

controlling the directed cascade cyclization. Since product 3 is of high demand in the 

flavor & fragrance industry– mainly due to its precursor aptitude for most ambra 

compounds144 – the enzyme was engineered towards generation of this compound.  



CHAPTER 2 

43 

2.2.3 Enzyme engineering towards stereoselective directed 

cationic cascade 

The AacSHC-catalyzed cyclization of substrate 52c may result in five potential products: 

three monocyclic deprotonation products α-54, β-55 and γ-dihydroionone 3, the water-

addition product 56 as well as the bicyclic product 53c (Figure 2-3A). The enzyme was 

challenged to direct the cascade towards monocyclization, as well as to control this 

reaction in terms of regio- and stereoselectivity. As a starting point for engineering, 

particular attention was paid to position G600 and therefore saturated to examine each 

resulting amino acid in the cyclization reaction. Intriguingly, the results disclose that 

mainly small and polar amino acids drive the monocyclization reaction at position G600. 

In terms of selectivity, G600T (Figure 2-3B), i.e., variant II, performed best. Product 55 

was not observed at all, and the amount of hydration product 56 was negligible (>1%). 

In order to rationalize these findings, computational docking studies of substrate 52c in 

the active site of variant II were performed using YASARA.145 This software allows the in 

silico mutation of an enzyme based on its crystal structure or homology model. 

Moreover, the tool enables the modelling of substrate 52c, into the active site of the 

enzyme based on AMBER forcefields. It is common that challenges arise with docking 

substrates and homology modelling of terpene cyclases.146 However, based on results 

that show the substrate-bound79 and the apo-form147 of the enzyme as essentially equal 

crystal structures and comparing the pre-folding of the squalene-analog aza-squalene 36 

bound79 (Supporting Figure S 3) with the docking results, the approach seemed 

legitimate. Thereby, the most probable pre-folding states of 52c should be determined 

and mutational hot spots located. Docking results are depicted in Figure 2-3C and 

suggest two major pre-folding states: Pre-folding state 1 favors bicyclization due to the 

coordination of the carbonyl moiety by the Y420-hydroxy group. The resulting second 

carbocation of the cationic cascade may interact with one lone-pair of the oxygen and 

thereby form a covalent bond.148 The saturation of the position G600 demonstrated how 

bulky amino acids at position G600 favor this pre-folding state (Figure 2-3B, 

G600R,M;L). However, there is a turning point at the size of threonine, where polarity 

seems to play a more significant role.  
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Figure 2-3: Structure-guided engineering of AacSHC towards monocyclization of 52c. (A) AacSHC catalyzed reaction 

of 52c may result in five products. Colored scaffolds correspond to the pie charts in (B), (D) and (E). (B) 

Biotransformations using variants rationally saturated at position G600 with selectivities towards the cyclic products 

given above the columns. Error bars represent the standard deviation of technical triplicates. (C) Docking of neryl 

acetone 52c into the active site of AacSHC G600T (catalytic aspartic acid shown as red sticks; hydrogen-bond donating 

residues shown as orange sticks). The results suggest two pre-folding states with similar binding energies (7.37 

kcal/mol vs. 7.16 kcal/mol). (D) Biotransformations using variants of rationally mutated position L607. (E) 

Biotransformations using combinatorial variants of positions 600 and 607. Reaction conditions: E. coli whole cells 

harboring AacSHC variant resuspended in whole-cell buffer (0.1 M citric acid, 0.1% SDS, pH = 6.0) with an OD600 = 

20, 20 h, 30 °C, 4.4 mM substrate (= 1 µL in 1 mL cell suspension). Error bars represent the s. d. between technical 

triplicates. (F) Amino acids sorted by their van-der-Waals volume.149 
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Earlier studies by Peters and co-workers on terpene cyclases demonstrated that the 

introduction of threonines or serins as potential catalytic Brønsted bases adjacent to an 

intermediary carbocation result in deprotonation and consequently cascade 

interruption.127However, it was assumed that in this particular case this is due to the 

hydrogen-bonding capabilities of polar residues. Pre-folding state 2 shows the carbonyl 

moiety hydrogen-bonded by G600T and Y609. Thus, the lone-pairs of the oxygen are 

facing away from the resulting second carbocation, ultimately resulting in monocyclic 

products. Furthermore, steric interaction of the C1-methyl group of the substrate 52c 

and the leucine at position 607 can be assumed in this pre-folding state (Figure 2-3C, 

dots).  

Based on the docking results, site-directed mutagenesis at the position L607 was 

performed and determined amino acids – smaller in size than leucine – as beneficial for 

the monocyclization reaction (Figure 2-3D). Interestingly, a recombination of variant II 

with the best mutation L607S did not lead to the most active double-variant, which was 

ascribed to literature known antagonistic epistatic effects (Figure 2-3E).150 Instead 

G600T/L607A (variant III) turned out to be the best double variant showing almost 

twice the conversion (TTN: 114 ± 13) compared to II (G600T, TTN: 62 ± 2) and higher 

selectivity (79%) towards the desired γ-dihydroionone 3 (Figure 2-3E). Next, position 

420, which is stabilizing pre-folding state 1 was targeted for site-directed mutagenesis 

(Figure 2-4A). In particular, the hydrogen bond at this position was disrupted by 

introducing a phenylalanine (Y420F) at this position instead. The resulting variant IV 

showed 260 ± 4 total turnover, with a selectivity of 94% towards the desired product 3 

(Figure 2-4B, IV). Bicyclization was reduced to only 2% and the traces of the hydration 

product were completely eliminated. In the final round of mutagenesis, the established 

site-saturation protocol was used by employing the 22c-trick138 at sites adjacent to 

position 600 and 607, which resulted in final variant V with a slightly increased steric 

bulk at position 306 (A306V). The 22c-trick is used in directed evolution of enzymes to 

reduce the screening effort of protein libraries (for details see ref. 138). Overall, the total 

turnover number was increased 154-fold compared to the native enzyme and selectivity 

towards the desired product 3 (Figure 2-4B, V) reached 97%. Finally, sulfuric acid-

catalyzed cyclization of γ-dihydroionone 3 was performed (Scheme 2) to obtain 

enantiopure (+)-α-ambrinol 57 which disclosed the (S)-/(–)-enantiomer of 
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γ-dihydroionone 3. Thus, 57 was obtained in only two (bio-)synthetic steps compared to 

the five chemosynthetic steps for enantioenriched material.151 

 

Figure 2-4: Overall engineering of AacSHC towards monocyclization of neryl acetone 52c (blue pie chart). (A) 

Docking of neryl acetone 52c into the active site of AacSHC G600T (catalytic aspartic acid as red sticks; hydrogen-

bond donating residues as orange sticks). The results suggest two pre-folding states with similar binding energies 

(7.37 kcal/mol vs. 7.16 kcal/mol). In pre-folding state 1 the carbonyl moiety is coordinated by the Y420-hydroxy group. 

After protonation, this allows the resulting second carbocation of 52c and one lone-pair of the oxygen to interact in 

the bicyclization of the substrate 53c. In pre-folding state 2 the carbonyl moiety is flipped towards the residue G600T 

and Y609 and favors the monocyclization of the substrate 1c as the interaction of the orbitals is impeded. Steric 

interaction of the leucine at position 607 and the substrate 1c is shown in dots. (B) Improvement of AacSHC towards 

monocyclization of neryl acetone 52c by enzyme engineering. AacSHC variants were compared by their total turnover 

number (TTN, blue bars) within 20h. Selectivities towards mono-/ bicyclic products are given in pie charts above. 

Reaction conditions: 10 mg lyophilized E. coli whole cells harboring AacSHC variant (18-22 µM, 0.2-0.25 mol%) 

resuspended in 1 mL CD buffer (0.2% SDS, 10 mM 2-hydroxypropyl-β-cyclodextrin, pH = 6.0), 24 h, 30 °C, 8.8 mM 

substrate. Error bars represent the s. d. between technical triplicates. 

As of now there was no chemical catalyst known which is able to direct a cationic cascade 

towards a desired intermediary cation (99:1 monocyclization vs. bicyclization) with high 

product selectivity (97% γ) and excellent enantiocontrol (>99.5% ee). 

 

Scheme 2: Sulfuric acid-catalyzed cyclization of 3 towards enantiopure (+)-α-ambrinol 57. 
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2.2.4  Mechanistic studies and expansion of the substrate scope 

Encouraged by this high selectivity towards the formation of the desired product, the 

underlying mechanism was elucidated. Therefore, a systematical deconvolution 

approach of the variant IV was conducted at positions G600 (A), L607 (B) and Y420 (C). 

In order to highlight the beneficial hydrogen-bond at position Y609 (D), the hydrogen-

bond here (Y609F) was also disrupted and combined with selected deconvolution 

variants. Figure 2-5A shows the resulting activities and selectivities of the generated 

variants compared with variant IV, whereas a letter means a mutation at the above-

mentioned position, e.g., variant IV = ABC = G600T/L607A/Y420F. Increasing the steric 

bulk at position 607 resulted in 75% less conversion, albeit selectivity towards the 

monocyclic product 3 was still high at 89% (variant AC). The variant BC lacking the 

hydrogen-bond at position 600 showed almost 80% less conversion and 22% less 

selectivity towards the desired product 3. Variant ABCD missed the important 

hydrogen-bond at position 609 and lost almost all activity and 50% of its selectivity 

towards the monocyclization. The last deconvolution variant BCD missed all hydrogen-

bond donors and showed no conversion at all. Furthermore, we performed docking of 

52c in the final variant V and the result resembles a similar binding mode as depicted in 

pre-folding state 2, but even closer coordinated to the Y609 side chain (cf. Figure 2-4A 

and Figure 2-5A). Consequently, all the mutational experiments and the computational 

data led to the proposed mechanism depicted in Figure 2-5B: After entering the active 

site, the carbonyl moiety of 52c is loosely coordinated by the Threonine at position 600. 

This attractive interaction and the created space at position L607 (L607A), facilitates the 

carbonyl moiety flip into the direction of the Tyrosine at position 609 for tight binding 

by a strong hydrogen-bond (cf. IV and variant ABCD). This hydrogen-bond mediated 

conformation steers away the orbitals of the carbonyl-oxygen from the carbocation and 

allows the highly product- and enantioselective monocyclization of neryl acetone 52c in 

a single catalytic step. The mediating role of the T600 is emphasized by the variant BC, 

which still showed some conversion of the substrate with good selectivity, most likely 

due to the disabled hydrogen-bond donor at position 420 (Y420F) (Figure 2-5A). Adding 

the mediating T600, but reducing the size of the hydrogen-bond binding pocket, 

improved the selectivity towards monocyclic product, however, for the sake of activity 

(variant AC). 
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Figure 2-5: Mechanistic studies on stereoselective monocyclization of neryl acetone 52c and substrate scope. (A) 

(Top) Three products of AacSHC catalyzed cyclization of neryl acetone 52c. Colors correspond to the selectivities 

below in pie charts (bottom left) Systematic deconvolution variants of IV sorted by relative conversion. Selectivities 

shown above in pie charts. Variant BCD showed no conversion at all. (bottom right) Docking of substrate 52c into the 

active site of V with the best binding energy (protonating aspartic acid shown as red sticks; hydrogen-binding residues 

shown as orange sticks. (B) Proposed mechanism for the monocyclization of neryl acetone 52c. After entering the 

active site, the substrate’s carbonyl moiety is coordinated by the G600T (orange, left) somewhat loosely and mediated 

to the better coordinating Y609 (orange, right). The substrate’s pre-folding results in a monocyclic product after 

protonation (red) /deprotonation (B–). (C) Products generated via hydrogen-bond mediated pre-folding in the active 

site of AacSHC. E. coli whole cells harboring AacSHC variant resuspended in whole-cell buffer (0.1 M citric acid, 0.1% 

SDS, pH = 6.0) with an OD600 = 18, 20 h, 30 °C, 4.4 mM substrate. Error bars represent the s. d. between technical 

triplicates. *due to enantiopure conversion of Z-substrates. 

The key role of the hydrogen-bond donors as molecular anchors is constituted by the 

variant BCD, in which all hydrogen bonds were deactivated and not a single cyclization 

product occurred. These mechanistic hypotheses are supported by the research of Chen 

et al.152 where the hydrogen-bonding capabilities of water and several functional groups 
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were calculated, and experimental binding affinities were explained. The authors 

concluded that tyrosines – compared to the other polar amino acids – are able to bind 

ketones extremely tight due to matching binding capabilities. 

Finally, the potential of pre-folding via molecular anchoring in the cyclization of 

analogues substrates was investigated (Figure 2-5C). All substrate analoga (58, 60, 62) 

of 52c, varying in the anchor motive (functional group and chain length) were cyclized 

to monocyclic products (59, 61, 63) thereby providing access to megastigmane-based 

natural products, which exhibit great potential in biotechnology and pharmacy.20 

Interestingly, all four products contained the exocyclic double-bond at the cyclohexane 

ring which is chemically difficult to obtain.144 Furthermore, the scalability of this 

reaction was validated by converting 2 g of neryl acetone 52c with the engineered 

enzyme V expressed in E. coli whole cells (10 gCDW/L) and resuspended in 1 L ddH2O 

(including 10  mM 2-hydroxypropyl-β-cyclodextrin and 0.2% SDS), with high selectivity 

(95% γ-3; 1% α-54; 4% 53c) towards the desired product 3 (Supporting Figure S 4). 

Isolation of the product  (89%) and subsequent cyclization confirmed enantiopure 

conversion. The use of cyclodextrin in the reaction mixture was inevitable when using 

higher substrate concentrations, i.e., 10 mM, which will be discussed in the upcoming 

chapters (cf. chapter 4.2.1). Noteworthy, when using the E/Z-mixture of geranyl acetone 

52, the engineered V converts the Z-isomer 52c prior to the E-isomer 52t (Supporting 

Figure S 5), which is another example for cyclization of unusual Z-isomers in class II 

terpene cyclases.153 These examples show, first, the general feasibility of designing 

molecular anchors for substrate pre-organization and the associated high selectivity. 

Second, they constitute the scalability of this enzymatic reaction by producing high 

value products in gram-scale. Third, they demonstrate the importance of fine-tuning 

molecular anchors, since not every hydrogen-bond has the same power.152 

2.3 Conclusion 

Identification and variation of core elements in catalysis, e.g., cofactors or entrance 

channels, often lead to unexpected, yet very useful reaction pathways.154,155 In this work 

on the AacSHC, the focus was set on engineering polar amino acids as molecular 

anchors, which unlocked the ability of hydrogen-bond mediated pre-folding of 

substrates. This non-natural pre-folding emerged as a useful supplement to the shape-

complementary cyclization. The artificial manipulation of the cation pathway 
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streamlined the unprecedented stereo- and regioselective monocyclization of neryl 

acetone 52c and analoga. Potentially generated products are widely used in the flavor & 

fragrance144 or pharmaceutical industry124 and can be produced within a single 

enzymatic step in water, thus substituting established but cumbersome protection 

group-based chemistry. Going forward, molecular dynamic (MD) simulations should 

elucidate this precise catalysis on the molecular level in detail. Curiously, the full 

conversion of 10 mM (~2 g/L) substrate empolying 10 gCDW/L (~40 gCWW/L) took more 

than 160 h. In contrast, Eichhorn et al.129 reported >50% conversion of 4 g/L substrate 

employing 12.2 gCWW/L within 24 h in the production of (–)-ambroxide 7. Given this 

temporal discrepancy, this reaction was investigated extensively in the next chapter, 

taking into account the macromolecular, subcellular evironment and the physiologcal 

function of the biocatalyst. 
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Chapter 3 

HARNESSING  THE CHEMICAL AND STRUCTURAL BIOLOGY  

OF SQUALENE-HOPENE CYCLASES FOR EFFICIENT CATALYSIS 

3.1 Introduction – The physiological function of squalene-

hopene cyclases  

Monotopic membrane proteins like SHCs occupy a unique role in enzymology 

accounting for only 0.06% of all crystallized protein structures (Figure 3-1A).78 These 

enzymes contain a special anchor motif which permits the penetration into the 

biomembrane by a hydrophobic α-helix and adjacent highly flexible basic residues to 

interact with anionic phosphate head groups of the biomembrane (Figure 3-1B). The 

interfacial localization of SHCs requires the ‘channeling’ of their substrates via 

π-stacking interactions along a hydrophobic tunnel into their distal active site. While 

that is energetically unfavorable, it is beneficial in terms of evolution leveraging the 

soluble domain, which was already evolved for catalysis in an aqueous environment. 

Indeed, the recruitment of water molecules from the aqueous bulk is pivotal for SHC 

catalysis, as they act as ‘proton-shuttles’, Brønsted-bases or even entropy drivers.75,93,156 

Resulting highly hydrophobic hopanoid products 1 are deposited in the membrane and 

counteract exterior stresses on their biological host.157,158 Interestingly, it was shown that 

such depositions of terpenes as well as the integration of the enzyme itself into the 

membrane result in local perturbations within the membrane.159,160 Furthermore, studies 

have shown that activity of membrane-bound enzymes relies on the current state of 

membrane integrity.161–163 As a result, it can be speculated that terpene-induced local 

perturbations in the membrane entail the activation or reversible inhibition of SHCs and 

require careful consideration in the overall catalysis.  

Despite these facts, terpene cyclases have so far primarly been investigated via active site 

(1) mutagenesis approaches (Figure 3-1A).55,84,127,164 To examine SHC catalysis more 

holistically, this study additionally focused on the enzyme’s entrance tunnel (2) and its 

membrane embedding into a biomembrane compared to a membrane mimic (3).  
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Figure 3-1: Holistic consideration of membrane-bound SHC embedded into the E. coli cytoplasmic membrane.159 (A) 

SHCs (grey cartoon) are monotopically bound to the biomembrane (blue head groups and black tails) by an anchor 

motif (3) where they source their hydrophobic substrate 36 (orange sticks) through an entrance tunnel (2, green) into 

their distal active site (1). SHCs catalyze the polycyclization of 36 to pentacyclic hopene 37 (yellow scaffold). These 

molecules are subsequently stored within the membrane to ensure membrane integrity (left, liquid ordered) during 

exterior stresses.77 Additional substrates as well as generated products (red scaffolds) may also be stored in the 

membrane interior, resulting in altered membrane order (right, liquid disordered) and ultimately in decreased 

enzyme activity. (B) The membrane anchor motif consists of a hydrophobic α-helix (red) and basic residues on a 

highly flexible loop (green) initiated by four glycines (green). (C) Ambergris 64, the natural resource of 

(−)-ambroxide 7, is degraded via autooxidation to various products,144 i. a. (–)-ambroxide 7 and (+)-γ-coronal 65. (D) 

Promiscuous cyclization of E,E-homofarnesol 66 towards solid (–)-ambroxide 7 and three liquid side products.95,129 

The archetypical95 promiscuos cyclization of E,E-homofarnesol 66 to (–)-ambroxide 7 

was chosen as a model reaction. This reaction offers several advantages and 

opportunities:  (a) Catalysis has been shown to work with both isolated enzyme and 

whole cells.95,129,165,166 (b) As (–)-ambroxide 7 solely crystallizes from the reaction broth, 

this effect can be leveraged to overcome the downregulation, which is caused by the 
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terpene-induced local perturbations. (c) While naturally being produced by 

autooxidation of ambergris 64 (Figure 3-1 C), the AacSHC catalyzed highly 

stereoselective cyclization (>99% ee, >95% de) of homofarnesol 66 towards 7 provides 

the most potent substitute for the scarce natural resource (Figure 3-1D).17 Especially, 

given the fact that chemical catalysts need harsh conditions and are far inferior in terms 

of selectivity (50% ee and 64% de).167 These facts render the promiscuous cyclization of 

homofarnesol 66 ideally suited for the endeavor to understand these enzymes more 

holistically – from an academic as well as an industrial point of view.  

3.2 Results and discussion 

The overall study was divided into three parts:  First, the enzyme was investigated on 

the molecular level by means of structure-guided enzyme engineering. The focus of this 

part was set on achieving high selectivity for 7 (99% ee, de, no other cyclization 

products), rather than activity, which would strongly support the catalysis by 

continuous in situ product crystallization (ISPC) of the sole product 7 and the 

accompanied shift of the chemical equilibrium to the product side.168 Afterwards, the 

introduced mutations were transferred to SHC homologs to analyze subtle changes in 

the confined active site. Second, the effects of the mutations on the entrance tunnel and 

the amino acid network were investigated in depth computationally. In the final part, 

the macromolecular level was approached by comprehensive enzyme kinetics in vitro 

and in vivo. 

3.2.1 Dual-site allocated mutagenesis approach towards 

diastereo- and enantioselective cyclization of 66 

To aid the structure-guided engineering, the 3E-isomer of 66 was docked into the active 

site of the AacSHC wild type’s (WT) crystal structure (PDB: 1UMP), which allowed the 

identification of four amino acid residues (W169, I261, G600, F601) within 5 Å to the 

functional group of 66 (Figure 3-2A). In the first engineering round, each of the four 

positions were randomized using the degenerated codon NVS, which encodes mainly 

polar amino acids (all except Ile, Leu, Met, Phe, Val). In accordance with chapter 2.1, this 

approach was chosen to potentially anchor the substrate’s alcohol group in the active 

site. In total, 384 enzyme variants were compared in vivo and exhibited the two 

catalytically beneficial positions G600 and W169 (Figure 3-2B). As anticipated from 
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earlier studies84,169 and the docking pose in Figure 3-2A, increased steric bulk at position 

G600 was beneficial for the tricyclization of 66 showing up to 8-fold improved activity 

and slightly improved selectivity. Unexpectedly, variants with reduced steric bulk at 

position W169 such as W169G also showed 6-fold improved activity as well as the desired 

selectivity of 99% towards 7. As a result, this variant was chosen for further engineering. 

 

Figure 3-2: First round of structure-guided engineering. (A) Docking of substrate 66 in the AacSHC WT shows the 

full chaperoning (grey surface) of the substrate in the hydrophobic active site and the shape-complementary pre-

folding. Targeted positions for randomization 5Å away from the alcohol group are shown in bright orange sticks. 

Rotation around the Y-axis shows the distances to the hit positions G600 and W169. (B) Turnover frequencies (blue 

bars) of the hit variants and the corresponding selectivities (black dots) towards (−)-ambroxide 7. Reaction conditions: 

1 mM 66, 0.1 gCDW/ mL (~2 mol% SHC), 600 rpm, ddH2O, 1 h. Error bars represent the s. d. of technical triplicates. 

In the following engineering, the enzymes were also compared in vitro to exclude 

membrane-correlated mass transfer issues.170 Turnover frequencies were reported at the 

optimal temperatures (Supporting Figure S 6) evaluated beforehand (Figure 3-3A). In 

the second engineering round, Variant W169G i. e., P1 was conducted site-saturation 

mutagenesis at the adjacent positions 600 and 607 which revealed variant P2 

(W169G/G600M) with 4-fold improved turnover frequency of 391 h-1 while retaining 99% 

selectivity.  
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Figure 3-3: Dual-site allocated mutagenesis of AacSHC towards enantio- and diastereoselective (–)-ambroxide 7 

production. (A) AacSHC variants generated during enzyme engineering (P1-P3) compared with the WT. Turnover 

frequencies (left y-axis) shown in grey (in vivo) and blue (in vitro) bars. (–)-ambroxide 7 selectivity (right y-axis) as 

black dots. Reaction conditions: in vivo: 1 mM 66, 0.1 gCDW/ mL, 600 rpm, ddH2O, 1 h. in vitro: 0.018-0.025 mg/mL SHC 

(2-2.5 mol%), 20 mM citric acid, pH= 6.0, 0.2% CHAPS (3-[(3-Cholamidopropyl)-dimethylammonio]-1-

propansulfonate). (B) Crystal structure of AacSHC (PDB: 1UMP) with most putative entrance tunnel (blue surface) 

reported75 and suggested by a CAVER analysis.171 Membrane binding α-helix shown in red. Mutated amino acid 

locations shown as yellow spheres and protonating aspartate as red stick. (C) Comparison of the AacSHC variants and 

the Benchmark Aac variant B129 under process conditions derived from the Eichhorn et al. study.129 Reaction 

conditions: 1 mL ddH2O + 0.2% SDS, 10 mgCDW (=40 mgCWW; gSDS:gCWW = 0.05) E. coli whole-cells harboring the 

corresponding AacSHC variant (40-50 µM), 100 mM (≈ 50 g/L) 66, 19 h, 30 °C, 750 rpm. Error bars represent the s. d. 

of technical triplicates. 

Further mutations in the active site disrupted the high selectivity of the enzyme (data 

not shown), which encouraged us to seek for alternative mutation hot spots, allocated 

distal from the active site. Consequently, a CAVER analysis of the AacSHC crystal 

structure was performed (Supporting Figure S 7). The CAVER software tool allows the 

identification of potential enzyme tunnels and further predicts potential bottlenecks 

and related amino acids.171 The analysis resulted in several potential tunnels, however 

we focused on one particular tunnel, which was published earlier as the putative 

enzyme’s entrance tunnel (Figure 3-3B).75 Intriguingly, two (M132R/I432T) out of three 
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positions (M132R/A224V/I432T) of the Benchmark enzyme B were located in the 

designated bottleneck area, with the third position described by the authors themselves 

as not being beneficial.129 These results gave reason to perform site-saturation 

mutagenesis within this bottleneck area, which unfortunately resulted in only slight to 

no increases in TOF (Supporting Figure S 8). However, the addition of both published 

distal mutations (M132R/I432T) resulted in the final variant P3 with a 1.5-fold increase in 

TOF to 600 h-1 and no loss of selectivity. In a last experiment, the optimal process 

conditions reported by Eichhorn et al. were mimicked using high substrate loadings 

(50 g/L) and SDS in a ratio of 0.05 gSDS:gCWW (Figure 3-3C). This approach demonstrated 

the superior performance of P3 with 87.3 h-1 over the WT with 0.22 h-1 which is an over 

397-fold improvement in TOF.  

Taken together, the enzyme engineering results demonstrated several aspects that are 

of importance. First, the in vivo versus in vitro comparison mostly showed higher 

performance in vitro (up to 3-fold), which is most likely due to the slow permeability of 

66 through the cell membrane.172,173 Permeability issues are a well-known challenge in in 

vivo biocatalysis and alternative solutions to enzyme isolation comprise transporter 

enzymes as reported by the groups of Bühler174 and Hartwig175 or the application 

detergents as shown in the study of Eichhorn et al.129 Second, the biotransformations 

under process conditions revealed much higher improvement in activity (397-fold) 

compared to the standard conditions (24-fold) which contained a 100-fold lower cell 

density and 50-fold lower substrate concentration. Here the high selectivity of variant 

P3 pays off, which omits the generation of liquid side products. Less selective enzymes 

like WT and B may therefore be hampered in activity by local perturbations caused by 

deposited products within the cell membrane.160,176 However, the additional SDS within 

the reaction mixture may also account for this result. Last, the active-site mutagenesis 

usually conducted in terpene cyclase studies91,128,177,178 was successfully extended by 

engineering the enzyme at a second, distal (~20 Å) allocated site. A similar strategy was 

also presented by the Reetz group in their engineering of a monoamine oxidase.179 These 

dual site-allocated mutagenesis approaches represented a valuable advancement to the 

portfolio of structure-guided enzyme engineering strategies. 
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3.2.2 Computational insights for elucidation of the mutational 

synergy – collaboration with Osuna lab 

In order to rationalize the effects of the introduced active site and distal mutations on 

the enzyme structures and the accompanied improvement in their catalytic efficiency, a 

deep computational exploration was performed by means of docking and MD 

simulations. The MD part was elaborated in a cooperation with the group of Silvia 

Osuna, which are specialists in computational enzyme modelling.180 Since the majority 

of these results derive from the Osuna group, only a brief summary of the MD data is 

presented below.  

The enzyme’s high selectivity towards 7 may be ascribed to the emerging hydrogen-

binding pocket created by the W169G mutation (Figure 3-4A+B). The glycine/serine-

amides may interact with the alcohol group of 66 and therefore stabilize the pre-folding 

which results in (–)-ambroxide 7 after cationic cyclization. This interaction was observed 

in the docking of 66 into in silico generated W169G (Figure 3-4C). Interestingly, the 

substrate in the active site is flipped, but the methyl groups are still aligned in the same 

direction, which is pivotal for the stereochemical configuration of 7. 

 

Figure 3-4: Molecular docking of E,E-homofarnesol 66 (blue sticks) into the active site of AacSHC. Beneficially 

mutated amino acids shown as yellow sticks. Protonating aspartic acid shown as red sticks. (A) Shape-complementary 

pre-folding of 66 in the WT. (B) Identical docking as depicted in (A), but with W169G mutation artificially introduced. 

This mutation opens a hydrogen binding pocket W169G (red dashed circle). (C) Pre-folding of 66 in the homology 

modeled W169G. Homology model was created by SWISS-MODEL181 and was energy minimized afterwards. The 

substrate’s alcohol moiety coordinates into the new formed hydrogen binding pocket W169G/S168. 

The MD-simulations of the Osuna group showed that in fact more than one stable 

conformation exists for the variants WT, P2 and P3.  The table in Figure 3-5A elucidates 
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the impact of the mutations on the dynamic entrance tunnel of all these conformations, 

including the population of those. The data shows that during the course of engineering 

the main entrance tunnel in P3 was broadened from 1.19 to 1.83 Å (maxBR) and the 

population of this tunnel was increased from 5% to 58%. Finally, Figure 3-5B illuminates 

the extraordinary synergy of both entrance mutations on the active pocket’s shape in P3. 

The newly introduced M132R mutation triggers a reconstructive chain reaction of amino 

acids F434, F437, F605, F601 and M600, thus improving the pre-folding of substrate 66, 

which eases the concerted tricyclization. Intriguingly, this rearrangement forces the 

phenylalanine at position 437 from an entrance tunnel ‘closed’ into an ‘open’ state, thus 

widening a bottleneck area (Figure 3-5C, red square) from 0.91 Å to 1.09 Å. 

 

Figure 3-5: Computational elucidation of the mutations on the macromolecular enzyme scaffold. (A) Table 

demonstrates improved maxBR and population of the main tunnel (blue surface) induced by the mutations (orange 

spheres). Membrane-binding α-helix shown in red, entrance tunnel in blue and hit positions as orange spheres. (B) 

Overlay of substrate-bound conformation of P2 (blue) and P3 (purple) highlights the reconstructive chain reaction 

triggered by M132R interaction with the F434 backbone. (C) Tunnel analysis of variant P2 (blue) and P3 (purple) 

contrasts the ‘open’ state of P3 with a broader tunnel and the ‘closed’ state of P2 with a narrow tunnel. 
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The in silico results showcase the high level of complexity in enzyme catalysis:  In 

synergy, the four mutations substantially improved substrate acquisition and 

chaperoning by global and local interactions. The substrate flow was increased by the 

manipulation of the enzymes’ dynamic elements. Upon substrate binding, the enzyme 

would usually close the entrance tunnel by flipping the loop containing residue F437.75 

This regulative function was hampered by the mutation M132R, which resulted in higher 

catalytic performance of the enzyme by increased substrate flow. The investigation of 

dynamic elements to improve enzyme performance is constantly emerging also thanks 

to novel computational modelling tools.171,182,183 However, the focused rational variation 

of dynamic elements in combination with active-site mutagenesis, as presented in this 

work, is still underrepresented. 

3.2.3 Precision catalysis – Homologous transfer unveils 

stereoconvergent cationic cyclization 

Having deciphered the mechanistic details of the catalysis, the next aim was to transfer 

these features to SHC congeners. To that end, we chose four SHC homologs Zmo1SHC, 

Zmo2SHC, TelSHC and ScoSHC with low sequence identities of 38-51%, transferred the 

selectivity conferring mutation W169G into all homologs and compared the generated 

variants with the WT SHCs (Figure 3-6A). Considering only the WTs, the Sco stands out 

with almost no conversion and the Zmo1 with almost 4-fold conversion compared to 

Aac. A closer inspection of the active sites of these homologs revealed a cysteine for the 

ScoSHC in juxtaposition to the W169 instead of serine for the AacSHC as the major 

difference (Figure 3-6B, I and II, see also Supporting Figure S 9). This hydrophobic 

cysteine may block the amide backbone due to its bigger Van-der-Waals radius, thus 

hampering the coordination of the substrate’s alcohol moiety. In contrast, the Zmo1SHC 

harbors a glutamine at this position which protrudes into the active pocket and may 

ease the coordination of the substrate (Figure 3-6B, III). The results of the mutated 

variants disclosed that the (−)-ambroxide 7 selectivity of all selected SHCs arose to 99% 

when introducing the ‘W169G’ mutation, entailing higher activity. Interestingly, the 

herein used 90:10, 3E:3Z isomeric mixture always resulted in 99% 7 which suggested a 

stereoconvergent cyclization. Such a cyclization could only occur if the cationic 

transition state of the 3Z substrate is long-lived enough to undergo a cisoid-transoid 

bond rotation event during the cyclization (Figure 3-6C). To prove this hypothesis, a 
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55:45, 3Z:3E mixture of 66 was transformed with all generated catalysts. Intriguingly, all 

variants produced over 70% (−)-ambroxide 7 from the isomeric mixture. Even more 

remarkable, the variants from Zmo2, Tel and Sco showed selectivities over 95%, which 

in fact revealed a stereoconvergent cationic cyclization in the SHC’s confined active site. 

It is worth mentioning that the natural stereoconvergence increased with accessible 

electron density at position 168 in the order Sco (cysteine)<Aac (serine + water; blocked 

by Y420)<Zmo1 (glutamine)<Tel (serine + water)<Zmo2 (tyrosine) (cf. Supporting Figure 

S 9C+D). The electron density at this position is presumably required to extend to 

cation’s lifetime for the cisoid-transoid bond rotation. As the TelW172G variant showed 

the best conversion combined with 96% selectivity, this enzyme was chosen for a 

docking investigation of both 66 isomers. Figure 3-6B, IV reveals that both isomers align 

similarly in the active site with their alcohol moiety coordinated to the newly created 

polar pocket of the W172G/S171 double amide backbone. As a result, this almost identical 

pre-folding of the isomers may be another reason for the stereoconvergence.  

The herein presented homologous transfer substantiates the pivotal role of the 

hydrogen-binding capability exhibited by SHCs. Whereas blocking the polar binding site 

by a cysteine disrupted activity (cf. Figure 3-6, ScoSHC) an additional hydrogen-bond 

donor as in Zmo1 improves activity. Exposing the double amide backbone by the W to G 

mutation not only increased activity as well as selectivity for all SHCs, but further 

revealed the unprecedented ability of the stereoconvergent cationic cyclization of a 

cis/trans isomeric substrate mixture. This powerful ability is presumably facilitated by 

the shape-complementarity of the enzyme’s active site, allowing only the distinct 

transition state structure that results (–)-ambroxide 7, combined with locally enriched 

electron density.184 Besides coordinating the substrate’s alcohol moiety, the newly 

created polar space could serve to trap a water molecule, which could support in pre-

folding of the substrate. Such a structure-giving role was described in the cationic 

rearrangement cascade of GPP 11 to bornyl diphosphate 29 (cf. chapter 1.3.1).57 These 

results prove that the double-bond nature does not necessarily determine the fate of the 

final product as stated earlier185 and makes the tedious separation of isomers beforehand 

obsolete. A similar stereocontrol over a cationic transition state was recently published 

by the List group,105 which also leveraged the strongly confined active site of their 

Brønsted-acid catalyst (cf. chapter 1.3.2). 
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Figure 3-6: Stereoconvergent cationic cyclization of 66 in the active site of SHCs. (A) Stereoconvergent cyclization 

using of a 90:10 3E:3Z 66 isomeric mixture with different SHC homologs and variants thereof. The pre-folding of the 

E,E-isomer results in the right conformation of (–)-ambroxide 7. Reaction conditions: 2 mM 66, E. coli whole cell with 

OD600 = 10, 30 °C, 5 h. (B) Docking of 66 in the active site of the different variants reveal the key function of the 

position 169 (AacSHC counting). See (A) and (C) for the related activities. Blocked 169 backbone by adjacent 

hydrophobic cysteine disrupts activity (ScoWT,). Additional adjacent hydrogen-bond donor/acceptor such as 

glutamine boosts activity (Zmo1WT). Opening the hydrogen-binding pocket by tryptophane to glycine mutation 

boosts activity and selectivity for all variants. (C) Stereoconvergent cyclization using of a 55:45, 3E:3Z 66 isomeric 

mixture with different SHC homologs and variants thereof. The pre-folding of the Z,E-isomer results in an unfavorable 

conformation of (–)-ambroxide 7 and therefore requires a cisoid-transoid bond rotation. Reaction conditions: 2 mM 

66, E. coli whole cell with OD600 = 10, 30 °C, 48 h. All biotransformation were carried out as analytical 

biotransformations (cf. chapter 6.7.1) and error bars represent the s. d. between technical triplicates. 
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Facing the question of the exact mechanism, the only comparable cisoid-transoid bond 

rotation during a cationic rearrangement cascade was postulated by the Tiefenbacher 

group in their study on the rearrangement of geranyl acetate 34.63 Herein, the linalyl 

cation must isomerize from transoid to cisoid prior to SN’ cyclization (cf. chapter 1.3.1).72 

This perception could facilitate the herein observed stereoconvergence of the reaction. 

3.2.4 Kinetic analysis of the generated variants in vitro and in vivo 

After the mechanistic investigations on the catalyst, the next target was to face real 

industrial application conditions by means of maximal substrate titers und turnovers. 

However, it is a common drawback that terpenes comprise high cytotoxic potential, 

partially due to diffusion into and desintegration of the cellular membrane.160,186,187 

Therefore, in addition to the mere application, the focus of this part was to understand 

the relation of substrate to cell concentration. First, the cytotoxic potential was 

demonstrated by simply increasing the substrate concentration 20-fold from 1 to 20 mM 

while keeping the cell concentration at 0.1 g/L, which indeed resulted in almost 

immediate inactivation of the enzyme (~2% conversion). Such an effect was not 

observed in the earlier study using high cell concentrations.129 Therefore, the cell 

concentration was raised 50-fold to 5 gCDW/L, which resulted in a linear conversion of 

60% of 66 within 24 h (Supporting Figure S 10A+B). Despite the unambiguous results of 

these two simple experiments, it was not clear whether the first reaction stopped due to 

the enzymatic substrate/product inhibition, as stated by Simon,95 or due to molecular 

toxification of the microbial host. To shed light on this issue, the four AacSHC variants 

WT, B, P2 and P3 were kinetically analyzed in vivo and in vitro (Figure 3-7). These 

variants were chosen as they comprise the four stages of engineering:  native enzyme, 

engineered entrance tunnel, engineered active site, and engineered active + entrance 

tunnel. Starting with the in vitro characterization, it is worth to mention that 

membrane-bound enzymes require detergents as an artificial membrane for isolation 

and solubilization.95 The entrance tunnel mutations of the benchmark SHC B doubled 

the kcat, while only slightly affecting KM and therefore substrate affinity (Table 3-1, B, in 

vitro). 
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Figure 3-7: Kinetic investigations of selected AacSHC variants in vitro and in vivo. For reaction conditions cf. chapter. 

6.7.6. (A) Michaelis-Menten plots for the AacSHC WT, B, P2, and P3 catalyzed cyclization of 66 in vitro. (B) Substrate-

excess inhibition plots for the AacSHC WT, B, P2, and P3 catalyzed cyclization of 66 in vivo. (C) Double-logarithmic 

plot of substrate concentration vs. specific activity. Error bars represent the s. d. between technical triplicates. 

As expected from the active site mutations in P2, these alterations increased the 

substrate affinity and thus lowered the KM 5-fold, which entailed a ~12-fold increase in 

kcat (Table 3-1, P2, in vitro). Finally, the additional entrance tunnel mutations in P3 

resulted in almost doubled kcat, while KM remained almost unchanged. In total, the 

structure-guided engineering of the WT in the active site and entrance tunnel led to a 

catalytic efficiency kcat /KM of 372.5 mM*min-1 (Table 3-1, P3, in vitro), which is an 

improvement of more than 250-fold. Noteworthy, all initial rate kinetics in vitro could 

be approximated by Michaelis-Menten plots (Figure 3-7A).  

Table 3-1: Parameters of initial rate kinetics for AacSHC WT and variants B, P2 and P3 in vitro and in vivo. The in vitro 

kinetics were approximated by Michaelis-Menten plots. The in vivo kinetics were approximated by substrate-excess 

inhibition plots. 

 in vitro in vivo 

 KM 

[mM] 
kcat  

[min-1] 
kcat/KM 

[mM*min-1] 
KM,app 

[mM] 
kcat,app  

[min-1] 
kcat,app /KM,app  

[mM*min-1] 

WT 0.94 1.38 1.47 0.16 0.52 3.14 
B 1.06 2.81 2.65 0.17 0.60 3.44 

P2 0.19 35.65 185.95 0.22 26.32 117.01 
P3 0.16 61.62 372.48 0.21 28.70 135.12 

In contrast, the in vivo kinetics had to be approximated by substrate-excess-inhibition 

plots with the inhibition constant Ki = KM,app occurring at ~0.21 mM for all characterized 
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variants (Figure 3-7B+C). Nevertheless, a 45-fold increase in catalytic efficiency of P3 

(kcat,app /KM,app ~ 135 mM*min-1) compared to the WT was determined (Table 3-1, P3, in 

vivo). Interestingly, the inhibition could be reduced by reducing the orbital shaking from 

800 to 300 rpm, albeit resulting in a 9-fold lower catalytic efficiency kcat,app /KM,app of ~15 

(Table 3-2, see also Supporting Figure S 10C). 

Table 3-2: Parameters of initial rate kinetics for variant P3 under varying rotation speeds in vivo. Kinetics were 

approximated by substrate-excess inhibition. P3 at 300 rpm was also approximated by Michaelis-Menten, as substrate 

excess inhibition occurred only at high substrate concentration (20 mM).   

 KM,app [mM] kcat,app [min-1] kcat,app/KM,app [mM*min-1] 

P3 (800 rpm) 0.21 28.7 135.12 

P3 (600 rpm) 0.93 16.23 17.30 

P3 (300 rpm) 2.57 13.03 5.05 
P3 (300 rpm,  
Michaelis-Menten approx.) 0.20 2.99 14.86 

Overall, the kinetic data disclosed meaningful differences in the in vivo and in vitro 

kinetics and further strengthens the synergistic impact of the dual-site allocated 

mutations. Congruent to the MD simulations, the alterations in the entrance tunnel 

mainly contributed to the enzyme’s kcat, which strengthens the hypothesized increased 

substrate flow (cf. Table 3-2, WT vs. B, P2 vs. P3). Compared to the native reaction of 

the AacSHC, the catalytic efficiency of P3 for the non-natural 66 cyclization varies by a 

factor of almost 700, which is not unusual188 as nature evolved the SHC’s active site 

residues for precise shape-complementary binding interactions with squalene 36 that 

contribute substantially to the catalytic efficiency.87 However, that study employed 

Triton-X instead of CHAPS as the detergent for enzyme solubilization, which may 

impact the enzymatic performance.189–191 In their natural environment though, all SHC 

variants are strongly inhibited after the peak performance concentration of 0.21 mM (cf. 

Figure 3-7, in vivo). Both results suggest a regulative function of the lipid environment 

on the enzymatic activity. This inseparable relationship was recently demonstrated in 

the reconstitution of the in vitro activity of the membrane-bound particulate 

monooxygenase by mimicking the natural lipid environment.192 Furthermore, the 

incorporation of terpenes into the cell’s membrane entailing local perturbations were 

also studied before.160,176,186 Together these results elucidate the effect of terpene 

concentrations beyond the enzyme’s KM:  Due to their inherent hydrophobicity, terpenes 
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diffuse into the cell membrane causing local perturbations, whereupon the enzyme 

reacts downregulating its activity. This regulatory function by sensing membrane 

integrity would be a simple tool for nature to control activity of membrane-bound 

enzymes as already hypothesized in 1975.193 To omit the downregulation, the local 

perturbations have to be ‘widespread’ by offering the terpenes more membrane area. 

This wide spreading can be achieved by the invagination of the cellular membrane as 

exemplified by Wang and co-workers194 or simply by increasing the cell concentration.129 

Herein the molecular toxification was reduced by lowering the orbital shaking speed, 

which kept the aqueous cell suspension and organic substrate layer more separated, thus 

losing maximal reaction velocity for the sake of membrane integrity and enzymatic 

activity.  

3.2.5 Fed-batch process for high turnover (−)-ambroxide 

production 

In the final experiment, the new insights into the enzyme kinetics were used to achieve 

a maximal turnover number, thus pushing the SHC to its limits. Therefore, a feeding 

strategy was envisaged exploiting the enzyme’s high selectivity and the constant ISPC of 

(–)-ambroxide 7. Additionally, an in vitro approach was carried out to investigate the 

stability of the SHC in the membrane mimic. The SHC variant P3 was used in 

combination with 95% E,E-66 as this combination showed the best catalytic 

performance (cf. chapters 3.2.1 and 3.2.3). An enzyme solution (0.015 mg/ml SHC, 0.2% 

CHAPS, 20 mM citric acid, pH = 6.0) and whole-cell suspension (0.1 gCDW /L E. coli whole 

cells in ddH2O) were prepared, supplemented with 200 μL (7 mM) pure 66 and shaken 

at 30 °C (in vivo) and 50 °C (in vitro), respectively. This substrate concentration was 

selected as it depicts the concentration before the inhibited and non-inhibited in vivo 

plots cross-over (cf. Supporting Figure S 10C). For comparative reasons, both reaction 

mixtures were shaken slowly at 300 rpm orbital shaking and the depletion of the 

substrate layer was observed (Figure 3-8A, I and II). During the in vitro approach almost 

no depletion occurred, and the reaction stopped after ~10 h and ~3.5% product 

formation, which equals a total turnover number of ~11000. Intriguingly, the SHC in the 

whole cells was active for 34-38 days using the feeding strategy (Figure 3-8B).  



CHAPTER 3 

66 

 

Figure 3-8: Fed-batch process for max. total turnover of E, E-homofarnesol 66 with an engineered AacSHC P3 driven 

by continuous ISPC. For reaction conditions see chapter 6.7.7. (A) After addition of substrate 66, depletion of organic 

substrate layer on top of the aqueous cell suspension was observed (cf. organic layer in I and II). After estimated 90% 

depletion (II), substrate 66 was repeatedly fed (blue triangles). After about seven days 7 started to crystallize from the 

reaction broth (III). The maximal reaction velocity decreased over time due and stopped after 34-38 days (IV). 

(B) Total turnover numbers achieved with the different approaches. (C) Table containing process-related data derived 

from three independent experiments. Error bars represent the s. d. between technical triplicates. *specific activity was 

deduced from Supporting Figure S 10C 

Thus, a total turnover number (TTN) of an average of 191109 was achieved. Compared to 

the calculated TTN of 262941, the enzyme lost ~ 27% of its activity, indicating a time-

dependent inactivation of the catalyst. Overall, 1 g of the desired product 

(−)-ambroxide 7 was produced employing only 10 mg of E. coli whole cells (Figure 3-8C).  

Despite showing higher TOF and catalytic efficiency kcat,app /KM,app compared to whole 

cells, the purified enzyme is more prone to inactivation in the membrane mimic and 

consequently stopped working after 10 h and 3% substrate conversion. These stability 

issues are a well-known challenge in membrane-protein science, most often 

encountered during enzyme structural studies.195–198 Kotov et al.199 have recently 

presented a high-throughput method to debottleneck the low stability of membrane 

enzymes, which may serve as a solution here as well. The feeding strategy which 

beneficially merges the constant ISPC and slow orbital shaking kept the enzyme stable 
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for several weeks, performing almost 200.000 turnovers. Such feeding approaches are 

often applied in biocatalysis to overcome immediate toxification of the catalysts.200–202 

Moreover, biocatalysts exhibiting turnover numbers in the 106 range are well positioned 

among the upper ranks of industrially applied enzymes.203,204 The overall productivity of 

the E. coli whole cells were increased by a factor of 200129 and the process delights with 

its excellent atom-economy. These results further substantiate the high catalytic 

potential, which slumbers in whole-cell biocatalysis.205–207 An apparent drawback is the 

long time period of the presented process, which could be overcome by increasing the 

mass transfer across the biomembrane using membrane transporter enzymes174 or 

spheroplast preparation.208  

3.3 Conclusion 

Biocatalytic terpene cyclizations are a thriving research area constantly growing and 

evolving mainly by e.g., active site mutational or substrate scope studies.55,84 The 

underlying work represents a next step in engineering and understanding SHCs on the 

molecular as well as macromolecular level. Besides the active site, the enzyme’s dynamic 

entrance tunnel was engineered to improve the catalytic efficiency by enhancing 

substrate flow and forcing an open tunnel. The synergy of such an approach originates 

from the huge amino acid network and its intramolecular communication, which was 

clearly elucidated computationally. The transfer of the beneficial mutations into SHC 

homologs revealed the stereoconvergent cationic cyclization, which will be further 

investigated in future work. As a new target, the membranous environment of the 

enzyme and terpene-induced local perturbations were considered, which are pivotal for 

membrane-bound enzyme activity.78,209,210 The holistic view on the enzyme unlocked the 

true potential of the SHC and with this knowledge the actual implementation into 

industry seems more likely, even though it demands process optimization. Going 

forward, essential monotopic membrane-bound enzymes, e.g., the visual cortex protein 

RPE65 or the tumor protein COX-2 could be re-evaluated in terms of promiscuity or 

inhibition keeping the preservation of the membrane integrity in mind.192,209,211 This case 

study on the in vivo application of SHCs strongly benefited from the ISPC of the 

crystalline product 7. However, many terpenes are liquids and therefore alternative in 

situ product removal (ISPR) techniques must be employed to overcome the membrane-
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dependent limitation. As presented before (cf. chapter 2.2.4) cyclodextrin represents a 

potent solution in this regard. The mode of action of the cyclodextrin-augmented SHCs 

and the opportunities offered by this beneficial supplementation are discussed 

extensively in the following chapter. 
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Chapter 4 

EXPANDING THE RETROSYNTHETIC TOOLBOX BY BIOCATALYTIC 

SHAPE-COMPLEMENTARY CATIONIC CYCLIZATIONS  

4.1 Introduction – Novel synthetic approaches in terpene total 

synthesis 

Retrosynthetic logic is inherently limited to the contemporary synthetic and catalytic 

methods.212 The age of biocatalysis largely enriched this conceptual toolbox by 

harnessing the catalytic power of enzymes.213 As a result, this development gave rise to 

sophisticated new synthesis routes merging bio- and chemocatalysis in catalytic hybrid 

approaches.214 Such approaches are also reflected in terpene total synthesis e.g., by the 

Renata lab.32,215 In their endeavor to produce meroterpenes, the group reinvigorated the 

chiral terpene pool by chemically unparalleled regio- and stereoselective remote 

oxyfunctionalizations of unbiased terpenes e.g., sclareol 48 with the aid of engineered 

oxygenases.216 The resulting oxidized scaffold 68 was then transformed into the 

meroterpene Taondiol 69 employing state-of-the-art synthetic and catalytic methods 

(Figure 4-1A).217 Despite the innovativeness of this approach, a closer inspection of the 

synthetic route reveals that most of the synthetic effort (8 of 11 steps) is spent on the 

‘scaffold remodeling’ of the cyclic terpene precursor (Figure 4-1B). Conversely, nature’s 

convergent pathway employs a single cationic cyclization to construct the cyclic terpene 

scaffold (Figure 4-1C).218 Consequently, these stereoselective cyclizations may shorten 

synthetic routes towards complex terpenes drastically (Figure 4-1D). Despite 

tremendous efforts in chemical catalysis to employ cationic cyclizations in total 

synthesis of terpenes (cf. chapter 2.1),219–222 absolute control over selectivity has 

remained an outstanding challenge.223 In contrast, highly selective terpene cyclases 

generally suffer from their nature-given limitations i.e., membrane integration and the 

toxicity of the substrates/ products (cf. chapter 3.1). As a result, most biocatalytic 

cyclizations end up in substrate/product mixtures, whose separation requires special 

equipment.224,225 Moreover, titers of cyclase biocatalysis are in most cases far below 1 g/L, 

which precludes their broader application.194,226,227 As demonstrated in chapter 3, ISPR 

techniques comprise a general strategy to increase the STY of enzymatic reactions.168  
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Figure 4-1: Retrosynthetic logic towards the construction of complex meroterpenes. (A) Chemoenzymatic route to 

oxidized meroterpenes by Hans Renata et al.217 (B) Schematic synthetic pathway to meroterpenes employing the ex 

chiral pool method.228 FG = Functional group. (C) Schematic synthetic pathway to meroterpenes found in Nature.229 

(D) Proposed novel synthetic pathway devised in this study employing squalene-hopene cyclases. 

In this regard, cyclodextrins (CDs) serve as a non-denaturing alternative to organic 

solvents for the ISPR of non-precipitating liquid products.230–232 CDs are ring-structured 

macromolecules universally applied233–236 in the scientific world, owing to their 

amphiphilic properties and their potential to encapsulate hydrophobic molecules 

(Figure 4-2).237 The literature-known ability of CDs to complex terpenes, interact with 

membranes, and increase terpene yields of plant-derived organisms prompted the idea 

to supplement SHC in vivo biocatalysis with CDs.230,232,237–243 These cyclodextrin-

augmented SHCs should therefore enable higher STYs in the generation of liquid 

products. With both ISPC and CD-driven ISPR in hand, the stereoselective generation 

of desired terpene scaffolds by biocatalytic shape-complementary cyclizations should 

enable novel chemoenzymatic routes towards complex terpenes. 
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Figure 4-2: Cyclodextrins and their encapsulation potential of terpenes.239 Due to higher water solubility, 

2-hydroxypropyl-β-cyclodextrin (2HPCD) was used for this study.230 The hydrophobic core diameter of β-CDs is 

around 9 Å. 2HPCD carries an average of 0.5-1.3 substitutions of 2-hydroxypropyl per glucose unit.  

4.2 Results and discussion 

The intial goal of this study was to set up optimal conditions for the in vivo biocatalysis. 

In this context, the cyclization towards liquid or solid products were compared in terms 

of cell specific activity. Moreover, the general applicability of CDs extending SHC 

performance should be demonstrated. Since 2-hydroxypropyl--cyclodextrin (2HPCD) 

exhibits the highest water solubility (compared with α- and β-CD) it was used for this 

study. It should be mentioned that during the course of the work organic/aqueous two-

phase systems empolying selected organic solvents varying in their logP value were also 

tested, resulting in unsatisfying performance of the SHC (Supporting Figure S 11). In 

order to complement the experimental results, the encapsulation potential in 

comparison to the storage potential in the membrane interior was investigated 

computationally. After the proof-of-concept, multiple cyclic terpene scaffolds should be 

produced in reasonable yield and ready-to-use for total synthesis to demonstrate the 

synthetic usability of cyclodextrin-augmented SHCs. 

4.2.1 Reaction condition evaluation and cyclodextrin-augmented 

SHCs from different organisms 

To initiate the study, a model reaction was determined which results in liquid product. 

Unfortunately, the natural reaction of squalene 36 gave no acceptable conversions (<1%, 

data not shown), presumably due to the impermeability of the outer membrane for 

highly hydrophobic molecules.157 Empirically, the promiscuos cyclization of E-geranyl 

acetone 52t results in liquid chromene 53t and is able to pass the outer membrane to 
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undergo cyclization in vivo (cf. chpater 2.2.1). As a result, this reaction was chosen as the 

model liquid cyclization, whereas the (–)-ambroxide 7 cyclization was chosen as the 

model solid cyclization (Figure 4-3).  

 

Figure 4-3: Evaluation of optimal conditions for the SHC-catalyzed in vivo cyclization reactions. Standard reaction 

conditions (blue bars): 20 mM substrate, 10 mgCDW/mL whole cells, ddH2O, 30 °C. Additives: SDS = 0.2%, 2HPCD = 

20 mM, DMSO = 1% (v/v). For buffering at the pH = 5.0, 100 mM citric acid was chosen. Selectivity towards the 

products shown below arrows. (A) Model liquid cyclization of E-geranyl acetone 52t towards chromene 53t using the 

variant G600R. The cell specific activity suffers from time-dependent inactivation (grey and green bar). (B) Model 

solid cyclization of E,E-homofarnesol 66 towards (−)-ambroxide 7 using variant W169G. No time-dependent 

inactivation was observed within 60 h. All biotransformations were carried out as analytical biotransformations (cf. 

chapter 6.7.1) and error bars represent the s. d. between technical triplicates. 
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Based on earlier studies regarding detergents, co-solvents and cyclodextrins129,231,244 the 

parameters of added SDS, DMSO, 2HPCD and the temperature were varied for both 

biotransformations (Figure 4-3A+B). In this regard, the optimal amount of SDS and 

2HPCD were evaluated in the cyclization of 66 at 40 °C (Supporting Figure S 12). This 

temperature was chosen as it was priorly found to be advantageous for in vivo reactions 

(Supporting Figure S 6). The optimal SDS and 2HPCD concentrations were determined 

at gSDS:gCDW = 0.2 and equimolar amount of 2HPCD, respectively. Interstingly, adding 

SDS to the reaction mixture of the liquid cyclization with 52t lowered the activity. 

Additional DMSO had almost no effect on the cell specific activity for both examples. 

The supplementation of equimolar 2HPCD improved the liquid cyclization 1.1-fold and 

the solid cyclization 3.8-fold. Increasing the temperature improved both cyclizations 1.4- 

and 10-fold for liquid and solid cyclization, respectively. Higher temperatures were not 

beneficial. Setting the pH to 5.0 as suggested in a previous study129 showed no positive 

effect on both reactions. Combining the optimal conditions at 40 °C further improved 

the liquid cyclization 1.2-fold and the solid cyclization 3.6-fold. Interestingly, both 

biotransformations started with an initial cell specific activity of ~220 nmol·min-1·gCDW
-1, 

however, were influenced to varying extent by the additives. Whereas the liquid 

cyclization was improved ‘only’ 1.8 fold, the solid cyclization was boosted 13.6-fold, which 

highlights the beneficial effect of the ISPC on the SHC biocatalysis (cf. chapter 3.2.5).168 

The exclusive improvement of the 66 cyclization by additional SDS was not surprising 

as it was already described by Eichhorn et al.129 to be specific for this substrate. Curiosly, 

the cell specific activity of the liquid cyclization decreased within 60 h, whereas the solid 

cyclization kept a stable activity within this time frame. One explanation for such an 

effect would be the membrane-bound topology and inherent downregulation of the SHC 

as discussed in chapter 3. In particular, the generated liquid side-products may be stored 

in the E. coli membrane, which would cause local perturbations and ultimately affect 

enzymatic long-term activity.176,198,245 To further study the generability of this effect, 

several SHCs were examined in the cyclization of 52t (Table 4-1). Seven out of 13 SHCs 

(cf. Supporting Table S 1) showed activity with excellent stereoselectivity (> 99% ee and 

de) and low246 but sufficient cell specific activities (28 – 278 nmol*min-1*gCDW
-1) under 
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the optimal conditions used in Figure 4-3. Next, the cell-specific activity of the enzymes 

at 20, 40, 60 h was determined, using a higher substrate concentration of 50 mM 52t. 

Table 4-1: Cell specific activities and stereoselectivities of SHCs towards cyclization of 52t to 53t originating from 

different hosts and their insertion depths into the membrane. Equal expression was determined by SDS-PAGE (cf. 

chapter 6.3.3). Insertion depths were calculated using the PPM server.80 Reaction conditions: 20 mM 52t, 10 gCDW/L 

whole cells harboring the respective SHC, 30 °C, 20 h. Reactions were performed in technical triplicates 

 

Host Insertion depth 
[Å] 

cell specific activity [nmol·min-1 ·gCDW 
-1] ee/ de 

[%] 

Aac 7.4 ± 0.1 278.5 ± 0.8 99.5 
Tel 4.9 ± 0.0 262.1 ± 0.8 99.5 
Bja 7 ± 0.6 178.3 ± 0.3 99.5 
Pca 7.3 ± 2.4 110.2 ± 1.1 99.5 
Sco 2.3 ± 0.3 80.9 ± 0.2 99.5 
Rpa 3.9 ± 1.2 78.1 ± 0.5 99.5 

Zmo2 3 ± 1.3 28.6 ± 0.3 99.5 

The results in Figure 4-4A clearly show a decreasing cell-specific activity over time for 

all tested SHCs. Interestingly, the impact on the activity differs among the cyclases 

correlated to their membrane embedding depth (Table 4-1).80 Surprisingly, adding 

2HPCD to the reaction mixture after 60 h restored the intial activity (Figure 4-4A, 

orange bar). Building on these results, 2HPCD was added from the beginning in the 

second experiment, resulting in stable cell-specific activity for all SHCs over 60 h 

(Figure 4-3B). The presented results proved that it is generally feasible to maintain and 

even restore the in vivo activity of SHCs by augmenting them with 2HPCD. In theory, 

this beneficial augmentation should enable the full conversion of various terpenes into 

their chiral cyclic analogs utilizing SHC variants with promiscuous engineered 

selectivities and activities.247 Consequently, this strategy enables to bypass time-

consuming strain engineering248 and tedious substrate/ product separation224,225 to 

obtain privileged terpene scaffolds. Intriguingly, the different SHCs responded to high 

terpene concentrations depending on their predicted membrane-embedding depth. 

This phenomenon further highlights the tight relationship of the monotopic enzyme 

and it’s host, gives more insights into these proteins and further strengthens the 

hypothesis on the membrane-bound enzyme regulation raised in chapter 3. 
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Figure 4-4: Cell specific activity of SHCs from different origins at high substrate concentrations (50 mM). The specific 

activities were determined as end-point detections. Equivalent expression of the variants was analyzed via SDS-PAGE 

(cf. chapter 6.3.3). (A) Cell specific activity of SHCs decreases over time (blue, light blue and grey bar) and was restored 

by adding equimolar 2HPCD (orange bar). The effect of the high substrate concentration is dependent on the 

membrane insertion depth of the SHCs (cf. Table 4-1). Reaction conditions: 50 mM 52t, 10 gCDW/L whole cells, 40 °C. 

2HPCD was added after 60 h. (B) Cell specific activities of the SHCs with equimolar amount of 2HPCD initially added 

shows constant cell specific activity over the course of 60 h. Reaction conditions: 50 mM 52t, 10 gCDW/L whole cells, 40 

°C, 50 mM 2HPCD. Error bars represent the s. d. of technical triplicates. 

4.2.2 Computational and experimental elucidation of the 

comparative terpene encapsulation – collaboration with 

Niels Hansen 

To further strengthen the experimental results, free energy calculations were invoked in 

explaining the partitioning of selected terpenes. The following computational results 

were generated in cooperation with Niels Hansen and Daniel Markthaler from the 

Institute of Thermodynamics and Thermal Process Engineering, University of Stuttgart. 

Therefore, only a brief summary of the computational results is given below. The 

computational results first showed that one terpene molecule fits into the hydrophobic 

core of one molecule 2HPCD, which correlates with the experimental results in 

Supporting Figure S 12. Next, terpene partitioning free energies for the terpenes neryl 

acetone 52c, (−)--dihydroionone 3, E,E-homofarnesol 66 and (−)-ambroxide 7 from 

water into an artificial membrane approximated by liquid cyclohexane249 or the 2HPCD 

core were calculated. 
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Figure 4-5: Computational elucidation of the 2HPCD terpene encapsulation potential. (A) Calculated free energies 

∆G given in kJ/mol for the partitioning of molecules 52c, 3, 66 and 7 into the membrane interior and 2HPCD core, 

respectively. Membrane interior was emulated as cyclohexane-scaffold based on ref. 249. The reversible processes are 

competing, which underpins the terpene extraction capability of 2HPCDs from the cell membrane. (B) Encapsulation 

(blue) of 7 is competing with its crystallization (red). Non-calculated free energy data for sublimation was estimated 

based on the vapor pressure taken from reference.250  

The free energies for the 2HPCD encapsulation ∆GENC and membrane storage ∆GSTO in 

Figure 4-5A disclosed that the reversible partitioning of the terpenes from water into 

the membrane or into the inner core of 2HPCD are competing processes in all four 

systems. Lower values mean a higher energy gain for the system and thus a more likely 

occurrence of the partitioning. To substantiate the computational insights, the 

precipitation of 7 during its formation from 66 was observed in the presence of 

2HPCD/water (Figure 4-5B). Suprisingly, no crystallization of 7 occurred, which 
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indicates that encapsulation of 7 is favoured over its precipitation. Indeed, this 

observation fits well to the calculated data of the encapsulation potential ∆GENC of 

2HPCD and the crystallization ∆Gcrystallization (–30.1 vs. –23.5 kJ/mol). In fact, this also 

applies for the membrane storage free energy ∆GSTO (–37.3 kJ/mol) where product 7 

actually precipitates. However, the terpene storage capacities of 2HPCD with 20mM and 

that of the membrane with ~0.2 mM (cf. chapter 3.2.3) greatly differ, which could explain 

these observations.  

In summary, the computational as well as experimental results of this part elucidated 

that the encapsulation of terpenes by 2HPCD is indeed competing with the partitioning 

into the E. coli membrane. This data strengthens the conception that 2HPCDs are able 

to extract terpenes from the membrane as shown in several independent studies 

before.241,251–253 

4.2.3 Generation of diverse privileged terpene scaffolds with 

absolute stereocontrol and high conversion by employing 

the 2HPCD/ SHC system 

Having deeply investigated the potential and the mode-of-action of 2HPCD in the in 

vivo biotransformation, the next objective was to apply the 2HPCD/ SHC system and 

generate a diverse panel of chiral terpenes by employing engineered SHCs converting 

non-natural terpenes with varying chain lengths. To this end, retrosynthetic analysis of 

selected meroterpenes was carried out to identify potential cyclic terpenes. The first 

route was inspired by nature itself in the design of linear meroterpene precursors by 

Friedel-Crafts alkylation chemistry, which resembles the prenyl transfer reaction in 

nature (cf. Figure 4-1C+D).218 However, unlike nature in this route the cyclic skeleton 

should be forged first, followed by a Friedel-Crafts alkylation of the aromatic compound 

(Figure 4-6A). Such a pathway would tremendously shorten synthetic routes for an 

array of meroterpene scaffolds33,254–257 e.g., (+)-β-makassaric acid 70 due to the omitted 

‘scaffold remodeling’ step. The challenge, in addition to the conjunction of allylic alcohol 

71 and p-hydroxy-benzoic acid 72, is the selective tricyclization and β-deprotonation of 

73. The second route was inspired by Parker’s258 concise synthesis of α-pyrone based 

meroterpenes 74 (Figure 4-6B). This route appeals with the optional divergent synthesis 

of various α-pyrone meroterpenes which differ in their aromatic moiety e.g., arisugacins, 

pyripyropenes or phenylpyropenes.25 
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Figure 4-6: Retrosynthetic analysis of complex meroterpenes 70, 74 and 78 inspired by Kumar Sau et al.257, Parker et 

al.258 and Kabbe et al.259 Challenges for the cyclization reactions (except stereoselectivity) shown in red. (A) 

(+)-makassaric acid β-derivative 70 type meroterpenes could be produced by Friedel-Crafts alkylation of chiral cyclic 

terpenes e.g., ent-isocopolane 71 and arenes (blue) e.g., p-hydroxy-benzoic acid 72. (B) α-pyrone based 

meroterpenes 74 could be produced by base-mediated γ-acylation/ intramolecular annulation of precursor 75 with 

various commercially available benzoic or nicotinoic esters 76, hence exhibiting great divergency potential. (C) 

Chromanone-type meroterpenes 78 could be produced by pyrrolidine catalyzed intermolecular Aldol condensation 

followed by intramolecular Oxa-Michael addition. 

The conjunction of precursor 75 with diverse and broadly commercially available 

benzoic or nictonoic acids 76 is facilitatzed by a Brønsted-base-mediated tandem γ-

acylation/ intramolecular annulation. The selective tricyclization and termination of 77 

discriminating between three potential cation quenchers (75, highlighted in red) would 

put the reaction into a new light. It should be noted that α-pyrone meroterpenes usually 

contain an OH-group in the C3 position (cf. 74, terpene counting), which is not present 

in the underlying scaffold. Nonetheless, the focus of this work was to showcase the SHC-

controlled highly stereoselective cationic cyclization, which is why prior epoxidation (cf. 

Figure 1-2) or late-stage hydroxylations were not taken into account. The last route is 

based on the Kabbe reaction, which represents a tandem Aldol-condensation/ Oxa-

Michael addtion (Figure 4-6C).259 This classical transformation gives direct access to 
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valuable chroman-type structures found in various terpenes in nature such as 

tetrahydrocannabinol or vitamine-E. While this reaction type was already demonstrated 

using substrate (+)-3 by Castillo et al.31 the herein presented synthesis of the (–)-3 

precursor by a directed cationic cascade would shorten the overall synthesis route and 

give access to new diastereomers of the resulting chromanones. 

Having determined the target terpene scaffolds of interest, the workflow for the survey 

of the in-house SHC library was as follows:  First all chosen substrates were docked into 

the AacSHC WT crystal structure to define hot-spot amino acid positions in 

juxtaposition to the functional group in the active site, ultimately creating smaller and 

smarter enzyme libraries for screening (Figure 4-7, blue sticks). These libraries were 

then screened for an enzyme variant exhibiting maximal selectivity towards a single 

product and maximal activity using 2 mM substrate and 10-20 gCDW/L cells (4-7 mol-% 

SHC) at given temperature within 20 h. Hit positions are depicted in the respective 

Figure 4-7A-F as yellow sticks, albeit only the two best hits in comparison to the 

wildtype are shown in the adjacent chart. Finally, upscaling of the biocatalysis was 

carried out with the SHC/ 2HPCD system employing 20 gCDW/L lyophilized cells, 7.5-20 

mM substrate, 10-20 mM 2HPCD and 0.4% SDS (cf. ref. 129) in ddH2O. The lyophilized 

cell powder was used as it exhibtited the same performance as freshly expressed cells 

(data not shown) and facilitated their simply storage in Falcon® tubes at room-

temperature.  

Starting with the smallest terpene size, the monoterpenoid E-geranyl acetate 34 was 

chosen for screening (Figure 4-7A). Noteworthy, E-geraniol was also tested based on 

earlier published results using purified SHC,84 which did not result in any conversion, 

thus constituting a limitation of the 2HPCD/ SHC system. Besides stereoselectivity, a 

challenge for the Brønsted-acid catalyst was to discriminate between solvolysis and 

cation-olefin cyclization. AacSHC variants at positions L607 and G600 exhibited 

cyclization products with G600R having 7-fold improved activity (compared to the WT) 

and exclusive stereo (>99% ee, >99% de) as well as high product selectivity (95%) 

towards the cyclohydration product (S)-cyclogeranyl acetate hydrate 80. Employing the 

SHC/ 2HPCD system enabled high conversion (71% isolated yield) after 7 weeks at 50 °C. 

The chiral precursor 80 created in that way gives direct access to numerous important 

megastigmane-based terpenes e.g., vitamins260 by nuleophilic substitution chemistry 
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eased by the acetate as the leaving group. The only comparative cyclization study 

(without ionization of the acetate63) of Tsangarakis et al.261 also reported 

monocyclization of 34 employing an NaY zeolite with confined active sites, albeit with 

racemic cyclization products.  

Moving along the isoprene chain length, sesquiterpene E,E-farnesol 81 was selected as 

the next linear precursor (Figure 4-7B). The resultant cyclic drimane skeleton is the 

basis for multiple natural products e.g. chromazonarols, puupehenols or yahazunols 

exhibiting bioactivities.33,256,257 The Hauer group already published the selective 

cyclization of this substrate towards cyclic deprotononation and hydration products 

utilizing various SHC variants.169 However, that study empolyed purified AacSHC 

variants which lacked full selectivity (88%) and did not completely convert 81 to the 

desired product 82 (up to 65%). Chemical approaches towards 82 employ the 

remodeling of chiral pool terpenes or stereospecific cyclization using superacids.262–264 

During the course of this survey three hit positions W169, I261 and A306 were identified, 

of which variant A306W achieved full conversion (99.5%) and excellent product 

selectivity (98%). Advantageously, it was known that 82 precipitates from the reaction 

broth which considerably boosted (3 d, 88% yield) the upscaled biocatalyis by ISPC and 

made the use of 2HPCD obsolete.  

Next, diterpene E,E,E-geranyl geraniol 73 was screened for cyclization products. 

Convenietly, this substrate simultaneously serves as a precursor for the terpene scaffolds 

of ent-isocopolanes (Figure 4-7C) and labdanes (Figure 4-7D), which are able to control 

anti-inflammatory processes.254,265 Labrotary efforts towards these compounds 

encompass tedious multistep synthesis pathways with low yields.254,266 Biocatalytic 

access to labdane diterpenes was reported by the Peters group, but required the 

extraction of 3L fermentation broth and yielded only 3 mg product.267 In 2004, Hoshino 

reported the promiscuous cyclization (3% yield) of 73 to the desired tricyclic 71, albeit as 

the α-regioisomer, utilizing purified AacSHC.97 Building on these results, hot-spot 

amino acids for tricyclization were identified at positions F601 and F605. It turned out 

that most of the hits, e.g., F601W were more active (up to 8-fold) as the WT but less 

selective (53%) towards α-71. Unfortunately, the screening afforded no β-deprotonation 

product, which is required for the Friedel-Crafts alkylation. However, variant F605W 

produced the α-product with 5-fold improved conversion and ~90% selectivity. 
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Figure 4-7: Survey of engineered SHCs converting non-natural substrates (A) E-geranyl acetate 34, (B) E,E-farnesol 

81, (C+D) E,E,E-geranylgeraniol 73, (E) E,E-farnesyl acetone 84 and (F) E,E-keto ester 77 towards chiral terpene 

scaffolds. In silico docking of the substrates (blue sticks) with hit positions (orange sticks) depicted below each 

reaction scheme. Best variants and AacSHC WT shown in the chart adjacent to the respective docking. Columns 

represent conversion and dots represent selectivity. Error bars represent the s. d. of technical triplicates. Reaction 

conditions for initial screening: 2 mM substrate, 10-20 gCDW/L cells, ddH2O, 20 h at given temperature below each 

arrow. Reaction conditions for the upscalings: 7.5 – 20 mM substrate, 10-20 mM 2HPCD, 20 gCDW/L cells, ddH2O at 

given temperature. For a summary of the upscales see Table 4-2. Product 82 was produced without the use of 2HPCD. 

Error bars represent the s. d. of technical triplicates. 
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For the more challenging bicyclization reaction, amino acid positions around the third 

transient carbocation (Figure 4-7D, red dot) were screened and revealed positions I261, 

G600 and L607 as hot spots. This alternative strategy for short-cutting cationic cascades 

was reported by the Peters268 group and was chosen due to already available in-house 

SHC variants. Congruent to the tricyclization, these variants mostly yielded product 

mixtures (cf. I261Q). Merely, the asparagine at position 600 resulted in the sole (99%) 

formation of the bicyclic labdane scaffold 83 with a conversion comparable to the WT 

(15%). Empolying the SHC/ 2HPCD system facilitated isolation of products α-71 and 83 

after 8 d and 5 weeks with 78% and 90% yield, respectively, and confirmed α-

deprotonation in both scaffolds. Finally, the cyclization of Parker’s linear precursor 77 

should be realized using SHC variants. As 77 is not naturally available, E,E-farnesyl 

acetone 84 was used as a substrate mimic for a pre-screening. This natural substrate was 

chosen due to the almost identical positioning in the active site of the AacSHC WT (cf. 

Figure 4-7E and F). Promiscuous and highly selective cyclization of 84 towards 

sclareoloxide 85 with purified AacSHC was already reported by Seitz et al.,140 albeit with 

low conversions (0.7%). In order to increase activity, double site-saturation mutagenesis 

was performed combining pairs of G600, F601 and F605. The approach yielded variant 

F601D/F605L, which outperformed the WT 10-fold and the best in-house variant G600M 

1.6-fold. Curiously, the amino acid exchanges F601D and F605L both presumably result 

in less confinement around the functional group of 84 in the active site, which is 

contrary to the increased conversion at the first glance. However, the introduced 

aspartate at position 601 should be able to hydrogen-bond152 the keto-group of 84 and 

therefore stabilize the tricyclic pre-fold (cf. chapter 2). Motivated by these results, 

precursor 77 was synthesized and screened with few selected SHC variants at positions 

I261, F601 and F605 as well as the newly engineered SHC F601D/F605L. Intriguingly, the 

latter showed excellent conversion (>99%) and selectivity (>99%) towards the desired 

cyclic product 75. This result further suggests some divergency potential for the residue 

in α-position of the carbonyl group (Figure 4-7F, blue). Upscaling of the reaction yielded 

pure 75 (88%) within 5 d. A summary of all upscales is given in Table 4-2. 
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Table 4-2: Summary of all performed upscales. Reaction times of solid cyclization products are shorter than for the 

liquid cyclization products. 

product titer [g/L] 
reaction 
time [h] 

TOF [h-1] yield [g] (%) 
aggregation 

state 

80 1.96 1176 0.08 0.14 (71) liquid 

82 4.36 72 6.64 0.38 (88) solid 

83 2.23 840 0.1 0.17 (78) liquid 

71 2.23 192 0.5 0.2 (90) solid 
75 2.23 120 1.4 0.19 (88) solid 

To sum up, a general strategy for the efficient screening of SHC libraries was 

demonstrated, combining in silico and in vivo methods. Owing to the confined active 

site, the shape-complementary cyclization was controlled by rationally chosen variants 

adjacent to the substrate’s functional group. Furthermore, the directed cationic cascade 

for product 83 was enabled by polar asparagine, which could possibly serve as a catalytic 

Brønsted-base to quench the transient carbocation at the desired carbon.268 Limitations 

of the presented approach, however, are the necessary all-trans configurations of the 

substrates and their imperative ability to pass the E. coli membrane. Moreover, not a 

single β-deprotonation product could de detected during the screening. The long 

reaction times could be drastically shortened by evaluating the optimal reaction 

condtions for each enzyme/substrate combination. Finally, the biotransformation could 

be improved by tuning the microbial host.174,208 This novel approach enabled the 

catalytic target-oriented generation of six megastigame-, labdane-, ent-isocopolane and 

drimane-type terpenes, harboring up to five setereocenters, in 100-500 mg scale (up to 

4.2 g/L) under ambient conditions in ddH2O (Figure 4-8). These terpene motifs are 

found in more than 5000 natural products2 and were generated with excellent stereo- 

(>99.5% ee, >99.5% de) as well as product selectivities (up to 99%) which makes them 

an ideal starting point for divergent/collective synthesis approaches.30,31 Consequently, 

the stage was set to transform these chiral templates to more complex terpenes 

employing contemporary synthetic and catalytic methods in the sense of nature’s 

scaffold derivatization. 
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Figure 4-8: Summary of the herein presented approach towards higher molecular terpenes. In accordance with one 

of nature’s strategies (cf. chapter 1.1), the achiral linear precursors are biocatalytically cyclized towards privileged 

megastigmanes, labdanes, drimanes and ent-isocopolanes (blue scaffolds) with the aid of SHCs within one step. These 

chiral scaffolds can be leveraged in a divergent/collective synthesis approaches30 towards chroman-type259 structures, 

carotenoids20, seco-labdanes269, spongianes270, quinone-type structures33,254,255,271 or α-pyrone meroterpenes25 

employing synthetic and catalytic methods. Accessible terpene structures based on the four scaffolds shown as blue 

numbers in the lower right corner of each scaffold.2 

4.2.4 Implementing the generated terpene scaffolds in total 

synthesis of complex meroterpenes 

In the final task of this study, the retrosynthetically devised routes from Figure 4-6 

towards complex meroterpenes were realized. Starting with the Friedel-Crafts alkylation 

reactions, a suitable aromatic compound first had to be found for the electrophilic 

aromatic substitution (SEAr) reaction. Compared to nature’s Friedel-Crafts alkylations, 
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it was not possible to simply combine the terpene scaffold with p-hydroxy-benzoic acid 

72 due to the lack of a supramolecular environment deactivating the acidic moiety of 72 

and preventing it from overalkylation (cf. Figure 4-6).74 Instead, methyl-4-hydroxy-3-

iodobenzoate 86 was chosen as the aromatic compound owing to the three substituent’s 

properties to direct the SEAr into the 5-position (red carbon, Figure 4-9A) of the 

aromatic compound and the simple non-reductive deiodination protocol described by 

Talekar et al.272 The basic conditions of the reaction should inherently induce the 

saponification of the ester moiety of 86, ultimately resulting in the desired Friedel-Crafts 

adduct.  

Regarding the forward reactions, the bicyclic labdane 83 was selected as the allylic 

alcohol and subjected to boron trifluoride etherate (10 mol-% BF3·OEt2) catalyzed 

Friedel-Crafts alkylation with 86 which gave a crude adduct in moderate (58%) yield. 

Without further purification, this adduct was directly used in the pyridine-mediated 

non-reductive deiodination/ saponification generating the desired meroterpene (+)-α-

subersic acid 87 in good yield (40%) and comprising the shortest total synthesis of this 

bioactive molecule.255  

Next, chiral terpene scaffold 75 was treated with lithium bis(trimethylsilyl)amid for the 

base-catalyzed γ-acylation/ pyrone-annulation reaction with ethyl nicotinaote 88 

(Figure 4-9B). The reaction generated α-pyrone meroterpene 89 in 40% cutting down 

the previous total synthesis by at least 50%, albeit without the hydroxy group at the 3-

position. Finally, (−)-γ-dihydroionone 3 was coupled with resorcinol 90 in the 

pyrrolidine catalyzed Kabbe reaction to generate chromanone 91 with 90% yield and 

50:50 dr. Noteworthy, L-proline and 2-methoxy-pyrrolidine were tested as alternative 

catalysts with potential stereocontrol which, however, did not result in any conversion 

(data not shown). Taken together, three highly complex meroterpenes were produced 

by transforming the priorly generated cyclic terpene templates making use of 

contemporary or classical synthetic and catalytic tools. Noteworthy, all devised routes 

encompassed only commercially available substrates and were shorter as well as more 

productive than the concurrent devised routes in the literature.25,31,33,217,255 This 

shortening is mainly attributed to the SHCs ability of shape-complementary cyclization 

generating desired chiral terpene precursors in a single step. 
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Figure 4-9: Forward reaction schemes of the suggested synthetic routes towards complex meroterpenes 87, 89 and 

91. (A) The chiral terpene 71 derived from the SHC reaction harbored a primary alcohol functionality and was 

successfully implemented into a Friedel-Crafts alkylation with aromatic compound 86 using BF3OEt2.273 The crude 

adduct was directly used in the basic non-reductive deiodination/ saponification reaction ultimately yielding the 

desired products 87 in three steps. (B) The chiral terpene scaffold 75 derived from SHC reaction was successfully 

implemented into the base-catalyzed γ-acylation/ intramolecular annulation reaction with ethyl nicotinoate 88 to 

pyropene 89. (C) Chiral terpene scaffold 3 (produced by SHC variant V from chapter 1) was subjected a Kabbe-type 

reaction with aromatic compound 90 and pyrrolidine to yield chromanone 91 in two steps. All devised synthetic 

routes were superior to the literature in terms of synthetic steps and overall yield. *including equimolar amount of 

2HPCD. 

4.3 Conclusion 

Accessing nature’s terpenome requires a significant intellectual challenge in 

retrosynthetic analysis and planing (cf. chapter 1.2).37 Nowadays, this challenge is 

increasingly addressed by the merger of bio- and chemocatalysis.214 This study expands 

this strategy and adds SHCs as exceptionally stereoselective cationic cyclization catalysts 

to the chemical toolbox. En route to complex terpenes, which are increasingly used as 

natural substitutes to artificial compounds in medicinal chemistry,274–276 this powerful 

approach provides unparalleled step- as well as atom-economy. Furthermore, the 

procedure captivates through its easy and general applicability of the SHCs combined 
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with the simple paradigm for the screening of fitting SHC/terpene combinations. A 

drawback of this methodology is the obligatory all-trans configuration of the substrates. 

In this regard, the key for the efficient conversion of the epimers could be engineered 

cis/trans-isomerases277 or preceding photochemical cis/trans isomerization278 

facilitating dynamic kinetic resolution. Finally, the in chapter 3 presented 

stereoconvergent cyclization could be introduced by precisely engineering the active site 

of SHCs. 
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Chapter 5 

OUTLOOK – THE PROSPECTS OF CYCLASE CATALYSIS 

What is the ideal synthesis? According to a pioneering statement of James Hendrickson 

in 1975,279 it “[…] creates a complex molecule [...] in a sequence of only construction 

reactions involving no intermediary refunctionalizations, and leading directly to the 

target, not only its skeleton but also its correctly placed functionality.” Squalene-hopene 

cyclases genuinely epitomize this ambition by exhibiting unparalleled atom- and step-

economy in accessing nature’s terpenome. As the terpene market is vastly expanding 

(2020: 536 million $, forecast 2028: 1 billion $)280, it can be expected that terpene cyclases 

and their biomimetic catalysis will become of huge value for the chemical industry, as 

exemplified by the biocatalytic production of (–)-ambroxide 7 at Givaudan.281,282 

Synthetic routes towards complex terpenes will probably be drastically shortened, while 

ensuring excellent product- and stereoselectivities owing to the shape-complementary 

cyclization cascade. In this regard, the promiscuous ability of hydrogen-bond mediated 

pre-folding leveraging the functional group of non-natural substrates has proven to be 

a valuable addition to the polyfunctional active site of squalene-hopene cyclases 

(Figure 5-1). The thereby obtained unique ability to direct cationic cyclizations should 

be further explored in target-oriented synthesis designs e.g., for the vitamin A precursor 

tetrahydroretinol 47 (chapter 2.1). Moreover, creating locally enriched electron density 

in the active site unlocked the stereoconvergent cyclization of a cis/trans-isomeric 

substrate mixture, which provides a huge benefit for industry and raises questions about 

the intricate mechanism of SHCs. In the future, the specific anchoring of molecules by 

hydrogen-bonds could further enable the cofactor-independent intermolecular cationic 

C-C bond formation, similar to the recently presented radical-based approach by Zhao 

and co-workers.130 This ambitious endeavor is already being pursued by the List group 

employing their IDPi catalysts.104 Mimicking the anchoring strategy, these small-

molecule catalysts could be enhanced by precisely positioned functional groups within 

the aromatic ligands to control selectivity as proposed in List’s catalytic control over a 

carboniumion.105 Such a strategy would merge cooperative/ polyfunctional catalysis283 

with the element of confinement284 to create a new generation of powerful small-

molecule catalysts. Along with rapidly advancing synthesis skills in small-molecule and 



CHAPTER 5 

89 

supramolecular catalysis,285,286 this development will gradually blur the boundaries 

between confined, supramolecular and polyfunctional catalysis to mimic nature’s 

catalysts.  

 

Figure 5-1: The polyfunctional active site of SHCs combines the static elements of catalysis for selectivity control and 

rate enhancement with dynamic elements like the entrance tunnel. Few selected examples of catalytic systems in the 

frontiers to enzyme catalysis: Polyfunctional catalysts by Corey and Peters.283,287 Confined and polyfunctionally 

confined catalysts by List and Sharpless.105,288 Supramolecular and confined catalysts by Tiefenbacher and Toste.71,289 

Early examples of supramolecular catalysis by Breslow.290 Metal-organic-frameworks (MOFs) as polyfunctional 

supramolecular catalysts.291 Prospects for catalysis derived from the results in this work. 

Beyond the static features of the SHC, the dynamic entrance tunnel proved to be an 

effective complement to the active site mutagenesis of these enzymes (cf. chapter 3.2.2). 

The pioneering works of the Damborsky group155 on dynamic elements of enzymes 

already set the stage for such novel engineering approaches. Going forward, it can be 

expected that with rising AI performance such (so far) unpredictable dynamic impacts 

on enzyme catalysis will be increasingly considered in rational enzyme engineering 

approaches. Initial works using AI-guided enzyme design have been demonstrated by 

Hilvert, Baker and Green.292,293 

Considering enzyme catalysis holistically at the macromolecular level, the whole 

biocatalytic environment and physiological function of the enzyme should be taken into 

account more often to ensure efficient biocatalysis. For the in vivo cyclase catalytic 

system simplified in Figure 5-2 that means the consideration of the multiphasic 

environment with the potential regulatory function of the membrane. This assumption 

opens up alternative views on diseases related to similar enzymes such as the visual 

impairment, Alzheimer’s or Parkinson’s disease.209,294–297 However, the exact mechanism 

of this regulation on the molecular level might be difficult to prove due to the highly 
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sophisticated structure of biological membranes.298,299 A potent solution in this regard 

comprises fluorescence imaging as demonstrated by Weber et al.300 Nonetheless, there 

is meaningful evidence for this regulatory function of the membrane and in the words 

of Engasser and Horvath: “It is unlikely that nature would not use such a simple tool to 

control and trigger physiological processes”.245  

 

Figure 5-2: A simplified illustration of the in vivo cyclase catalytic system. The catalysis takes place in a multiphasic, 

living and dynamic environment.77 Several aspects such as the regulatory function of the membrane or substrate 

concentration and diffusion must be considered to ensure efficient biocatalysis. These considerations may further 

affect the medicinal view on human diseases related to similar enzymes209,294–297 and the applicability of such 

monotopic membrane-bound enzymes for industrial purposes.129 

From an industrial point of view, this assumption implies the use of outer membrane 

lacking spheroplasts208 or the implementation of intramembranous transporter proteins 

such AlkL174 for the faster diffusion of substrates.  Alternatively, in situ product removal 

techniques e.g., microemulsion systems301 or pickering emulsions302 could be used in 

order to improve the overall space-time-yield of terpene cyclases. In summary, a vibrant 

future can be expected for the investigation of terpene cyclases with major implications 

on enzymology, biomimetic catalysis, medicine, and green chemistry. 
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MATERIALS AND METHODS 

6.1 Materials 

6.1.1 Chemicals 

Unless otherwise noted, all chemicals and reagents for chemical reactions were 

purchased from Carl-Roth GmbH + Co. KG (Karlsruhe, DE), VWR GmbH (Pennsylvania, 

US), Sigma-Aldrich/ Merck KGaA (St. Louis, US), Alfa-Aesar GmbH + Co. KG (Ward Hill, 

US) and TCI Deutschland GmbH (Tokyo, JP) at the highest quality and used without 

further purification. 2-Hydroxypropyl-β-cyclodextrin was purchased from Wacker 

Chemie (München, DE).  

6.1.2 Molecular biological kits & biochemical material  

The molecular biological kits for DNA-purification (Zymoclean DNA Clean & 

Concentrator Kit), Agarose gel-extraction (Zymoclean Gel DNA Recovery Kit) and 

plasmid isolation (Zyppy™Plasmid Miniprep Kit) were purchased from ZymoResearch 

(Irvine, US). SDS-PAGE materials including gels, sample buffer, running buffer, staining 

solution and destaining solution was bought from Expedeon, UK. 

6.1.3 Buffers and media 

A comprehensive list of all buffers and media that were used in this work is given in 

Table 6-1. 

Table 6-1: Buffers and media for protein production, biotransformations and molecular biological 

methods. 

Entry Buffer/ Medium Components 

1 10x phosphate buffer 
(KPi-buffer) 

0.17 M KH2PO4, 0.72 M K2HPO4, pH = 7.4 

2 Lysis buffer 200 mM Citric acid, 0.1% EDTA, pH = 6.0 

3 Extraction buffer 100 mM Citric acid, 1% CHAPS, pH = 6.0 

4 Whole cell buffer 100 mM Citric acid, 0.1% SDS, pH = 6.0 

5 Cyclodextrin (CD) 
buffer 

0.2% SDS, 10 mM (2-Hydroxypropyl)-β-cyclodextrin 
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6 Lysogeny broth (LB 
medium) 

10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract 

7 Terrific broth (TB 
medium) 

12 g/L tryptone, 24 g/L yeast extract, 4 g/L Glycerol 

8 Auto-induction 
medium (T-DAB303) 

12 g/L tryptone, 24 g/L yeast extract, 2.9 g/L glucose, 11.1 
g/L Glycerol, 7.6 g/L Lactose 

9 TbfI buffer 30 mM Potassium acetate, 100 mM RbCl, 10mM CaCl2, 15% 
Glycerol, 1 M Potassiumhydroxide, pH = 5.8 

10 TbfII buffer 100 mM MOPS, 10 mM RbCl, 75 mM CaCl2, 15% Glycerol, 1 
M Poatssium hydroxide, pH = 6.5 

6.1.4 Enzymes 

All enzymes for cloning purposes including Phusion HF DNA Poylmerase, DpnI, T5 

Exonuclease and Tag DNA Ligase were purchased from New England Biolabs GmbH 

(Ipswich, US). 

6.1.5 Plasmids 

This work included the use multiple plasmids, each encoding a squalene-hopene cyclase 

gene originating from a different organism (Table 6-2). The vector pET-22b(+) (Figure 

5-1) was used as a standard. Transcription occurs by the T7 RNA polymerase and is 

controlled by the lac repressor303. The vector has a pBR322 origin and confers ampicillin 

resistance. Gene expression was induced by lactose using the autoinduction protocol (cf. 

chapter 6.3.1) 

Table 6-2: Plasmids including their ITB accession number used in this work. 

ITB accession 
number 

Organism (short) Mutations 

pITB285 Alicyclobacillus acidocaldarius (Aac) WT 

pITB105 Zymomonas mobilis (Zmo1) WT 

pITB282 Zymomonas mobilis (Zmo2) WT 

pITB312 Acetobacter pasteurianus (Apa) WT 

pITB313 Pelobacter carbinolicus (Pca2) WT 

pITB314 Rhodopseudomonas palustris (Rpa1) WT 

pITB315 Streptomyces coelicolor (Sco) WT 

pITB316 Syntrophobacter fumaroxidans (Sfu1) WT 

pITB317 Bradyrhizobium japonicum (Bja) WT 

pITB318 Burkholderia ambifaria (Bam1) WT 



CHAPTER 6 

93 

pITB319 Burkholderia ambifaria (Bam2) WT 

pITB320 Teredinibacter turnerae (Ttu) WT 

pITB170 Thermosynechococcos elangatus (Tel) WT 

pITB5928 Alicyclobacillus acidocaldarius (Aac) G600T/L60S 

pITB5929 Alicyclobacillus acidocaldarius (Aac) G600T/L607A 

pITB5930 Alicyclobacillus acidocaldarius (Aac) G600T/L607A/Y420F 

pITB5931 Alicyclobacillus acidocaldarius (Aac) G600T/L607A/Y420F/A306V 

pITB5932 Alicyclobacillus acidocaldarius (Aac) Y420F/G600T 

pITB5933 Alicyclobacillus acidocaldarius (Aac) Y420F/L607A 

pITB5934 Alicyclobacillus acidocaldarius (Aac) Y420F/Y609F 

pITB5935 Alicyclobacillus acidocaldarius (Aac) G600N/L607A 

pITB5936 Alicyclobacillus acidocaldarius (Aac) W169G 

pITB5937 Alicyclobacillus acidocaldarius (Aac) W169G/G600M 

pITB5938 Alicyclobacillus acidocaldarius (Aac) W169G/G600M/M132R/I432T 

pITB5939 Alicyclobacillus acidocaldarius (Aac) F601D/F605L 

pITB5940 Alicyclobacillus acidocaldarius (Aac) W169G/S168A 

pITB5941 Thermosynechococcos elangatus (Tel) W172G 

pITB5942 Zymomonas mobilis (Zmo1) W221G 

pITB5943 Zymomonas mobilis (Zmo2) W177G 

pITB5944 Streptomyces coelicolor (Sco) W196G 
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Figure 6-1: Standard plasmid map consisting of the AacSHC gene (red band) cloned into the pET-22b(+) 

vector.  

6.1.6 E. coli strains 

Preparation of plasmids was carried out with XL-1 blue strain, which guarantees a high 

copy plasmid number and transformation of methylated DNA. E. coli strain BL21(DE3) 

was used for protein expression. The strain lacks the OmpT and Lon proteases, which 

could degrade the desired protein during isolation. As a result, the desired protein can 

be overproduced in the heterologous host.  

6.1.7 Primers 

A comprehensive list of all primers that were used in this work is given in Table 6-3.  
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Table 6-3: List of primers used in this work. Each position using either site-directed or site-saturation 

mutagenesis got one entry number. 

Ent
ry 

Name Sequence (5´→3´) Forward/Reverse 

1 AacSHC_G600C 
CCGTATTATACCGGCACCTGCTTCCCGGGCG / 
CGCCCGGGAAGCAGGTGCCGGTATAATACGG 

2 AacSHC_G600D 
CCGTATTATACCGGCACCGATTTCCCGGGCG / 
CGCCCGGGAAATCGGTGCCGGTATAATACGG 

3 AacSHC_G600E 
CCGTATTATACCGGCACCGAATTCCCGGGCG / 
CGCCCGGGAATTCGGTGCCGGTATAATACGG 

4 AacSHC_G600H 
CCGTATTATACCGGCACCCATTTCCCGGGCG / 
CGCCCGGGAAATGGGTGCCGGTATAATACGG 

5 AacSHC_G600I 
CCGTATTATACCGGCACCATTTTCCCGGGCG / 
CGCCCGGGAAAATGGTGCCGGTATAATACGG 

6 AacSHC_ G600K 
CCGTATTATACCGGCACCAAATTCCCGGGCG / 
CGCCCGGGAATTTGGTGCCGGTATAATACGG 

7 AacSHC_G600M 
CCGTATTATACCGGCACCATGTTCCCGGGCG / 
CGCCCGGGAACATGGTGCCGGTATAATACGG 

8 AacSHC_G600N 
CCGTATTATACCGGCACCAACTTCCCGGGCG / 
CGCCCGGGAAGTTGGTGCCGGTATAATACGG 

9 AacSHC_G600P 
CCGTATTATACCGGCACCCCGTTCCCGGGCG / 
CGCCCGGGAACGGGGTGCCGGTATAATACGG 

10 AacSHC_G600Q 
CCGTATTATACCGGCACCCAGTTCCCGGGCG / 
CGCCCGGGAACTGGGTGCCGGTATAATACGG 

11 AacSHC_ G600L 
CCGTATTATACCGGCACCCTATTCCCGGGCG / 
CGCCCGGGAATAGGGTGCCGGTATAATACGG 

12 AacSHC_G600S 
CCGTATTATACCGGCACCTCGTTCCCGGGCG / 
CGCCCGGGAACGAGGTGCCGGTATAATACGG 

13 AacSHC_G600T 
CCGTATTATACCGGCACCACCTTCCCGGGCG / 
CGCCCGGGAAGGTGGTGCCGGTATAATACGG 

14 AacSHC_G600V 
CCGTATTATACCGGCACCGTGTTCCCGGGCG / 
CGCCCGGGAACACGGTGCCGGTATAATACGG 

15 AacSHC_G600Y 
CCGTATTATACCGGCACCTATTTCCCGGGCG / 
CGCCCGGGAAATAGGTGCCGGTATAATACGG 

16 AacNMC_Y609F 
GGCGATTTTTATGCGGGCTTTACCATGTATCGCCATGTG/ 
CACATGGCGATACATGGTAAAGCCCGCATAAAAATCGC 

17 AacSHC_Y420F 
CAACGGCGGCTGGGGCGCGTTTGATGTGGATAACACCAGC/ 
GCTGGTGTTATCCACATCAAACGCGCCCCAGCCGCCGTTG 

18 AacSHC_L607M 
GGTTCCCGGGCGATTTTTATGCCATGTATACCATGTATCGCC/ 
GGCGATACATGGTATAGCCGGCATAAAAATCGCCCGGGAACC 

19 AacSHC_L607S 
GGTTCCCGGGCGATTTTTATAGCCATTATACCATGTATCGCC/ 
GGCGATACATGGTATAGCCGCTATAAAAATCGCCCGGGAACC 

20 AacSHC_L607Y 
GGTTCCCGGGCGATTTTTATTATGGCTATACCATGTATCGCC/ 
GGCGATACATGGTATAGCCATAATAAAAATCGCCCGGGAACC 

21 AacSHC_L607V 
GGTTCCCGGGCGATTTTTGTCCCATGTATACCATGTATCGCC/ 
GGCGATACATGGTATAGCCGGGACAAAAATCGCCCGGGAACC 

22 AacSHC_L607RVT 
GGTTCCCGGGCGATTTTTATRNTGGCTATACCATGTATCGC/ 
ATAAAAATCGCCCGGGAACCCGGTGCCGGTATAATACGG 

23 AacSHC_I261X 

GCGATGGCAGCTGGGGCGGCNDTCAGCCGCCGTGGTTTTATGC/ 
GCGATGGCAGCTGGGGCGGCVHGCAGCCGCCGTGGTTTTATGC/ 
GCGATGGCAGCTGGGGCGGCTGGCAGCCGCCGTGGTTTTATGC/ 
TGCCGCCCCAGCTGCCATCGCCCGCCTGGCGTTCCAG 

24 AacSHC_L36X 

GGCTATTGGTGGGGCCCGNDTCTGAGCAACGTGACCATG/ 
GGCTATTGGTGGGGCCCGVHGCTGAGCAACGTGACCATG/ 
GGCTATTGGTGGGGCCCGTGGCTGAGCAACGTGACCATG/ 
CGGGCCCCACCAATAGCCTTCATCTTTCTGGCAGCTCAG 
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26 AacSHC_S307X 

GGCTGGATGTTTCAGGCGNDTATTAGCCCGGTGTGGG/ 
GGCTGGATGTTTCAGGCGVHGATTAGCCCGGTGTGGG/ 
GGCTGGATGTTTCAGGCGTGGATTAGCCCGGTGTGGG/ 
CGCCTGAAACATCCAGCCGCCATAATCCAGTTCCACG 

27 AacSHC_A306X 

GGCGGCTGGATGTTTCAGNDTAGCATTAGCCCGGTG/ 
GGCGGCTGGATGTTTCAGVHGAGCATTAGCCCGGTG/ 
GGCGGCTGGATGTTTCAGTGGAGCATTAGCCCGGTG/ 
CTGAAACATCCAGCCGCCATAATCCAGTTCCACGCCATACAG 

28 AacSHC_F601NVS 
CGTATTATACCGGCACCGGGNVSCCGGGCGATTTTTATCTGGG/ 
CATGGTGCCGGTATAATACGGTTCATCCCAGCCGCCATCCGGGC 

29 AacSHC_F605NVS 
GCACCGGGTTCCCGGGCGATNVSTATCTGGGCTATACCATGTATCGC/ 
ATCGCCCGGGAACATGGTGCCGGTATAATACGGTTCATCCCAGCC 

30 AacSHC_M132X 

GCAGCCGCGTGTTTACCCGCNDTTGGCTGGCGCT/  
GCAGCCGCGTGTTTACCCGCVHGTGGCTGGCGCT/ 
GCAGCCGCGTGTTTACCCGCTGGTGGCTGGCGCT/ 
GCGGGTAAACACGCGGCTGCTTTCAATGCCGCCCTG 

31 AacSHC_F129X 

GCATTGAAAGCAGCCGCGTGNDTACCCGCATGTGGCTG/ 
GCATTGAAAGCAGCCGCGTGVHGACCCGCATGTGGCTG/ 
GCATTGAAAGCAGCCGCGTGTGGACCCGCATGTGGCTG/ 
CACGCGGCTGCTTTCAATGCCGCCCTGGCTCTGAAT 

32 AacSHC_F434X 

GCGATCTGCCGAACCATATTCCGNDTTGCGATTTTGGC/ 
GCGATCTGCCGAACCATATTCCGVHGTGCGATTTTGGC/ 
GCGATCTGCCGAACCATATTCCGTGGTGCGATTTTGGC/ 
CGGAATATGGTTCGGCAGATCGCTGGTGTTATCCACATCATAC 

33 AacSHC_D436X 

GAACCATATTCCGTTTTGCNDTTTTGGCGAAGTGACCGATCCG/ 
GAACCATATTCCGTTTTGCVHGTTTGGCGAAGTGACCGATCCG/ 
GAACCATATTCCGTTTTGCTGGTTTGGCGAAGTGACCGATCCG/ 
GCAAAACGGAATATGGTTCGGCAGATCGCTGGTGTTATCCAC 

34 AacSHC_F437X 

GAACCATATTCCGTTTTGCGATNDTGGCGAAGTGACCGATCCGC/ 
GAACCATATTCCGTTTTGCGATVHGGGCGAAGTGACCGATCCGC/ 
GAACCATATTCCGTTTTGCGATTGGGGCGAAGTGACCGATCCGC/ 
ATCGCAAAACGGAATATGGTTCGGCAGATCGCTGGTGTTATCCAC 

35 AacSHC_V440X 

GTTTTGCGATTTTGGCGAANDTACCGATCCGCCGAGCG/ 
GTTTTGCGATTTTGGCGAAVHGACCGATCCGCCGAGCG/ 
GTTTTGCGATTTTGGCGAATGGACCGATCCGCCGAGCG/ 
TTCGCCAAAATCGCAAAACGGAATATGGTTCGGCAGATCGCTGG 

36 AacSHC_I261NVS 
GCGATGGCAGCTGGGGCGGCNVSCAGCCGCCGTGGTTTTATGC/ 
TGCCGCCCCAGCTGCCATCGCCCGCCTGGCGTTCCAG 

37 AacSHC_W169NVS 
GCTGAACATTTATGAATTTGGCAGCNVSTGCGCGCGCGACC/ 
GCTGCCAAATTCATAAATGTTCAGCGGCATGCGTTTGCCCAGAAAC 

38 AacSHC_G600NVS 
GAACCGTATTATACCGGCACCNVSTTCCCGGGCGATTTTTATCTG/ 
GGTGCCGGTATAATACGGTTCATCCCAGCCGCCATC 

39 AacSHC_G600X 

GAACCGTATTATACCGGCACCNDTTTCCCGGGCGATTTTTATCTG/ 
GAACCGTATTATACCGGCACCVHGTTCCCGGGCGATTTTTATCTG/ 
GAACCGTATTATACCGGCACCTGGTTCCCGGGCGATTTTTATCTG/ 
GGTGCCGGTATAATACGGTTCATCCCAGCCGCCATC 

40 AacSHC_F601NVS 
CGTATTATACCGGCACCGGGNVSCCGGGCGATTTTTATCTGGG/ 
CATGGTGCCGGTATAATACGGTTCATCCCAGCCGCCATCCGGGC 

41 AacSHC_G600S 
CCGTATTATACCGGCACCTCGTTCCCGGGCG/ 
CGCCCGGGAACGAGGTGCCGGTATAATACGG 

42 AacSHC_F605NVS 
GCACCGGGTTCCCGGGCGATNVSTATCTGGGCTATACCATGTATCGC
C/ ATCGCCCGGGAACATGGTGCCGGTATAATACGGTTCATCCCAGCC  

43 TelSHC_W172G 
GTTTACCATTTATGAAATGAGCAGCGGCGCACGTAGCAGCACCG/ 
CGGTGCTGCTACGTGCGCCGCTGCTCATTTCATAAATGGTAAAC 

44 AacSHC_S168A 
CTGAACATTTATGAATTTGGCGCGTGGGCGCGCGCG/ 
GCCAAATTCATAAATGTTCAGCGGCATGCGTTTGCC 
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6.2 Molecular biological methods 

6.2.1 Preparation of chemically competent cells 

The production of chemically competent E. coli cells was carried out using the rubidium 

chloride method.304 For this purpose, 100 mL LB medium was inoculated with the 

respective E. coli cells (BL21(DE3) or XL-1 blue) and incubated in a shaking incubator at 

37 °C and 180 rpm. At an optical density (OD600) of 0.5, the cells were transferred to a 

cold room (4 °C) and centrifuged (4 °C, 15 min, 4000 rpm). The cell pellet was 

resuspended in 30 mL of cold TbfI buffer, incubated on ice for 90 min and then 

centrifuged again (4 °C, 15 min, 4000 rpm). After repeated resuspension of the pellet in 

4 mL TbfII buffer and incubation on ice for 15 min the competent cells were aliquoted 

(15 μL) and stored at −80 °C until further use. 

6.2.2 Polymerase-chain-reaction (PCR) 

The polymerase chain reaction (PCR) is an in vitro method to specifically amplify a DNA 

template.305 For this purpose, repetitive cycles of heat denaturation of the DNA, 

annealing and elongation are used to synthesize the target fragment by means of DNA 

polymerase and synthetic nucleotides. The temperature profile is given in Table 6-4. 

Table 6-4: Temperature profile for the PCR using the KOD Hot start polymerase. 

Step Temperature [°C] Time [s] Cycles 

Initial denaturation 95 120 1 

Denature 95 30  
Annealing 60 30 30 

Extension 70 210  
Final extension 72 420 1 

 

6.2.3 Plasmid isolation 

Isolation of the plasmids proceeded following to the standard protocol of 

Zyppy™Plasmid Miniprep Kit by ZymoResearch.306 For the photometric determination of 

the plasmid DNA concentration, 2 μL of the isolated enzyme solution were measured on 

a Nanodrop 1000 (Agilent, Santa Clara, US) at a wavelength of 260 nm.  
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6.2.4 Site-directed/-saturation mutagenesis 

The gene encoding for AacSHC (UniProt: P33247) or a variant based on this gene was 

cloned into a pET-22b(+) vector system (Merck, Darmstadt, Germany). SacI and NdeI 

were used as restriction sites. Cloning followed the standard protocol of Novagene´s 

KOD Hot Start DNA Polymerase. The composition of the PCR mixture and the 

temperature profile are described in Table 6-4 and Table 6-5, respectively. Site-

saturation libraries were generated employing the ‘22c-trick’ method138 PCR products 

were digested with 1 µL DpnI for 4 h at 37 °C, purified by agarose gel electrophoresis and 

ligated into the pET22b(+) vector by Gibson assembly307. After purification using the 

DNA Clean & Concentrator™-5 kit the plasmids were transformed via heat-shock 

method.  

Table 6-5: Composition of the PCR mixture using the KOD Hot start polymerase. 

Substance Volume [µl] Final concentration 

ddH20 29.0  

DMSO 2.5  

KOD Hot Start Buffer (10x) 5.0 1x 

dNTPs (2 mM each) 5.0 250 µM (each) 

MgSO4 (25 mM) 4.5 2 mM 

Template DNA 1.0 0.5-5 ng/ µl 

Primer forward (10 µM) 1.0 0,2 µM 

Primer reverse (10 µM) 1.0 0,2 µM 

KOD Hot Start DNA Polymerase 1.0  

6.2.5 Plasmid transformation 

For site saturation libraries 3 µL of the purified PCR product was added to 25 µL XL1-

blue competent cells and incubated for 30 min on ice, followed by a heat shock at 42 °C 

for 105 s with subsequent ice cooling for 3 min. After adding 500 µl of LB medium, the 

cells were incubated for 40min at 37 ° C and used for inoculation of a 5 mL LB medium 

(Ampicillin, cend = 100 µg/mL) pre-culture overnight. After isolation of the plasmid, 

transformation into 50 µL BL21 (DE3) was performed using the heat shock method. After 

regeneration 150 µL were streaked out on an agar plate (Ampicillin, cend = 100 µg/mL) 

and incubated at 37 °C overnight. For quality control the plasmid was isolated from 

another 150 µL and sent for sequencing. For site-directed mutants the PCR product was 
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digested with DpnI overnight and afterwards transformed into XL1-blue competent 

cells. After regeneration 300 µL were streaked out on an agar plate for single clone 

picking.  

6.2.6 Agarose gel electrophoresis 

Agarose gel electrophoresis enables the analytical and preparative separation of DNA 

fragments with respect to their size. The negatively charged DNA is transported through 

the pores of an agarose gel matrix by means of an applied voltage, whereby smaller 

fragments show a higher mobility. Agarose gels (1% (w/v) in TAE buffer, 0.1 μL/mL 

MidoriGreen) overlaid with TAE buffer (40 mM TRIS acetate, 10 mM EDTA, pH = 8.5) 

were used for electrophoresis. The respective samples were homogenised in a ratio of 5:1 

with DNA sample buffer (R0611 DNA Loading Dye 6 x, ThermoFisher Scientific, DE). The 

GeneRulerTM DNA Ladder Mix (#SM0331, ThermoFisher Scientific, DE) was used as 

standard. 

6.3 Biochemical methods 

6.3.1 Protein expression  

Erlenmeyer-flasks. Expression cultures were inoculated with 5 mL of the pre-

culture into 500 mL of T-DAB autoinduction medium (Ampicillin, cend = 100 µg/mL) 

with lactose as the inductor. The cultures were incubated for 20 h at 37 °C, 180 rpm 

and harvested afterwards (8000 rpm, 30 min). The resulting pellets were frozen 

at −80 °C overnight and lyophilized afterwards for storage. Alternatively, the cell 

pellets were directly used for biotransformations or thermolysis purification. 

96-DWs. For the expression in 96-DW plates individual colonies were picked from 

generated agar plates and cultivated in 500 µL LB medium (Ampicillin, cend = 

100 µg/mL) for 18-20 h at 37 °C, 800 rpm. Expression cultures were inoculated with 

10 µL of the pre-culture into 1 mL of T-DAB autoinduction medium (Ampicillin, 

cend = 100 µg/mL) with lactose as the inductor. The cultures were incubated for 20h 

at 37 °C, 800 rpm and harvested afterwards (4000 x g, 20 min).  

24-DWs. For the expression in 24-DW plates Individual colonies were picked from 

generated agar plates and cultivated in 2 mL LB medium (Ampicillin, cend = 

100 µg/mL) for 18-20h at 37 °C, 600 rpm. Expression cultures were inoculated with 
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40 µL of the pre-culture into 4 mL of T-DAB autoinduction medium (Ampicillin, 

cend = 100 µg/mL) with lactose as the inductor. The cultures were incubated for 20h 

at 37 °C, 600 rpm and harvested afterwards (4000 x g, 20 min). 

6.3.2 Thermolysis purification 

The thermolysis purification protocol is a modified version of the literature known 

protocol for thermophilic enzymes.308 Harvested or lyophilized cells were resuspended 

in 1 mL Lysis buffer and incubated for 60 min at 70 °C. The cell suspension was 

centrifuged (14000 x g, 1 min) and the supernatant was discarded. As the enzyme is 

membrane-bound, 1 mL 1%-CHAPS buffer was added to extract it from the cell pellet by 

shaking at room temperature for 1-2 d, 600 rpm. After subsequent centrifugation 

(14000 x g, 1 min) the supernatant containing the AacSHC was transferred to a new tube 

followed by SDS-PAGE analysis and determination of enzyme concentration by using 

the Nanodrop 1000 (Agilent, Santa Clara, US). Therefore the “Protein A280” mode was 

chosen with MW= 71439 Da and molar extinction coeffizient ε = 185180 M-1·cm-1 as 

protein specific data calculated using the online-software ProtParam.309 

6.3.3 SDS-PAGE 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) has been used 

for qualitative analysis of protein solutions.310 The addition of excess SDS to protein 

solutions leads to protein denaturation. The proportional addition of negatively charged 

SDS to the amino acid chains leads to a correlation between protein charge and protein 

size. Protein mixtures can thus be separated in the electric field due to different 

electrophoretic mobility in a gel matrix (Supporting Figure S 13). Materials Gels with an 

acrylamide content of 10 % in the separating gel and 4 % in the collecting gel were used 

(Expedeon, UK). The gel was mounted in the electrophoresis apparatus (Expedeon, UK) 

and overlaid with running buffer. Sample solutions were mixed 1:1 with the SDS sample 

buffer and heated to 95 °C for 5 min. For comparison, 5 μL of a molecular weight 

standard (PageRulerTM, #26617, Fermentas, St. Louis, US) was used. Electrophoresis was 

performed at a current of 110 V. After electrophoresis, the gel first incubated in staining 

solution for 10 min and then in destaining solution overnight. 
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6.4 Analytical methods 

6.4.1 Nuclear magnetic resonance 

1H- und 13C-NMR, COSY, HSQC and HMBC spectra were recorded on a Bruker Avance 

500 Spectrometer at 500.15 MHz for 1H- and 125 MHz for 13C. The chemical shifts δ are 

referred to tetramethylsilane (=TMS) in ppm set to 0. All substances were dissolved in 

CDCl3 and recorded at room temperature. 

6.4.2 Circular dichroism 

The specific optical rotation of the terpenes was measured on a Perkin Elmer 

Polarimeter 241. Therefore, the substance was dissolved in CHCl3 (c = 0.5 mg/mL), and 

the specific rotation was measured with a sodium and a mercury spectral lamp. 

6.4.3 Gas chromatography 

GC analyses were performed using an Agilent GC 7820A equipped with a mass 

spectrometer MSD 5977B and a Zebron ZB-5HT Inferno capillary column (Agilent, 30 m 

x 250 µm x 0.25 µm) and helium as carrier gas with a constant pressure of 14.168 ψ. 

Injections (1 µL) were performed at 300 °C in split mode. Relative conversion rates were 

calculated directly from GC-MS spectra by integration-quotient of substrates and 

products. Chiral GC analysis was performed on a Shimadzu GC-2010 equipped with a CP 

ChiraSil-Dex CB capillary column (Agilent, 25 m x 250 µm x 0.25 µm) and hydrogen as 

carrier gas with constant velocity (linear velocity: 33.1 cm/s). Injections (1 µL) were 

performed in split mode (5:1). Temperature programs are listed in Table 6-6. 

Table 6-6: GC-temperature profiles. 

Name Rate [°C/min] Temperature [°C] Hold [min] 

Dihydroionone_long 
 120 0.1 
2 145 0.6 

Dihydroionone_short 
 120 0.1 
2 137 0.6 

Calmusal 
 110 0.1 
2 135 0.6 

Scouting 
 50 1 

10 300 10 

Chiral (on Shimadzu GC-FID) 

 70 3 

10 140 0 

8 180 2 
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ambroxide  172 5 
3 174 1.5 

Geranyl acetate  120 10 

Farnesol  182 7 

Geranylgeraniol  215 7 

Farnesyl acetone  184 8 

Farnesyl acetone acetate  240 7 

 

6.5 Chemical synthesis 

6.5.1 Synthesis of E/Z-geranyl isopropanol 58 

 

The reaction was carried out under nitrogen atmosphere. For the reduction reaction 

geranyl acetone 52 c/t (0.50 mL, 2.34 mmol 1.00 eq.) was dissolved in ethanol (10 mL). 

Sodium borohydride (0.087 g, 2.34 mmol, 1.00 eq.) was then added carefully and the 

reaction mixture was stirred at room temperature for 1 h. After the reaction was 

complete, the mixture was quenched with 0.5 N HCl (2 mL) and stirred again for 30 min. 

Then distilled water (50 mL) was added and the aqueous phase was extracted three times 

with DCM. The combined organic layers were dried over CaCl2 and the geranyl 

isopropanol 58 was obtained as a clear oil (0.49 mL, 2.04 mmol, 87%). 

 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 1.19 (d, J = 2.9 Hz, 3H), 1.50 (quart, J = 7.7 Hz, 2H) 

1.6 (s, 3H), 1.62 (s, 3H), 1.68 (s, 3H), 1.88-1.92 (t, J = 7.3 Hz, 2H), 2.04-2.12 (m, 4H), 3.77-

3.84 (sept, J = 17.43 Hz, 1H), 5.05-5.10 (t, J = 6.7 Hz, 1H), 5.12-5.17 (t, J = 6.8 Hz, 1H). 

13C-NMR (CDCl3, 125 MHz): δ (ppm) 16.50 (1C), 16.66 (1C), 22.44-25.63 (4C), 38.15-38.70 

(2C), 66.97 (1C), 75.67 (1C), 122.22-123.24 (2C), 134.9 (1C). MS (EI): m/z (%) = 196 (0.3), 

153 (32), 135 (21), 109 (58), 95 (21), 82 (19), 81 (21), 69 (100), 68 (13), 67 (44). The data is 

consistent with the literature.311 
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6.5.2 Synthesis of E/Z-5,9-dimethylundeca-4,8-dien-1-ol 

(Calmusol) 64 

 

The reaction was carried out analog to synthesis 6.5.1.  The product 64 was obtained as 

a clear oil (0.21 mL, 1.04 mmol, 43%). 

 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 1.19-1.34 (m, 2H), 1.55-1.59 (m, 2H) 1,61(s, 3H), 1.62-

1.65 (m, 1H), 1.68 (s, 3H), 1.69-1.71 (m, 2H), 2.04-2.12 (m, 4H), 3.62-3.67 (t, J = 6.6 Hz, 2H), 

5.03-5.19 (m, 2H). The data is consistent with the literature.312 

6.5.3 Synthesis of (+)-α-ambrinol 57 

 

For the cyclization reaction (–)-γ-dihydroionone (400 µL, 1.8 mmol) was dissolved in 

THF (15 mL) in a 50 mL Schott-bottle. 2N sulfuric acid (5 mL) was then added and the 

reaction mixture was shaken at 37 °C for 24 h. The reaction was quenched by addition 

of water (20 mL) and extracted with diethyl ether (3 x 30 mL). The combined organic 

layers were dried over MgSO4 and purified via silica chromatography (10:1, CH:EtOAc) 

to yield the slightly yellowish liquid (+)-α-ambrinol 57 (0.35 mL, 1.5 mmol, 88 %); ([α]D
20 

= +84.6; Lit. = 81.8151).  

 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.87 (s, 3H), 0.91 (s, 3H) 1.14 (m, 1H), 1.22 (s, 3H), 

1.24-1.40 (m, 3H), 1.45-1.51 (m, 2H), 1.67-1.74 (m, 2H), 1.98-2.02 (m, 2H), 2.06-2.17 (m, 2H), 

5.45 (t, J = 3.84Hz, 1H). 13C-NMR (CDCl3, 125 MHz): δ (ppm) 22.6 (1C), 23.8 (1C), 25.05 

(1C), 26.02 (1C), 28.07 (1C), 29.24 (1C), 31.11 (1C), 28.95(1C), 47.25 (1C), 49.82 (1C), 70.28 

(1C), 122.04 (1C), 137.39 (1C). The data is consistent with the literature.144 
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(+)-α-ambrinol 57: MS (EI): m/z (%) = 194 (5), 176 (40), 161 (30), 136 (100), 121 (66), 120 

(40), 109 (28), 105 (31), 95 (49), 93 (28). 

Side product: (–)-β-ambrinol: MS (EI): m/z (%) = 194 (6), 176 (55), 161 (100), 136 (40), 121 

(84), 107 (43), 106 (46), 105 (60), 93 (52), 91 (42). 

6.5.4 Synthesis of E,E-homofarnesol 66 

 

Cyclopropanation.313 The reaction was carried out under nitrogen atmosphere. For the 

cyclopropanation reaction N-Methyl-N-nitroso urea (NMU) 1.35M in THF (136 ml, 184 

mmol) was added dropwise at 0 °C to a stirred mixture of E-β-farnesene 92 (4.45 mL, 

24.5 mmol) and aqueous KOH (10 mL, 40%) at 0-5 °C. After the addition of 0.8 mL of 

the MNU solution, Pd(acac)2 (1.5 mg, 0.005 mmol, 0.02%) pre-dissolved in 0.5 mL 

dichloromethane was added. The remaining MNU solution was added over 4 h at 0 °C. 

After 16 h at 25 °C, the reaction was quenched by adding acetic acid (20 mL) then MTBE 

(50 mL). After phase separation, the organic phase was washed with 2M HCl (50 mL) 

and the aqueous phase was extracted with MTBE (50 mL). The combined organic layers 

were washed with water (2×100 mL), aqueous 10% NaOH dried over MgSO4, filtered and 

concentrated to yield 5.1 g of a slightly yellow liquid which contained 7 % E-β-farnesene, 

83 % of the desired monocyclopropane 93 compound and 10 % of a side product (GC 

control). The crude product was directly used in the next synthetic step without further 

purification. 

Ring-opening.313 The reaction was carried out under nitrogen atmosphere. A mixture 

of monocyclopropane 93 (5 g, 23 mmol) and L-(+)-tartaric acid (5 g, 34.5 mmol) was 

heated under reduced pressure stirring at 150 °C. After 18 h and complete conversion 
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(GC control), the mixture was poured on 100 mL of water:toluene, 1:1. The phases were 

separated and the aqueous phase extracted with toluene (250 mL). The combined 

organic layers were washed with conc. aqueous Na2CO3 (250 mL) and conc. NaCl (2×250 

mL), dried over MgSO4, filtered and evaporated under reduced pressure to give a brown 

solid which was mixed with 30% aqueous KOH (20.0 mL) and stirred at 25 ° C. for 2 h. 

GC analysis revealed formation of 96% homofarnesol 66 with an 3E/3Z ratio of 76:24. 

The reaction was quenched by addition of water (100 mL) and extracted with MTBE (3 x 

150 mL). The combined organic layers were dried over MgSO4 and purified via silver 

nitrate silica chromatography (CH:EtOAc, 100:1) to yield liquid homofarnesol 66 

(4.5 mL, 17 mmol, 73%). 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 1.60 (s, 6H), 1.64 (s, 3H), 1.68 (s, 3H), 1.67 (s, 3H), 

1.95-2.11 (m, 8H), 2.25-2.32 (q, J = 9.9 Hz, 2H), 3.59-3.63 (t, J=6.3, 2H), 5.07-5.15 (m, 3H). 

13C-NMR (CDCl3, 125 MHz): δ (ppm) 16.01 (1C), 16.2 (1C), 17.7 (1C), 25.7 (1C), 26.5 (1C), 

26.7 (1C), 31.5 (1C), 39.7 (1C), 39.8 (1C), 62.4 (1C), 119.8 (1C), 123.8 (1C), 124.9 (1C), 131.3 (1C), 

135.3 (1C), 138.9 (1C). The data is consistent with the literature.129 

6.5.5 Synthesis of E,E-keto ester 77 

 

The reaction was carried out under nitrogen atmosphere. A 60 % dispersion of NaH in 

mineral oil (210 mg, 5.25 mmol) was washed with hexane (3x1mL) and suspended in DMF 

(5mL). Methylacetoacetate 95 (580 μL, 5.4 mmol was added dropwise. After 30 min, the 

resulting solution was treated with E,E-farnesyl bromide 94 (0.5 g, 1.75 mmol) and stirred 

for 4 h. The reaction mixture was quenched with 5 mL of saturated NaHCO3, extracted 

with EtOAc (3 x 10 mL), and washed with H2O (4 x 5 mL). The combined organic layers 

were dried over MgSO4 and concentrated. Column chromatography (CH:EtOAc, 1:20) 

afforded a colorless oil of 77 (0.43 mL, 1.36 mmol, 78 %). 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 1.58 (s, 3H), 1.60 (s, 3H), 1.62 (s, 3H), 1.67 (s, 3H), 

1.94-1.99 (m, 4H), 2.03-2.07 (m, 4H), 2.22 (s, 3H), 2.54-2.57 (t, J = 7.5 Hz, 2H), 3.44-3.47 

(t, J = 7.7 Hz, 1H), 3.72 (s, 3H), 5.02-5.08 (m, 3H). 13C-NMR (CDCl3, 125 MHz): δ (ppm) 
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15.9 (1C), 16.1 (1C), 17.7 (1C), 25.7 (1C), 26.5 (1C), 26.7 (1C), 26.9 (1C), 29.2 (1C), 39.7 (1C), 

52.3 (1C), 59.6 (1C), 119.5 (1C), 123.8 (1C), 124.3 (1C), 131.3 (1C), 135.2 (1C), 138.6 (1C), 170.1 

(1C), 203.1 (1C). The data is consistent with the literature.258 

6.5.6 Synthesis of (+)-α-subersic acid 87 

 

A) Friedel-Crafts alkylation.273 Iodobenzoic acid methyl ester 86 (34 mg, 0.10 mmol) 

and bicyclic terpene 83 (30 mg, 0.10 mmol) in 1 mL anhydrous CH2Cl2 were stirred at 

room temperature for 5 min. Then BF3·OEt2 (1.5 μL, 0.01 mmol) was added. The reaction 

mixture was stirred at room temperature for 30 min. When TLC indicated that the 

reaction was complete, a saturated solution of NaHCO3 was added and the resulting 

mixture was extracted with CH2Cl2 (3 x 20 mL). The combined organic extracts were 

washed with brine and dried over MgSO4. The solvent was evaporated, and the crude 

product was directly used in the next step. 

B) Non-reductive deiodination/ saponification.272 Crude 96 in pyridine (12 mL, 1.2 

mmol) was heated at reflux for 24 h. When TLC indicated the completion of reaction, 

the reaction mixture was extracted with cyclohexane (3 x 10 mL). The combined organic 

layers were dried over MgSO4, concentrated and purified by flash column 

chromatography (CH:EtOAc, 1:20) over silica to afford 87 as white solid (19 mg, 

0.05 mmol, 52%). 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.81 (s, 3H), 0.87 (s, 3H), 0.92 (m, 3H), 1.13 (s, 3H), 

1.49-1.55 (m, 3H), 1.01-1.35 (m, 5H), 1.41 (s, 3H), 1.42-2.01 (6H), 2.45 (s, 1H), 3.69 (d, J = 18.5 
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Hz, 1H), 3.70 (d, J = 18.5 Hz, 1H), 5.51 (m, 1H), 7.01 (d, J = 5.0 Hz, 1H), 7.89 (dd, J = 5.0 Hz, 

1H), 7.91 (d, J = 1.3 Hz, 1H). 13C-NMR (CDCl3, 125 MHz): δ (ppm) 14.8 (1C), 15.9 (1C), 18.7 

(1), 19.3 (1C), 21.4 (1C), 21.9 (1C), 24.2 (1C), 27.3 (1C), 33.9 (1C), 34.4 (1C), 37.1 (1C), 37.7 (1C), 

41.0 (1C), 41.7 (1C), 43.0 (1C), 44.7 (1C), 53.5 (1C), 54.9 (1C), 55.1 (1C), 116.7 (1C), 121.9 (1c), 

123.3 (1C), 129,4 (1C), 130.2 (1C), 131.6 (1C) 134.8 (1C), 161.2 (1C), 171.6 (1C). The data is 

consistent with the literature.255  

6.5.7 Synthesis of dehydroxy-Pyripyropene E 89 

 

The reaction is carried out under nitrogen atmosphere. A solution of LiHMDS (83.5 mg, 

0.5 mmol) in THF (1 mL) was stirred at –78°C. To this was added a solution of a,ß-

unsaturated ester 75 (40 mg, 0.125 mmol) in 3 mL of THF. The mixture was stirred for 25 

min and then treated with ethyl benzoate 88 (59 μL, 0.375 mmol). After 2 h the reaction 

mixture was quenched with H2O (15 mL) and extracted with EtOAc (3 x 20 mL). The 

combined organic layers were washed with brine (10 mL), dried over MgSO4 and purified 

by flash chromatography (CH:EtOAc, 20:1) to afford 89 as orange solid (31 mg, 0.08 

mmol, 64%).  

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.85 (s, 3H), 0.91 (s, 3H), 0.88 (s, 3H)), 1.31-1.51 (m, 

4H), 1.55 (s, 3H), 1.63-1.74 (m, 6H), 1.88-2.05 (m, 2H), 2.27-2.32 (dd, J = 8.7 Hz),), 6.43 (s, 

1H), 7.38 (m, 1H), 8.1 (dd, J = 3.4 Hz, 1H), 8.65 (d, J = 3.4 Hz, 1H), 9.0 (s, 1H). 

6.5.8 Synthesis of chromanone 91 
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The reaction was carried out under nitrogen atmosphere. To a solution of 3 (50 mg, 0.25 

mmol) and 2,6-hydroxyacetophenon 90 (39 mg, 0.25 mmol) in dry THF (2 mL) and 

molecular sieves 4Å (400 mg), pyrrolodine was added (6.5 μL, 0.08 mmol). After stirring 

at room temperature for 24 h, MTBE was added (35 mL), washed with 2N HCl (3 x 15 mL) 

and brine (3 x 15 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash 

chromatography (cyclohexane: MTBE, 95:5) provided a 50:50 diastereomeric mixture of 

chromanone 91 (74 mg, 0.23 mmol, 90%). 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.83 (s, 3H), 0.91 (s, 3H), 1.19-1.27 (m, 2H), 1.4-1.83 

(m, 8H), 1.57-169 (m, 4H) 1.89-2.01 (m, 2H) 2.56-2.85 (d, J = 16.0 Hz, 2H), 4.4 (d, J = 1.3 

Hz, 1H), 4.7 (d, J = 1.5 Hz,1H), 6.4 (d, J = 1.5 Hz, 1H), 6.45 (d, J = 1.5 Hz, 1H), 7.33 t, J=9.0 

Hz, 1H).  

6.5.9 Chlorosulfonic acid catalyzed cyclizations of terpenes as 

racemic standards 

 

The reactions were carried out under nitrogen atmosphere. To a solution of 5 Eq. (2.5 

mmol, 160µlL) of chlorosulfonic acid in 2-nitropropane (3 mL) was added a solution of 

terpene (0.5 mmol, 1 eq.) in 2-nitropropane (6 mL) at –78 °C and was stirred for 10 min. 

The reaction was quenched by adding saturated aq. NaHCO3 solution (10 ml) and then 

further portions of solid NaHCO3 were added to obtain basic pH. The reaction mixture 

was extracted with Et2O (3x 15 mL), dried over MgSO4 and the resulting crude product 

was used for chiral GC analysis. For exemplary chromatograms see A2. 

6.6 Preparative scale biotransformations using AacSHC variants 

General procedure of preparative scale biotransformation. After the selective SHC 

variant producing the desired cyclic scaffold was identified, it was produced in large 

scale (6-12 Erlenmeyer flasks) following the protocol in chapter 6.3.1. The resulting cell 

pellets were lyophilized afterwards. The reaction mixture contained a given amount 
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cells, the given amount substrate, an equimolar amount 2-HPCD or no 2-HPCD (cf. 

chapter 4.2.3). The reactions were performed in closed Schott-flasks in an INFORS-HT 

incubator at 180 rpm for the given time. After the reaction was finished (GC-control) the 

cell suspension was extracted according to the procedures below. GC yield determined 

by area-% is given below the reaction arrow. Centrifugation was performed at 4000 rpm 

for 20 min. 

6.6.1 E-geranyl acetone 52t with G600R 

 

For the E-geranyl acetone 52t biotransformation, 0.2 mL 52t (0.92 mmol), 15 gCDW/L cells 

(11 mol-% SHC) and 0.3 g/L SDS were mixed with 200 mL ddH2O. The reaction was 

shaken at 30 °C for 168 h. The crude product mixture was extracted with diethyl ether 

(3x 200 mL) and centrifuged to separate the phases. The combined organic phases were 

dried over MgSO4 and purified by flash chromatography (CH:EtOAc, 50:1) to yield 

chromene 53t as a colorless oil (0.167 mL, 0.77 mmol, 85 %). 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.81 (s, 3H), 0.91 (s, 3H) 1.17 (s, 3H), 1.21-1.29 (m, 

1H), 1.4-1.6 (m, 5H), 1.68 (s, 3H), 1.72-1.94 (m, 3H), 4.4-4.5 (m, 1H). 13C-NMR (CDCl3, 125 

MHz): δ (ppm) 19.07 (1C), 19.21 (1C), 19.82 (1C), 20.51 (1C), 20.77 (1C) 30.31 (1C), 32.25 (1C), 

39.99 (1C), 41.65 (1C), 48. 37 (1C), 76.48 (1C), 94.97 (1C), 147.97 (1C). The data is consistent 

with the literature.140  

6.6.2 Z-geranyl acetone 52c with G600R 
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For the Z-geranyl acetone 52c biotransformation, 0.2 mL 52c (0.92 mmol), 15 gCDW/L cells 

(11 mol-% SHC) and 0.3 g/L SDS were mixed with 200 mL ddH2O. The reaction was 

shaken at 30 °C for 168 h. The crude product mixture was extracted with diethyl ether 

(3x200 mL) and centrifuged to separate the phases. The combined organic phases were 

dried over MgSO4 and purified by flash chromatography (CH:EtOAc, 50:1) to yield 

chromene 53c as a colorless oil (0.098 mL, 0.45 mmol, 49% yield). 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.85 (s, 3H), 0.87 (s, 3H) 1.16 (s, 3H), 1.32-1.39 (m, 

1H), 1.54 (s, 3H), 1.6-1.66 (m, 3H), 1.68 (s, 3H), 1.72-1.97 (m, 3H), 2.14-2.27 (m, 1H), 4.4-4.5 

(d, J = 2.6 Hz, 1H). 13C-NMR (CDCl3, 125 MHz): δ (ppm) 18.13 (1C), 19.79 (1C), 20.54 (1C), 

21.19 (1C), 26.50 (1C) 32.46 (1C), 33.73 (1C), 39.66 (1C), 41.99 (1C), 44.00 (1C), 74.71 (1C), 

94.56 (1C), 148.76 (1C). 

6.6.3 Z-geranyl acetone 52c with V (A306V/Y420F/G600T/L607A) 

 

For the Z-geranyl acetone biotransformation, 2.24 mL 52c (10 mmol), 10 gCDW/L cells (3 

mol-% SHC), 0.2 g/L SDS and 14.6 g/L 2-HPCD (10.3 mmol) were mixed with 1L ddH2O. 

The reaction was shaken at 30 °C for 648 h. The crude product mixture was extracted 

with diethyl ether (3x1 L) and centrifuged to separate the phases. The combined organic 

phases were dried over MgSO4 and purified by flash chromatography (CH:EtOAc, 50:1) 

to yield 3 as a colorless oil (1.97 mL, 9.1 mmol, 89% yield). 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.87 (s, 3H), 0.92 (s, 3H) 1.10-1.30 (m, 2H), 1.42-1.62 

(m, 2H), 1.66-1.70 (m, 1H), 1.76-1.83 (m, 1H), 1.97-2.04 (m, 2H), 2.11 (s, 3H), 2.22-2.45 (m, 

2H), 4.50-4.51 (d, J = 1.03 Hz, 1H), 4.75-4.77 (m, 1H). 13C-NMR (CDCl3, 125 MHz): δ (ppm) 

20.31 (1C), 22.62 (1C), 23.52 (1C), 26.5 (1C), 28.3 (1C), 30.20 (1C), 32.00 (1C), 34.83 (1C), 42.38 

(1C), 53.40 (1C), 109.5 (1C), 149.09 (1C), 209.52 (1C). The data is consistent with the 

literature.144  
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6.6.4 E/Z-geranyl isopropanol 58 with G600N/L607A 

 

For the E/Z-geranyl isopropanol 58 biotransformation, 0.2 mL 52c (0.92 mmol), 15 

gCDW/L cells (11 mol-% SHC) and 0.3 g/L SDS were mixed with 200 mL ddH2O. The 

reaction was shaken at 30 °C for 168 h. The crude product mixture was extracted with 

diethyl ether (3x200 mL) and centrifuged to separate the phases. The combined organic 

phases were dried over MgSO4 and purified by flash chromatography (CH:EtOAc, 50:1) 

to yield a crude product mixture as a yellowish oil (0.020 mL, 0.09 mmol, 10 % yield). 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 2S,4S,8S-Tetrahydroedulane 97: 0,81 (s, 3H), 0,89 

(s, 3H), 1,14-1,15 (d, J = 3,1, 3H), 1,23 (s, 3H), 1,28 (s, 1H) 1,33 (s, 1H), 1,42-1,53 (m, 5H), 1,56 

(s, 2H), 1,62-1,77 (m, 4H), 3,97-4,04 (m, 1H). 

2R,4S,8S-Tetrahydroedulane 98: 0,74 (s, 3H), 0,87 (s, 3H), 1,09-1,10 (d, J = 3,2, 3H), 1,23 (s, 

3H), 1,28 (s, 1H) 1,33 (s, 1H), 1,42-1,53 (m, 5H), 1,56 (s, 2H), 1,62-1,77 (m, 4H), 3,72-3,79 (m, 

1H). 13C-NMR (CDCl3, 125 MHz):  2R,4S,8S-Tetrahydroedulane 98: δ (ppm) 19.54 (1C), 

19.59 (1C), 20.19 (1C), 20.78 (1C), 22.72 (1C), 32.11 (1C), 33.37 (1C), 35.61 (1C), 40.75 (1C), 

41.67 (1C), 53.30 (1C), 65.51 (1C), 74.83 (1C). The data is consistent with the literature.314 

4-(R-2,2-dimethyl-6-methylenecyclohexyl)butan-2-ol 59: Characteristic methylene 

signals at 1H-NMR (CDCl3, 500 MHz): δ (ppm) 4.53 (d, J = 1.25 Hz, 1H) and 4.75 (t, J = 

1.25 Hz, 1H). From the shape-complementary enantiopure monocyclization of 52c and 

the observed depletion of mainly the Z-isomer of 58 it was assumed that the stereocenter 

here is R.  
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6.6.5 E/Z-calmusal 60 with G600T 

 

For the E/Z-calmusal 60 biotransformation, 0.2 mL 60 (0.98 mmol), 15 gCDW/L cells (11 

mol-% SHC) and 0.3 g/L SDS were mixed with 200 mL ddH2O. The reaction was shaken 

at 30 °C for 168 h. The crude product mixture was extracted with diethyl ether (3x200 

mL) and centrifuged to separate the phases. The combined organic phases were dried 

over MgSO4 to yield a crude product mixture as a yellowish oil (0.078 mL, 0.39 mmol, 

40 % yield). 

Due to the instability of the products 99 and 61, the products could not successfully be 

separated and therefore no yield could be determined. Nevertheless, the structures can 

be guessed from the crude NMR data: To obtain product 99 solely substrate 60 was 

converted with AacSHC G600R, which favors bicyclization. Characteristic methyl- and 

dihydropyran-signals at 1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.70 (s, 3H), 0.74 (s, 3H), 

0.90 (s, 3H) and 6.81-6.84 (m, 1H) = C2-H.  

Product mixture 99 + 61 crude NMR data: Characteristic C7-methylene signals for 61 at 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 4.65 (d, J = 1.25 Hz, 1H) and 4.68 (d, J = 1.25 Hz, 

1H). From the shape-complementary enantiopure monocyclization of 52c,  it was 

assumed that the stereocenter here is R. Characteristic C4-methylene signals for 99 at 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 4.66 (d, J = 1.10 Hz, 1H).  

6.6.6 E/Z-calmusol 62 with  G600T/L607A 

 

For the E/Z-calmusol 62 biotransformation, 0.2 mL 62 (0.98 mmol), 15 gCDW/L cells (11 

mol-% SHC) and 0.3 g/L SDS were mixed with 200 mL ddH2O. The reaction was shaken 
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for at 30 °C 168 h. The crude product mixture was extracted with diethyl ether (3x200 

mL) and centrifuged to separate the phases. The combined organic phases were dried 

over MgSO4 and to yield a crude product mixture as a yellowish oil (0.01 mL, 0.05 mmol, 

5 % yield). 

Characteristic C7-methylene signals for 63 at 1H-NMR (CDCl3, 500 MHz): δ (ppm) 4.55 

(d, J = 1.00 Hz, 1H) and 4.75 (t, J = 1.30 Hz, 1H). From the shape-complementary 

enantiopure monocyclization of 52c, it was assumed that the stereocenter here is R. 

6.6.7 E,E-homofarnesol 66 with B (M132R/A224G/I432T) and P3 

(W169G/G600M/M132R/I432T) 

 

In order to demonstrate the different state of aggregation (owing to liquid side products) 

of the product 7 after full conversion the optimal conditions from the Benchmark 

study129 were chosen. Therefore, in a 10 mL reaction vessel, 500 µl (445 mg, 1.89 mmol, 

90 g/L) 2, 180 gCWW /L cells (containing either the Benchmark cyclase B or the final 

variant P3) were mixed in the reaction buffer (100 mM citric acid, 0.048 cSDS:ccells, pH=5.1) 

and the suspension was shaken for 4 d at 37 °C at 800 rpm. The reaction mixture was 

extracted three times with toluene:heptane (1:1), dried over MgSO4 overnight, filtrated 

and evaporated to yield 440 mg (B) and 437 mg (P3) crude 1 (98.9 % and 98.2 %), 

respectively. For the Benchmark variant (95 % ((–)-ambroxide 7 selectivity) the crude 

product was a blurry liquid. Variant P3 ((99 % ((–)-ambroxide 7 selectivity) yielded a 

solid product (Figure 3-7). 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.83 (s, 3H), 0.84 (s, 3H), 0.87 (s, 3H), 0.93-0.98 

(dd, J = 6 Hz, J = 0.7 Hz, 1H), 1.0-1.07 (td, J = 13 Hz (t), J = 2 Hz (d), 1H), 1.1 (s, 3H), 1.14-

1.22 (td, J = 13 Hz (t), J = 2 Hz (d), 1H), 1.24-1.34 (qd, J = 20.75 Hz (q), J = 1.5 Hz (d), 1H), 

1.36-1.49 (m, 5H), 1.61-1.77 (m, 4H), 1.9-1.91 (dt, J = 6Hz (d), J = 3Hz (t), 1H), 3.82 (d, J= 

12Hz, 1H), 3.91 (m, 1H).  13C-NMR (CDCl3, 125 MHz): δ (ppm) 15.05 (1C), 18.42 (1C), 20.66 
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(1C), 21.15 (1C), 22.65 (1C), 33.08 (1C), 33.60 (1C), 36.21 (1C), 39.76 (1C), 39.97 (1C), 42.45 

(1C), 57.27 (1C), 60.14 (1C), 64.99 (1C), 79.92 (1C). The data is consistent with the 

literature.129 

6.6.8 E-geranyl acetate 34 with G600R 

 

For the E-geranyl acetate 34 biotransformation, 0.22 mL 34 (0.97 mmol), 20 gCDW/L cells 

(7 mol-% SHC) and 14 g/L 2-HPCD were mixed with 100 mL ddH2O. The reaction was 

shaken at 30 °C for 1176 h. The crude product mixture was extracted with isooctane (3 x 

100 mL) and EtOAc (3 x 100 mL) and centrifuged to separate the phases. The combined 

organic phases were dried over MgSO4 and purified by flash chromatography 

(CH:EtOAc, 50:1) to yield 1R,2S-cyclogeranyl acetate hydrate 80 as a yellowish oil 

(0.136 g, 0.64 mmol, 71% yield). 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.86 (s, 3H), 1.01 (s, 3H), 1.21 (s, 3H), 1.26-1.32 (m, 

3H), 1.33-1.40 (m, 3H), 1.59-1.63 (t, J = 6 Hz , 1H), 2.06 (s, 3H), 4.32-4.33 (d, J = 2.9 Hz, 1H).  

13C-NMR (CDCl3, 125 MHz): δ (ppm) 13.17 (1C), 19.02 (1C), 20.03(1C), 25.89 (1C), 33.12 

(1C), 40.78 (1C), 41.37 (1C), 53.78 (1C), 62.51 (1C), 71.70 (1C), 169.98 (1C). 

6.6.9 E,E-farnesol 81 with A306W 

 

For the E,E-farnesol 81 biotransformation, 0.49 mL 81 (1.9 mmol), 10 gCDW/L cells (1.8 

mol-% SHC) were mixed with 100 mL ddH2O. The reaction was shaken at 30 °C for 72 h. 

The crude product mixture was extracted with isooctane (3 x 100 mL) and EtOAc (3 x 

100 mL) and centrifuged to separate the phases. The combined organic phases were 
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dried over MgSO4 and purified by flash chromatography (CH:EtOAc, 50:1) to yield 

drimenol hydrate 82 as a white crystalline solid (0.38 g, 1.56 mmol, 88% yield).  

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.79 (s, 6H), 0.88 (s, 3H), 0.95-0.98 (dd, J=6.1 Hz, 

1H), 1.07-1.29 (m, 4H), 1.35 (s, 3H), 1.42-1.57 (m, 4H), 1.63.1.67 (m, 1H), 1.87-1.90 (tt, J=6.1 

Hz, 1H), 3.91-3.93 (m, 1H). 13C-NMR (CDCl3, 125 MHz): δ (ppm) 16.05 (1C), 18.61 (1C), 

20.19 (1C), 21.62 (1C), 24.30 (1C), 33.28 (1C), 33.56 (1C), 37.53 (1C), 39.99 (1C), 41.69 (1C), 

44.51 (1C), 55.92 (1C), 60.52 (1C), 61.15 (1C), 75.14 (1C). The data is consistent with the 

literature.315 

6.6.10 E,E,E-geranyl geraniol 73 with F605W 

 

For the E,E,E-geranyl geraniol 73 biotransformation, 0.25 mL 73 (0.75 mmol), 20 gCDW/L 

cells (9.3 mol-% SHC) and 10 g/L 2-HPCD were mixed with 100 mL ddH2O. The reaction 

was shaken at 50 °C for 192 h. The crude product mixture was extracted with isooctane 

(3 x 100 mL) and EtOAc (3 x 100 mL) and centrifuged to separate the phases. The 

combined organic phases were dried over MgSO4 and purified by flash chromatography 

(CH:EtOAc, 50:1) to yield ent-isocopalol 71 as a yellowish solid (0.196 g, 0.68 mmol, 90% 

yield). 

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.81 (s, 3H), 0.83 (s, 3H), 0.86 (s, 3H), 0.88 (s, 3H), 

1.1-1.4(m, 9H), 1.78 (m, 3H), 1.84-2.07 (m, 5H), 3.71-3.74 (dd, J = 6.3 Hz, 1H), 3.84-3.87 (dd, 

J= 6.3 Hz, 1H), 5.5-5.51 (m, 1H). 13C-NMR (CDCl3, 125 MHz): δ (ppm) 15.83 (1C), 15.84 (1C), 

18.52 (1C), 18.75 (1C), 21.68 (1C), 21.81 (1C), 22.55 (1C), 33.14 (1C), 33.40 (1C), 36.24 (1C), 

37.24 (1C), 39.93 (1C), 41.54 (1C), 41.91 (1C), 54.84 (1C), 56.25 (1C), 57.89 (1C), 60.89 (1C), 

123.95 (1C), 132.65 (1C). The data is consistent with the literature.97  
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6.6.11 E,E,E-geranyl geraniol 73 with G600N 

 

For the E,E,E-geranyl geraniol 73 biotransformation, 0.25 mL 73 (0.75 mmol), 20 gCDW/L 

cells (9.3 mol-% SHC) and 10 g/L 2-HPCD were mixed with 100 mL ddH2O. The reaction 

was shaken at 50 °C for 840 h. The crude product mixture was extracted with isooctane 

(3 x 100 mL) and ethyl aetate (3 x 100 mL) and centrifuged to separate the phases. The 

combined organic phases were dried over MgSO4 and purified by flash chromatography 

(CH:EtOAc, 50:1) to yield labdane 83 as a colorless oil (0.17 g, 0.58 mmol, 78% yield).  

1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.76 (s, 3H), 0.82 (s, 3H), 0.84 (s, 3H), 0.80−1.09 

(m, 2H), 1.56 (s, 3H), 1.69 (s, 3H), 1.02−2.01 (m, 12H), 2.13−2.31 (m, 1H), 4.09−4.20 (m, 2H), 

5.10-5.13 (m, 1H), 5.40−5.43 (t, J = 7 .2 Hz, 1H). 13C-NMR (CDCl3, 125 MHz): δ (ppm) 12.5 

(1C), 15.9 (1C), 17.7 (1C), 20.1 (1C), 22.2 (1C), 23.7 (1C), 25.3 (1C), 30.9 (1C), 33.9 (1C), 37 (1C), 

39.1 (1C), 42.0 (1C), 42.3 (1C), 50.1 (1C), 53.4 (1C), 59.4 (1C), 120.2 (1C), 121.3 (1C), 135.2 (1C), 

141.4 (1C). The data is consistent with the literature.266 

6.6.12 E,E-keto ester 77 with F601D/F605L 

 

For the E,E-keto ester 77 biotransformation, 0.25 mL 77 (0.67 mmol), 10 gCDW/L cells (5.2 

mol-% SHC) and 10 g/L 2-HPCD were mixed with 100 mL ddH2O. The reaction was 

shaken at 50 °C for 120 h. The crude product mixture was extracted with isooctane (3 x 

100 mL) and EtOAc (3 x 100 mL) and centrifuged to separate the phases. The combined 

organic phases were dried over MgSO4 and purified by flash chromatography 

(CH:EtOAc, 50:1) to yield acetate 75 as a white solid (0.19 g, 0.58 mmol, 88% yield). 
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1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.82 (s, 3H), 0.88 (s, 3H), 0.91-0.98 (m, 2H), 1.13 

(s,3H), 11.4-1.18 (m, 1H), 1.25-139 (m, 4H), 1.44-1.47 (m, 1H), 1.52-1.55 (m, 1H), 1.57-1.63 

(m,1H), 1.68-174 (m, 2H), 2.19 (s, 3H), 2.26-2.32 (dd, J = 7.1 Hz, 1H), 3.69 (s, 3H). 13C-NMR 

(CDCl3, 125 MHz): δ (ppm) 14.89 (1C), 18.48 (1C), 19.43 (1C), 19.64 (1C), 20.38 (1C), 20.58 

(1C), 21.54 (1C), 33.17 (1C), 33.42 (1C), 36.75 (1C), 39.21 (1C), 40.60 (1C), 41.85 (1C), 50.87 

(1C), 51.62 (1C), 56.09 (1C), 78.35 (1C), 99.96 (1C), 163.14 (1C), 169.29 (1C). 

6.7 General methods 

6.7.1 Analytical biotransformations in GC screw-cap-vials 

Harvested or lyophilized cell pellets were resuspended in whole cell buffer. For 

harvested cells the OD600 was set to the given value and for lyophilized cells 10 mg cells 

per mL buffer were weighed in. 495 µL of the cell suspension were transferred to GC 

screw-cap-vials and 5 μL of a substrate/DMSO stock (cend, substrate = 2 mM) were added to 

start the reactions. Reactions were shaken at the respective temperature for 20 h. 

Reactions were stopped by adding 600 μL CH:EtOAc (1:1) and vortexing for 2 min. After 

centrifugation (4000 rpm, 5 min) the organic phase was analyzed via GC/MS/PAL-

Sampler directly from the two-phase system. Quantification was made directly from the 

total ion count chromatogram by quotient AREAproduct/ (AREAsubstrate+AREAproduct)*100. 

6.7.2 Screening of SHC libraries using GC/MS 

Harvested cell pellets from the 96-DW plate expression were resuspended in 396 µL 

whole cell buffer and transferred to another 96-DW plate equipped with 1.2 mL glass 

inlets. Then 4 µL substrate/DMSO stock solution (cend, substrate = 2 mM) was added directly 

into the cell suspension, the plates were sealed with PP-lids and shaken at the respective 

temperature at 600 rpm for 20 h. To stop the reaction 600 µL CH/o-xylene (1:1) was 

added and the mixture was inverted and vortexed for 10 min and incubated for another 

30 min. The plates were centrifuged (4000 rpm, 5 min), sealed using PP-lids and a GC-

MS equipped with a PAL-Sampler was used to inject directly from the organic phase. 

Quantification was made directly from the Total Ion Count chromatogramm by quotient 

AREAproduct/ (AREAsubstrate+AREAproduct)*100. In total 90 new variants (3 x parent, 1 x 

AacSHC WT, 1x negative control, 1x buffer control) per 96-DW plate were screened. 

Promising variants were rescreened by expression in 24 DW-plates. 
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6.7.3 Verification of promising hits 

Promising candidates from the 96-DW screening were taken for inoculation of a new 

5 mL LB pre-culture and subsequent expression in 24-DW plates (cf. chapter 6.3.1). After 

harvesting of the cells, the OD600 was set to 20 in whole cell buffer and substrate (cend 

= 2mM) was added. The reactions were carried out at least in technical triplicates.  

Reactions were stopped by organic solvent. After two extractions with the respective 

organic solvent, the resulting organic phase was analyzed via GC-MS. Quantification was 

made directly from the Total Ion Count chromatogramm by quotient AREAproduct/ 

(AREAsubstrate+AREAproduct)*100. 

6.7.4 Determination of Total turnover number (TTN) and 

Turnover frequency (TOF) in vivo and in vitro 

To determine the TTN of the in vivo biotransformation it deserves the absolute enzyme 

concentration per gram cell and the exact product concentration. Therefore, each SHC 

variant selected for TTN determination was expressed and lyophilized in E. coli. The 

SHC content of 10 mgCDW cells was determined using the Thermolysis purification 

method (cf. chapter 6.3.2). Quality control of the purification was done by SDS-PAGE 

(cf. chapter 6.3.3). For the reaction setup in 2 mL GC vials, 10 mg of the E. coli whole cells 

from the same batch as used for Thermolysis purification were resuspended in 1 mL 

cyclodextrin buffer, the respective substrate was added to the suspension and the 

reaction was shaken at the respective temperature for the respective time. The reaction 

was stopped by adding 1 mL EtOAc:CH (1:1). The reaction was extracted three times and 

the combined organic phases were analyzed via GC/MS. For quantification, standard 

curves were prepared if the products were available. Error bars represent the standard 

deviation of technical triplicates.  

Otherwise, 1 mM dodecane was added as an external standard and the product 

concentration was determined via the effective carbon number method.316 The TTNs of 

the preparative scale reactions (cf. chapter 6.6) were determined from the isolated yield.  

The determination of the TTN in vitro was done directly after the Thermolysis protocol 

(only 1 d of enzyme extraction). The solubilized enzyme was diluted 5:1 with ddH2O 

(cend,citric acid = 20 mM, cend, CHAPS = 0.2%, pH = 6.0) and 1 mL of the enzyme preparation 

was used for the biotransformation. The reactions were carried out, extracted, and 
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analyzed analogously to the in vivo approach. The TOF of the respective enzymes were 

determined by forming the quotient TTN/time in h.  

6.7.5 E,E-Homofarnesol 66 excess addition experiments  

The excess addition experiment in Supporting Figure S 10A+B were carried out to 

evaluate the performance of a highly selective SHC variant P1 (99% (−)-ambroxide 7 

selectivity, W169G) and a more unselective variant B (95%) at more industrially relevant 

substrate concentrations (20-50 mM). First, the cyclization of 20 mM 66 was monitored 

over the period of 68 h using 0.1 gCDW/L cells harboring P1 in ddH2O. Four independent 

reactions were run at 30 °C and stopped by extracting twice with toluene:heptane (1:1) 

after 0.1, 20, 44, 68 h. To circumvent the inhibition effect, the cell concentration was 

raised to 5 gCDW/L, and substrate concentration was kept at 20 mM. Eight independent 

reactions (triplicates) were run at 30 °C and stopped by extracting twice with 

toluene:heptane (1:1) after 0.1, 1, 2, 4, 20 and 24, 44 and 68 h. The in vivo performance 

was compared with the benchmark enzyme B. The final setup was performed using 

30 gCDW/L cells and 200 mM substrate. Reaction control was done by taking 0.1 µL 

samples from the organic substrate 66 layer on top the reaction mixture after 0, 20, 44, 

68, 92, 264, 236, 432 and 1004 h. The in vivo performance was compared with the 

benchmark enzyme B. 

6.7.6 Kinetic characterization of variants WT, B, P1, P2 and P3 

during cyclization of 66 

The characterization in vivo as well as in vitro were carried at 0.1 gCDW/L cells and the 

respective extracted and solubilized enzyme content. To compare the variants in vivo, 

the SHC content of 10 mgCDW of each batch was determined by Thermolysis protocol. 

Afterwards, 10 mgCDW were resuspended in 100 mL ddH2O and 495 µL of the cell 

suspension (triplicates per substrate concentration) were transformed into each well of 

a 96DW-plate. The reaction was started by adding 5 µL of 66 in DMSO (c66,final = 0.2 mM-

20 mM) and was shaken at 30 °C and 800 rpm. Reactions were stopped after 1 h by adding 

500 µL heptane:toluene (1:1), vortexing for 5 min and incubating for 30 min. 96DW-

plates were centrifuged afterwards and conversions were analyzed directly from the 

organic phase using a GC equipped with a PAL-Sampler.  
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To compare the variants in vitro, the enzymes were extracted, solubilized and diluted 

with buffer (20 mM citric acid, 0.2% CHAPS, pH = 6.0) to the final enzyme 

concentrations of AacWT = 0.02 mg/ mL (0.28 μM), Benchmark = 0.016 mg/ mL 

(0.22 μM), P2 = 0.025 mg/ mL (0.35 μM) and P3 = 0.015 mg/ mL (0.21 μM). Afterwards 

495 µL of the enzyme solution (triplicates per substrate concentration) was transferred 

into each well of a 96 DW-plate. The reaction was started by adding 5 µL of 66 in DMSO 

(c66,final = 0.2 mM - 20 mM) and was shaken at 50 °C at 800 rpm. Reactions were stopped 

after 1 h by adding 500 µL heptane:toluene (1:1), vortexing for 5 min and incubate for 30 

min. 96 DW-plates were centrifuged afterwards and reaction progress was analyzed 

directly from the organic phase using a GC equipped with a CTC PAL-Sampler. The 

kinetics were fitted as initial rate (vmax*csubstrate)/(KM+csubstrate) or substrate-excess 

inhibition plots (vmax/(1+(KM/csubstrate)+(csubstrate/KM) with the assumption of KI=KM using 

Excel solver. 

6.7.7 Feeding strategy for keeping up the enzymatic activity of P3 

in the E. coli host 

The feeding experiments were carried out in 100 mL Schott-flasks, which were shaken at 

30 °C for in vivo and 50 °C for in vitro at 300 rpm on the same plate shaker used in the 

kinetic studies. The in vivo and in vitro performances of P3 were compared using 0.1 

gCDW/L cells or 0.015 mg/mL extracted and solubilized (20 mM citric acid, 0.2% CHAPS, 

pH= 6.0) enzyme. The in vivo reactions were prepared by resuspending 10 mgCDW whole 

cells in 100 mL ddH2O. Reactions were started by adding 200 μL 66 onto the surface of 

the enzyme preparations. Depletion of the organic substrate phase was observed only in 

the reaction using E. coli whole cells. During the reaction the desired product 7 

precipitated as white crystalline solid from the reaction broth. After the reaction was 

finished (t = 36 d) the reaction mixture was extracted with toluene (5 x 100 mL) 

centrifuged (4000 rpm, 10 min) and the combined organic phases were dried over 

Na2SO4. After concentrating the organic phase, the crude product was purified over 

silica (20:1, diethyl ether: hexane) to give 982 mg (4.16 mmol) of white crystalline 

(−)-ambroxide 7. The in vivo reaction was repeated two times and yielded 946 mg in 34 

days and 913 mg in 38 d, respectively.  
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6.7.8 Two-phase system evaluation for 52t biotransformation 

A two-phase system was employed to implement in situ product removal of organic 

molecules into the biocatalytic system. The two-phase experiment was carried out in 

GC-screw-cap vials according to the analytical biotransformation protocol (cf. chapter 

6.7.1) with variant G600R. After addition of 10 mM geranyl acetone 52t, the reactions 

were overlayed with 100 μL of different organic solvents (cf. Table 6-7) varying in their 

logP-values. The biphasic reactions were shaken slowly (300 rpm) at 30 °C to avoid 

mixing of the phases. After 20 h, the reactions were stopped by adding 400 μL 

CH/EtOAC (1:1). After extraction and centrifugation, the organic phases were analyzed 

via GC/MS. Quantification was done by substrate and product standard curves, 

respectively. 

Table 6-7: Organic solvents used in the two-phase experiment and the corresponding logP-values calculated by 

ChemDraw.317 

Organic solvent logP 

Methylpropyl ether 0.9 

Cyclooctanol 2.1 

2-hexanol 1.7 

Cyclohexylmethylether 1.7 

Petroleum ether 3.5 

Decane 6.0 

1-Decanol 3.5 

1-Nonanol 3.1 

1-Octanol 2.9 

Undecane 6.6 

Dodecane 7.1 

Tetradecane 8.1 

1-Undecanol 3.9 

Hexandecane 8.8 

Diethyl phtalate 2.0 
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6.7.9 End-point determination of in vivo cell specific activity in 

the biotransformation of excess 52t and 66 with additives 

To demonstrate the decreasing cell specific activity of E. coli over time, analytical 

biotransformations of 52t with homologous SHCs (alternative organisms) were 

performed. 50 mM substrate 52t was added to 10 mgCDW/mL in 1 mL ddH2O in four 

independent reactions, which were shaken at 30 °C. Each reaction was performed in 

triplicates. The four reactions were stopped after 20, 40, 60 and 80 h by adding 1 mL 

CH:EtOAc (1:1). The 80 h reaction was supplemented with 100 μL of a 500 mM 2HPCD 

stock (cend= 45 mM) after 60 h. After extraction and centrifugation, the organic phases 

were analyzed via GC/MS. Quantification was done by substrate and product standard 

curves, respectively. Cell specific activities were calculated as: (cproduct/t)/gCDW. For the 

cell specific activity after 80 h, only the “regenerated” cell specific activity was 

considered. That means the product formation after 60 h was subtracted from the 

product formation after 80 h. The resulting ∆cproduct was then divided by 20 h to 

determine the regenerated cell specific activity. 1 U = 1 μmol*min. 

6.8 Computational methods 

Docking studies were performed using YASARA,145 which uses Autodock and VINA 

algorithms for the calculation of defined ligand-receptor interaction. In silico mutations 

were introduced by changing the specific amino acid in the sequence based on the 

AacSHC WT (PDB: 1UMP), which homology structure was modeled by Swiss-Model.181 

The resulting binding energies of 25 runs were clustered. The most likely structures 

(=highest binding energies) were always chosen for visualization. Homology models of 

SHC homologs were produced using RoseTTaFold.318 Enzyme tunnel analysis was 

performed using the CAVER web-tool319 and the AacSHC WT crystal structure as a 

template (PDB: 1UMP). 
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APPENDIX 

A1.  Supporting Figures & Tables 

 

Supporting Figure S 1: Evaporation experiment for direct sample analysis from a two-phase system in a 96-DW. Glas 

inlets of 96-DW were filled with the corresponding organic solvent and the solvent front was marked. After 24 and 

48 h hours the solvent front was marked again and evaporation ratio was determined as:  d(solvent front,2)/d(solvent 

front,1). o-xylene was chosen as the most potent solvent due to low evaporation and best phase separation.  
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Supporting Table S 1: In-house SHC library stored in 96 DW plates. 

NVP1 
  

           

 
1 2 3 4 5 6 7 8 9 10 11 12 

A WT K.O L36A L36W W169
A 

W169
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I261G I261F S307A M132R S307G W312
A 

B A419G W312
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F365A F365C F365G F365
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Q366
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Q366
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Q366
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M132R/
A224V 

A419F V448
G 

C A419
W 

A419Y Y420
A 

Y420C Y420
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Y420
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V448
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V448
F 

V448
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M132R/
A224V/
I432T 

W489
G 

W489
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D W489
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G490
A 

G490
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Y495G Y495L Y495
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G600
A 

G600
F 

G600
L 

M132R/
432T 

F601A F601G 

E F601
W 

F605A F605
G 

F605
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L607A L607F L607G L607
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Y609
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D377L Y609F Y609L 

F S307F G600
W 

Y612F Y612G Y612
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W312F L36I T.KO BamS
HC1 

D377N/
G600L 

ZmoS
HC1 

SfuSH
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G Q366
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Y609
A 

Y609
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Y609S Y612S D377
N 

L36V TelSH
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RpaS
HC 

D377N Sco/Sf
uSHC 

BjaSH
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H I261W I261A I261V I261L D377E ApaS
HC 

S307C ZmoS
HC2 

TtuSH
C 

FREI PcaSH
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BamS
HC2              

             

             

NVP2 
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Supporting Figure S 2: Evaluation of 52t to 53t biotransformation in 96-DW plate using the NVP1 showed the 

variants 600L and L607F as best variants and therefore confirmed the data which was obtained in a Master Thesis.142 

 

 

 

Supporting Figure S 3: Comparison of co-crystallized 2-Azasqualene in AacSHC WT (left) with best result of docked 

substrate 52t in AacSHC WT (right). Protonating aspartate shown in red sticks. Key mutated positions shown in grey 

sticks. 2-Azasqualene and geranyl acetone 52t shown in magenta sticks. The comparison shows the similar pre-folding 

of both substrates in the active site. 
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Supporting Figure S 4: Standard procedure for the upscaling reactions. E. coli whole cells expressing the desired 

variant, water, 2-hydroxypropyl-β-cyclodextrin and the desired substrate were shaken in Schott flask. Big 1 L upscale 

using 52c on top. Smaller 200 mL upscales using the substrate 52c analogues on the bottom. 

 

Supporting Figure S 5: Time course of the biotransformation of E/Z-geranyl acetone 52 (60:40) with the variant V. 

The variant V preferably converts the Z-geranyl acetone 52c (green). (+)-ambrinol 57 is obtained as a side product by 

acid-catalyzed cyclization (buffer, pH = 6.0) of the product (–)-γ-dihydroionone 3 in the buffer. 
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Supporting Figure S 6: Temperature profile of selected AacSHC variants in vivo (A) and in vitro (B). Overall turnover 

frequencies are higher using the purified enzyme (B). Temperature optima differ in vivo and in vitro, presumably due 

to the phase transition of the membrane and the inherent activity affection of the membrane-bound SHC. Reaction 

conditions: 0.1 gCDW/L cells, ddH2O, 1 mM 66, 1 h for in vivo. 0.018-0.039 mg/mL SHC in 0.2% CHAPS, 20 mM citric 

acid, pH = 6.0, 1 mM 66 for in vitro. Error bars represent the s. d. between triplicates 

 

 

Supporting Figure S 7: CAVER319 analysis of AacSHC crystal structure (PDB: 1UMP). Protonating aspartate shown as 

red sticks. Benchmark enzyme B129 mutations as bright orange sticks. Membrane-binding α-Helix shown as red 

cartoon. Most probable simulated entrance tunnels depicted in colored surface. Most of the entrance tunnels could 

be excluded, due to size and radii. Green entrance tunnel corresponds to the published putative entrance tunnel75 

and was also chosen for illustration in this work. On the right are the calculated bottleneck positions of the most 
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probable entrance tunnels. Highlighted in red are the positions accumulating in one area, here named ‘bottleneck 

area’. The two mutations of the benchmark study are located within the bottleneck area and therefore may influence 

catalysis. 

 

Supporting Figure S 8: Comparison of ‘hit’ variants from the entrance tunnel engineering by site-saturation 

mutagenesis in the bottleneck area in vivo. All introduced single-point mutations showed only slight to no increases 

in turnover frequency with no changes in (–)-ambroxide 7 selectvity. However, combination of the two mutations 

described as beneficial in the benchmark study129 led to 1.3-fold improved turnover frequency, which suggests epistatic 

effects. Reaction conditions: 10 gCDW/L cells, ddH2O, 10 mM 66, 30°C, 20h. Reactions were performed in technical 

triplicates. 
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Supporting Figure S 9: Homologous SHCs and their subtle changes in the active site, which occurred during 

evolution. Substrate E,E-66 shown as blue sticks. (A) Overlay of Aac and TelSHC shows the two opposite positions 

307 and 420. The Tel homolog creates ~2 Å space at position 420 with a phenylalanine instead of tyrosine, however, 

reduces space with a cysteine instead of a serine at position 307. (B) Overlay of Aac and ScoSHC shows the two 

opposite positions 607 and 168. Sco creates space at 607 and demands more space at position 168. (C) Active site of 

AacSHC and co-crystallized aza-squalene 36 (blue sticks). Water molecules in the crystal structures shown as red 

spheres. Water cluster around S168 may interact with transient carbocations by providing them electron density. (D) 

Active site residue comparison of Aac, Zmo1, Zmo2, Tel and ScoSHC. 
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Supporting Figure S 10: (A) Comparison of variant P1 and B in the in vivo cyclization of E,E-66. Higher selective 

enzyme P1 shows 3-fold improved relative conversion. Conditions: 20 mM substrate, 5 gCDW/L cells, ddH2O, 30 °C, 800 

rpm. (B) Second comparison in vivo of variant P1 and B with different conditions: 200 mM substrate, 30 gCDW/L cells, 

H2O, 30°C, 800 rpm. Interestingly, the more selective variant P1 shows 20-fold improved relative conversion, which 

may be to liquid side product produced by less selective variant B accumulating in the cellular membrane and 

downregulating the enzymatic activity.160,245 (C) Substrate excess inhibition plots for the P3 catalyzed cyclization of 

66 at varying shaking speeds (800, 600 and 300 rpm). The fourth graph (dashed lines) results from assuming no 

substrate inhibition, but standard initial rate kinetics. (D) Extracted and evaporated products from fully converted 

substrate 66 by P1 (bottom, blue) and B (top). Conditions: 500 µl 66 (90 g/L), 180 gCWW /L cells, 100 mM citric acid, 

0.048 gSDS:gCWW, pH = 5.1, 37 °C, 4 d. Only the 99% selective enzyme (blue) yields fully crystallized product. 
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Supporting Figure S 11: Two-phase system experiment in the cyclization of geranyl acetone 52t towards 

hexahydrochromene 53t. The reactione mixture consisting of 10 mg/mL E. coli whole cells in 500 μL ddH2O and 10 mM 

substrate 52t were overlayed with 100 μL organic solvents differing in their logP-values (proposed by ChemDraw) and 

stirred for 20 h at 30 °C. The reaction was stopped by adding 500 μL CH:EtOAc 1:1 and the organic extracts were 

analyzed via GS/MS. 

 

Supporting Figure S 12: Evaluation of optimal SDS and 2HPCD amount. (A) Cyclization of 66 by W169G was chosen 

as the model reaction for the evaluation. (B) SDS amount evaluation with the optimal ratio of 0.2 gSDS:gcell,CDW. 

Reaction conditions: 20 mM 66, 10 mgCDW/mL whole cells (W169G), ddH2O, 40 °C, 20 h. (C) 2HPCD amount 

evaluation with the optimal ratio of equimolar amount. Reaction conditions: 10 mM 66, 10 mgCDW/mL whole cells 

(W169G), ddH2O, 40 °C, 20 h. All biotransformations carried out as analytical biotransformations (cf. chapter 6.7.1) 
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Supporting Figure S 13: Exemplary SDS-PAGE analysis of AacSHC variants. (A) After thermolysis (cf. chapter 

6.3.2) and extraction the supernatant and the cell debris contain no AacSHC protein anymore. 2 d 

extraction was sufficient in extracting the enzyme form the cell debris. (B+C) Extraction of lyophilized 

whole cell batches containing the specific variants. Triplikates demonstrate the almost equal extraction 

among all whole cell pellets. 
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A2.  Exemplary chromatograms 

 

 

 


