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IV. Zusammenfassung 

Die selektive Oxidation inerter, nicht-aktivierter Kohlenwasserstoffverbindungen ist 

eine grundlegende Reaktion bei der Funktionalisierung von organischen 

Verbindungen. Cytochrom P450 Monooxygenasen (P450 oder CYPs) gehören zu den 

wenigen Enzymen, die diese anspruchsvolle Reaktion an (zyklischen) Alkanen, 

Terpenoiden, oder anderen industriell bedeutsamen Verbindungen katalysieren 

können und stellen somit eine der vielversprechendsten Enzyme im Bereich der 

Biokatalyse dar. Allerdings findet nur ein Bruchteil aller P450 Anwendung in der 

industriellen Biokatalyse. Einer der Gründe liegt darin, dass P450 mit nicht-natürlichen 

Substraten oftmals nur geringe bis moderate Selektivitäten und Aktivitäten zeigen. Mit 

Beginn der zweiten Welle der Biokatalyse nach Bornscheuer sind eine Vielzahl an 

Methoden und Strategien im Bereich des Protein Engineerings verfügbar geworden, 

um Enzyme durch eben diese Steigerung der Selektivität und Aktivität für die 

industrielle Nutzbarkeit zu optimieren. 

In dieser Arbeit kamen verschiedene Strategien des Protein Engineerings zum 

Einsatz, um gezielt die Selektivität und Aktivität der Monooxygenasen CYP154E1 und 

CYP102A1 (P450 BM3) bei der Oxidation von Ketamine beziehungsweise 

Cembranoiden zu steigern und deren Anwendung für die Biokatalyse zu 

demonstrieren. 

Schwere depressive Störung ist eine ernste und weltweit verbreitete Erkrankung. 

Dementsprechend hoch ist der Bedarf an wirksamen Antidepressiva. In Kapitel I und 

II werden CYP154E1 Varianten beschrieben, die durch die Mutagenese von 

Aminosäuren in der „first-sphere“ des aktiven Zentrums erzeugt wurden und die 

ausgehend von (S)- und (R)-Ketamin äußerst selektiv in einem Zweistufenprozess die 

potentiellen Antidepressiva (2S,6S)- (Kapitel I) und (2R,6R)-Hydroxynorketamine 

(Kapitel II) synthetisieren. 

Unter der Annahme, dass die Regioselektivität einer P450-katalysierten Reaktion 

maßgeblich durch die Bindung des Substrates im aktiven Zentrum beeinflusst wird, 

wird in Kapitel III die Entwicklung eines simulations-unterstützten Arbeitsablaufs zum 

Design chemo- und regioselektiver P450 BM3 Varianten für die Oxidation des 

pharmazeutisch interessanten Cembranoids -Cembrenediol beschrieben. In Kapitel 

IV wird die Beschreibung der Oxyfunktionalisierung von Cembranoiden durch P450 

BM3 fortgeführt. Darin wird sowohl die chemische mit der enzymatischen Synthese, 
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als auch das Substrat- mit dem „first-sphere“ Protein Engineering vereint. Auf diese 

Weise wurde eine P450 BM3 Variante erzeugt, die 100% Diastereoselektivität bei der 

Hydroxylierung eines Cembranoid-Derivats zeigte. 

Zusammenfassend untermauert diese Arbeit die Effektivität der „first-sphere“ 

Mutagenese zur Selektivitäts- und Aktivitätssteigerung und erweitert die Eignung von 

P450 Monooxygenasen für die Biokatalyse. 



XII 

V. Abstract 

The selective oxidation of inert, non-activated hydrocarbon compounds is a 

fundamental reaction in the functionalization of organic molecules. Cytochrome P450 

monooxygenases (P450s or CYPs) belong to the few enzymes which can catalyze this 

challenging reaction on both cyclic and linear alkanes, terpenoids, or other industrially 

important compounds and are therefore among the most promising enzymes in the 

field of biotechnology. However, only a fraction of all P450s finds its application in such 

an environment. One of the reasons is that P450s often exhibit only low to moderate 

selectivities and activities with non-natural substrates. Since the beginning of the so-

called second wave of biocatalysis according to Bornscheuer, various protein 

engineering methods and strategies have become available to optimize enzymes for 

industrial utility, including increasing their selectivity and activity. 

In this thesis, various protein engineering strategies were employed to specifically 

enhance the selectivity and activity of the two monooxygenases CYP154E1 and 

CYP102A1 (P450 BM3) in the oxidation of ketamine and cembranoids, respectively, 

and to demonstrate their application in biocatalysis. 

Major depressive disorder is a severe and globally prevalent mental disorder, and the 

need for effective antidepressants is accordingly high. Chapter I and II describe the 

construction of two CYP154E1 variants by using first-sphere active site mutagenesis. 

These variants enable the highly chemo-, regio- and stereoselective two-step oxidation 

either of (S)- or (R)-ketamine, yielding the potential antidepressants (2S,6S) (Chapter 

I), and (2R,6R)-hydroxynorketamine (Chapter II). 

Assuming that the regioselectivity of a P450-catalyzed reaction is significantly 

influenced by the binding of the substrate in the active site, a simulation-based 

workflow was developed and applied for the design of P450 BM3 variants for the 

chemo- and regioselective oxidation of the pharmaceutically interesting cembranoid -

cembrenediol as examples, as described in Chapter III. Chapter IV describes an 

approach combining substrate engineering of various cembranoid compounds with 

first-sphere active site mutagenesis of P450 BM3 to achieve highly selective 

hydroxylation. The result was a P450 BM3 variant with absolute diastereoselectivity in 

the hydroxylation of a cembranoid derivative. 
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In summary, this thesis demonstrates the effectiveness of the first-sphere mutagenesis 

for selectivity and activity enhancement and extends the suitability of P450 

monooxygenases for biocatalysis. 
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1. Introduction 

1.1 Biocatalysis 

Biocatalysis can be defined as the application of microbes and enzymes thereof in 

synthetic chemistry.1, 2 Enzymes catalyze reactions essential in all living systems to 

maintain life and reproduction.3 The seminal discovery that they can also act 

independently from the living cell, which occurred in the late 19th century to the early 

20th century, initiated the first wave of biocatalysis proposed by Bornscheuer et al..1 In 

1894, when it had not yet been established that enzymes are proteins, Emil Fischer 

proposed the “lock and key” concept between enzymes and their substrates, thereby 

introducing specificity as a variable in enzyme characteristics.4 In analogy to a key, 

only a substrate with a suitable form can fit into the respective active site, which acts 

as the keyhole or lock.5 This model was extended in 1958 by the “induced-fit model”, 

which states that substrate binding causes a three-dimensional alteration of the 

enzyme and brings the catalytic residues into proper alignment with the substrate.6, 7 

Simultaneously, the impact of enzymes on industry and everyday life started to 

increase steadily. At the end of the 19th century, isomaltose, used in food and beverage 

production, was synthesized enzymatically, and, in the early 20th century, pancreatic 

proteases were utilized in the leather industry. Around the middle of the 20th century, 

detergent proteases were developed, and enzymes emerged in the pharmaceutical 

industry with the synthesis of penicillin derivates,4 just to mention a few examples.  

From the middle until the end of the 20th century, biocatalysis experienced another 

extension through the inventions arising from several revolutionary discoveries and 

technologies in molecular biology: the decoding of the DNA structure by James Watson 

and Franklin Crick in 1953,8 the discovery and usage of restriction enzymes,9, 10 the 

construction of the first recombinant plasmid,11 Sanger sequencing,12 as well as the 

application of the polymerase chain reaction (PCR). These molecular technologies 

enabled the cloning for virtually every protein found in nature and subsequently its 

production in significant amounts13 and paved the way for the second wave of 

biocatalysis and modern biotechnology.  

During the second wave of biocatalysis that, according to Bornscheuer et al. 2012,1 

lasted 15 – 20 years between the 1980s and the 1990s, knowledge of the three-

dimensional protein structure combined with DNA manipulation techniques led to the 
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development of the first methods of protein engineering. Protein engineering was 

successfully applied in broadening the substrate spectrum of enzymes towards non-

physiological substrates, thereby expanding their use to synthesize of, for example, 

pharmaceutical intermediates and fine chemicals.1 

The work of Pim Stemmer and Francis Arnold in the 1990s instigated the third and 

current wave of biocatalysis. The molecular biology methods of that time, nowadays 

called directed evolution, made the power of Darwinian evolution accessible to the 

scientific community and resulted in the rapid modification of biocatalysts towards 

desired properties without the need for knowledge about three-dimensional protein 

structure.1 Generally, directed evolution starts with the creation of a library consisting 

of randomly mutated genes. The resulting protein variants are then screened for 

improvements in the desired property or properties, and the respective gene(s) is (are) 

iteratively selected for additional cycles of random mutagenesis and screening (for a 

detailed description, see Section 1.2.7).14 Directed evolution enabled rapid enzyme 

engineering for higher thermal and solvent stability, or enhanced activity and 

selectivity, turning biocatalysts into attractive alternatives to chemocatalysts in 

industrial processes. The significance of this invention was recently honored by 

awarding the Nobel Prize in chemistry to Frances H. Arnold, George P. Smith, and 

Gregory Winter for making use of the power of evolution for protein engineering.15  

At this point, it is speculative to question what the fourth wave of biocatalysis will bring, 

but it is almost certain to come sooner or later.16 For instance, Arnold and colleagues 

recently brought “silicon to life” (Kan et al., 2016)17 by engineering a cytochrome c from 

Rhodothermus marinus to catalyze the formation of carbon-silicon bonds – a bond that 

is entirely unknown in nature.17 Alternatively, the fourth wave might include stepping 

further from (re-)engineering existing enzymes to designing enzymes with new 

functions de novo.18 A methodology based on the physical principles that underly 

protein folding to generate/design new proteins unrelated to nature and is “coming of 

age” due to advances in computational methods and power.19 For example, Donelly et 

al. recently designed Syn-F4, a synthetic ferric enterobactin esterase that hydrolyzes 

ferric enterobactin and thereby releases vital iron for the cell. Syn-F4 is the first de 

novo enzyme catalytically active in vitro and in vivo, key for synthetic biology.20 But 

already several years before, Baker and colleagues de novo designed an enzyme 

capable of the catalyzation of a bimolecular Diels-Alder reaction, a reaction that no 

natural enzyme has been described to catalyze before.21
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1.1.1 Advantages of Biocatalysts over Chemocatalysts 

Biocatalysis has been successfully integrated into various industrial branches, and the 

field of biocatalysis permanently evolves as outlined in the market forecast for 

biocatalysis.a In comparison to chemocatalysts, biocatalysts offer several advantages: 

First of all, biocatalysts are environmentally friendly since they are sustainably 

produced from renewable sources, usually non-toxic, and fully biodegradable.22 

Secondly, biocatalysts usually operate in an aqueous environment under mild reaction 

conditions such as physiological temperature and pH, which reduces the use of toxic 

solvents and might decrease energy consumption during biocatalytic processes.23 

Nevertheless, it is worthwhile to mention that some biocatalytic reactions require the 

use of organic solvents because of poor substrate solubility in aqueous media or 

harsher reaction conditions (e.g., enzymes as detergent additives need to be active at 

60°C and pH 9-11).24 Therefore, enzymes from extreme environments (extremophilic 

enzymes) represent excellent candidates for industrial application.25 

Thirdly, biocatalysts often possess broad substrate spectra or are at least not restricted 

to just one substrate.23 In addition to the more than 8,000 different enzyme types 

known to date,b this circumstance highlights their enormous biological variety and 

potential.  

Finally, biocatalysts often exhibit high chemo-, regio-, and stereoselectivity. On the 

contrary, chemocatalysts often do not display such high selectivities, which makes the 

introduction of protecting groups during chemical syntheses often necessary though 

not desired. The use of highly selective enzymes makes the use of 

protection/deprotection manipulations redundant.22, 26 Higher selectivity also means 

fewer side products, which simplifies the product’s recovery. Furthermore, enzymes 

are biopolymers that are composed of many amino acids. By replacing specific amino 

acids or even entire protein elements through protein engineering, its properties can 

be changed according to the desired needs.22 

 

 
a World Biocatalysis & Biocatalyst Market Analysis to 2024 - Market Forecast to Grow at a CAGR of 
15% from 2019 to 2024; 
https://www.globenewswire.com/news-release/2020/06/17/2049282/0/en/World-Biocatalysis-
Biocatalyst-Market-Analysis-to-2024-Market-Forecast-to-Grow-at-a-CAGR-of-15-from-2019-to-
2024.html 
b All enzymes in BRENDA™; https://www.brenda-enzymes.org/all_enzymes.php 
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In 2002, biocatalysts were involved in more than 134 biotechnological processes – with 

an upward tendency.27 The analysis of the enzymes, which were utilized in these 

processes, revealed a discrepancy in the distribution of the enzyme classes and 

therefore revealed limitations of biocatalysts for industrial application. Enzymes are 

categorized in seven classes, namely oxidoreductases (EC 1.x.x.x), transferases (EC 

2.x.x.x), hydrolases (EC 3.x.x.x), lyases (EC 4.x.x.x), isomerases (EC 5.x.x.x), ligases 

(EC 6.x.x.x), and translocases (EC 7.x.x.x). Among all classes, hydrolases already 

contribute to almost 50% of the 134 biotechnological processes.27 They are highly 

attractive enzymes for synthetic chemistry due to their independence on cofactors, 

often the commercial availability and tolerance for organic solvents.28 In contrast, 

cytochrome P450 monooxygenases (P450s or CYPs), belonging to the enzyme class 

of oxidoreductases (EC 1.14.-.-), are recognized as “potentially amongst the most 

useful of all enzymes to exploit as industrial biocatalysts” (Lundemo and Woodley, 

2015),29 but play only a subordinate role in biotechnological processes. Their 

dependency on costly cofactors, low activity, and stability are limiting factors that 

prevent P450s from being fully exploited as biocatalysts.27, 30  

However, P450 enzymes can be engineered and improved for biotechnological 

approaches in terms of higher activity, stability, and overall process efficiency. For 

instance, Arnold and colleagues engineered the P450 BM3, and Wong and colleagues 

engineered the P450cam, for hydroxylation of small alkanes,31, 32 an essential step in 

the conversion of gas to fuels and chemicals,33 or Fasan and colleagues engineered 

P450 BM3 for selective C6 and C7 hydroxylation of the antimalarial artemisinin to 

potentially increase its half-life in the human body,34 just to mention a few out of the 

vast number of examples of beneficial P450 engineering. Despite the achievements in 

the engineering of P450 enzymes, highly stereo- and particularly regioselective 

oxidations at predetermined positions of a substrate with several equivalent positions 

for oxidation remains a challenging task. Moreover, the complex organization of P450 

enzymes (discussed in the next chapters) requires much effort, time, and expense, 

and each approach (enzyme, substrate, demand) needs to be investigated individually. 

Therefore, I hereby demonstrate different protein engineering strategies with different 

P450 enzymes and substrates to contribute to the overall progress made in protein 

engineering and to reveal the potential of P450s in biocatalysis. The following chapters 

of the introduction will provide a short overview of cytochrome P450 monooxygenases 

and how they can be improved for biocatalysis.
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1.2 Cytochrome P450 Monooxygenases 

Cytochrome P450 monooxygenases (P450s or CYPs) are heme b containing 

oxidoreductases (EC 1.14.-.-) found in all kingdoms of life35 and even in viruses.36 

Heme is a protoporphyrin IX with four nitrogen atoms coordinating a central iron ion. 

Heme is linked to the protein in the active center via coordination of the iron ion via an 

axial, highly conserved cysteine residue (see Section 1.2.2). When carbon monoxide 

(CO) binds to the reduced heme iron as the distal, sixth ligand, a Soret peak at around 

450 nm appears. This characteristic in absorption is eponymous for P450s, where “P” 

stands for pigment.37 P450s are versatile biocatalysts that catalyze the reductive 

cleavage of molecular oxygen by introducing one oxygen atom into the substrate, 

whereas the second oxygen atom is reduced to water (Scheme 1). The most commonly 

observed reactions are the chemically challenging non-activated C-H bond 

hydroxylation (Scheme 1) or C=C double bond epoxidation. However, depending on 

the substrate’s nature, reactions like sulfoxidation, oxidative deamination, and N- or O-

dealkylation can occur.38 The cofactors NADH or NADPH ultimately provide electrons 

required for this reaction and, in most cases, are transferred via redox proteins to the 

catalytic heme iron.  

 

R-H + O2 + NAD(P)H + H+  R-OH + NAD(P)+ + H2O 

Scheme 1. General equation of a hydroxylation catalyzed by cytochrome P450 monooxygenases. 

 

The functions of P450s in various organisms are diverse. These enzymes are involved 

in the metabolism of endo- and exogenous xenobiotics, in C-source assimilation, and 

the synthesis of secondary metabolites.39, 40 Especially in the latter case, P450s are 

well known for their ability to catalyze these reactions with high regio- and 

stereoselectivity, which makes them very attractive biocatalysts in biotechnology. 

1.2.1 Redox Partner Systems of P450 

As already mentioned above, P450s require electrons for the reductive cleavage of 

molecular oxygen and subsequent substrate monooxygenation. To achieve this, most 

P450s interact with one or more redox partner proteins to receive the required 

electrons from NAD(P)H.41 Depending on the organization of the electron transfer 
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system, P450s are categorized in ten different classes and consist either of a three-, 

two-, or one-component P450 system.42 In relevance for this thesis, only the three-

component P450 system of class III and the one-component P450 system of class VIII 

are described in the following (Figure 1).  

A three-component P450 system is characteristic for most bacterial and mitochondrial 

P450s.42 The three-component P450 system of class III includes, besides the P450, a 

flavin adenine dinucleotide (FAD) containing reductase and a flavin mononucleotide 

(FMN) containing flavodoxin. The electron transfer happens in the order of the donor 

NAD(P)H via the reductase to the flavodoxin from which the electrons are transferred 

to the cytochrome P450. All components are soluble and localized in the cytosol.42 For 

the herein reported CYP154E1, an artificial class III, three-component system 

consisting of the flavodoxin reductase (FdR) from E. coli and the flavodoxin (YkuN) 

from Bacillus subtilis43 were used in this thesis to compensate for the lack of 

physiological redox partners. Yet, CYP154E1 cannot be clearly categorized into class 

III since there are other reports available demonstrating electron acceptance via class 

I ferredoxin (putidaredoxin) or even class II cytochrome P450 reductase (CPR, diflavin 

redox protein containing both FAD and FMN).44 

The one-component P450 system of class VIII can be found in prokaryotes and lower 

eukaryotes and constitutes of a NAD(P)H-dependent diflavin cytochrome P450 

reductase (CPR) fused via a linker to the C-terminus of the heme domain. The first and 

well-known example of this class is P450 BM3 (CYP102A1) (Section 1.2.5) from 

Bacillus megaterium and the second P450 enzyme of this thesis.45 
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Figure 1. Schematic organization of class III (Three-Component P450 System) and class VIII (One-
Component P450 System) adapted from Urlacher and Girhard 2012.46 Class III: redox system consisting of a 
flavin adenine dinucleotide (FAD) containing reductase, a flavin mononucleotide (FMN) containing flavodoxin, and 
a heme b containing P450 enzyme. Class VIII: Fusion between a diflavin reductase (CPR, cytochrome P450 
reductase) and a P450.  

 

1.2.2 P450 Catalytic Mechanism   

The classical mechanism for P450-catalyzed substrate hydroxylation is shown in 

Figure 2 and includes nine states. At the beginning of the catalytic cycle, the P450 is 

in a resting state, and the active site is filled with a hydrogen bonding cluster of several 

water molecules.47 The heme iron is in a ferric Fe3+ form and coordinated by four 

nitrogen atoms of the porphyrin, an axial sulfur atom provided by the conserved 

cysteine residue (see Section 1.2.3), and a water molecule as the distal ligand. In this 

state, heme iron is in a low-spin configuration (1). Upon binding, the substrate displays 

the distal water, which destabilizes the iron-water coordination and leaves the iron in a 

five-coordinated, high-spin configuration (2).48 This shift in spin state causes alterations 

in optical absorption spectra, shifting the absorption maximum from 415-417 nm in the 

low-spin configuration to 390-394 nm in the high-spin configuration.48 This 

characteristic is used to record substrate binding by the titration of P450 with a 

substrate, which gives the Type I spectrum.  

The switch in spin-states also increases the redox potential of the iron and therefore 

enables the first single electron reduction of ferric (Fe3+) form to a ferrous (Fe2+) high-

spin complex (3).49 Dioxygen binding leads to species designated as ferrous dioxygen 

(Fe2+-OO) or a ferric superoxide (Fe3+-OO-) complex (4).50 After the second single 

electron reduction, the ferrous peroxo complex (Fe3+-OO2-) (5) is formed, whose 
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protonation results in the ferric hydroperoxo complex, also referred to as compound 0 

(6). The second protonation of the distal oxygen results in a heterolytic cleavage of the 

O-O bond, thereby yielding one water molecule and the highly reactive intermediate 

Fe-IV-Oxo-porphyrin-radical complex (7). This reactive intermediate, also referred to 

as compound I, has the outstanding ability to activate inert C-H bonds.51 At this stage, 

the actual substrate oxidation via the commonly accepted oxygen rebound mechanism 

begins. Groves and McClusky initially proposed this mechanism in 1976.52 

Compound I abstracts a hydrogen radical from the substrate resulting in a Fe-IV-

Hydroxo complex (compound II) (8), leaving behind the substrate with a carbon radical. 

Via radical recombination, the hydroxylated product is formed (9), whose release 

regenerates the low-spin ferric enzyme (1).53-55 
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Figure 2. Catalytic reaction cycle of P450 monooxygenases adapted from Krest et al. 2013.56 (1) Resting 

state (low-spin) ferric. (2) Substrate displays water ligand inducing structural alterations, which lead to a high-spin 

ferric species (transition between spin states causes alterations in absorption properties). (3) Firstly, one-electron 

reduction results in a ferrous high-spin complex (4) enabling binding of molecular oxygen. (5) Secondly, one-

electron reduction forms the ferrous peroxo complex, whose protonation results in the ferric hydroperoxo complex 

(compound 0) (6). Second protonation and water cleavage form the catalytically active compound I (7). Abstracting 

a hydrogen radical from the substrate results in compound II (Fe-IV-Hydroxo complex) and a substrate radical (8). 

The latter rebounds to the hydroxo-complex and exits the active site as the hydroxylated product (9), leaving the 

heme iron in its resting state (1). 
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Besides the aliphatic hydroxylation, N-dealkylation of amines is another essential 

reaction of P450s. The P450 catalyzed N-dealkylation of amines (described in chapters 

I and II) involves two steps (Figure 3 A). During the first enzymatic step (Figure 3 A, 

Step 1), the amine is converted into a hemiaminal which is then, in a second non-

enzymatic step, decomposed to a carbonyl derivate and an amine with a by one 

reduced alkylation stage (Figure 3 A, Step 2).57 In the case of ketamine’s methylamino 

group in chapters I and II, formaldehyde is formed as the carbonyl derivate. For the 

P450-catalyzed N-dealkylation, two mechanisms have been debated in the literature. 

The single electron transfer (SET) mechanism starts with initial one-electron oxidation 

of the amine, thereby generating a radical cation of the nitrogen. Subsequent 

deprotonation leads to an -amino radical, which rebounds to form the hydroxylated 

product, whose release regenerates the enzymes’ resting state.58-60 The second 

mechanism starts with an initial hydrogen atom transfer (HAT), directly producing the 

-amino radical.61-63 The remaining steps of the mechanism resemble those of the SET 

mechanism. 

C=C double bond epoxidation also belongs to the repertoire of P450s (described in 

chapter III). Starting with compound I, the first step of C-O bond formation is rate 

determining.64 This step forms a radical at the second carbon of the initial C=C double 

bond (Figure 3 B). Subsequent ring closure between the radical and the oxygen forms 

the epoxide product, which, after its release, leaves the Fe-III complex resting state 

behind.64, 65 
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Figure 3. Mechanism of N-demethylation mechanism (A) adapted from Wang et al.57 and C=C double bond 

epoxidation (B) adapted from Kumar et al..64 HAT: hydrogen atom transfer; SET: single electron transfer. Red 

arrows describe the SET mechanism. 

The catalytic cycle of P450s contains three branches on which side reactions can occur 

that uncouple the NAD(P)H consumption from substrate oxidation. These shunt 

pathways are the autoxidation of species (4) with the release of a superoxide anion 

(O2-), the dissociation of hydrogen peroxide from (6) in the peroxide shunt, and the 

release of water from (7) in the oxidase shunt.50 All of those side reactions transfer the 

P450 back into its resting state (1).

 

1.2.3 P450 Structure 

All P450s maintain an overall conserved three-dimensional structure – the so-called 

P450 fold. This P450 fold basically contains 13 -helices ( A, B, B’ and C-L) and 

4-5 -sheets ( 1 - 5) (Figure 4). -sheets are often numbered with two Arabic 
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numerals, which are separated by a dash [e.g., 4-1], whereby the first number 

represents the occurrence in the structure from N-terminus to C-terminus, and the 

latter represents the strain. Although the overall fold is conserved, individual structural 

elements may differ significantly.66 These variations mainly occur in regions controlling 

the substrate specificity. For instance, comparing the structures of P450cam from 

Pseudomonas putida and P450eryF from Saccharopolyspora erythraea, the B’ helix is 

rotated by about 90°,66 or in other cases, this helix is replaced by a loop like in the 

human CYP2C9.67 At the same time, these variable structural elements, especially B’, 

F, and G helices, are highly flexible and can undergo substantial movements 

enabling substrate entrance and product release.68 The closer to the heme group, the 

more conserved the P450 structure. Essential elements which need to be mentioned 

here are related to the heme binding. Firstly, the helices I and L, which directly 

contact the heme, retaining it in its place, and secondly the conserved cysteine residue 

found in the so-called “P450-signature” (Phe-XX-Gly-Xb-XX-Cys-X-Gly) in the Cys-

pocket.60 This cysteine residue acts as the fifth axial ligand to the central heme iron 

and is responsible for the spectroscopic and catalytic characteristics of P450 enzymes. 

Of particular importance for P450 engineering is the knowledge regarding the structural 

elements involved in the recognition and binding of substrates and which are therefore 

the basis of altering substrate specificity, chemo-, regio-, and stereoselectivity of any 

P450. The first and still often cited studyc on such so-called “substrate recognition sites” 

(SRS),69 was implemented by Osamu Gotoh in 1992. By comparing the sequences of 

CYP2 family members with the sequence of the, at that time already crystallized 

CYP101A1 (P450cam), Gotoh identified six SRS.69 The SRS are numbered according 

to their appearance, starting at the N-terminus (Figure 4). They contain amino acid 

residues pointing towards the active site and are therefore responsible for substrate 

recognition and binding. Positions located in these SRSs are recognized as hotspots 

for improving activity, selectivity, and specificity by protein engineering.69, 70 For 

instance, SRS-4 is located in the I-helix, directly above the heme group, and 

substitutions of SRS-4 residues have been reported to influence the activity and 

selectivity of certain P450 enzymes.71-75 

Like SRS-4, SRS-5 is located close to the heme group. It extends from the C-terminal 

end of the K helix to the 1-4 strand and is only a few amino acids downstream of the 

 
c 195 citations since 2016, according to Google Scholar (29th December 2020). 
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conserved ExxR motif. The location of SRS-5 close to the heme makes residues in this 

SRS likely to be involved in the control of regioselectivity.70 Two positions in SRS-5, 

namely position 5 and 9-11 downstream of the ExxR motif, are especially important in 

this respect. In a comprehensive investigation of 6379 P450 sequences and several 

3D structures, Seifert and Pleiss found, that in 98.4%, residues at position 5 

downstream of the highly conserved ExxR motif are closest to the heme group and are 

most likely affecting the regio- and stereoselectivity.70, 76, 77 Substitution of residues at 

position 9-11 downstream of the ExxR motif (positions 7 and 8 may also have such 

effect) have also been reported to alter enzyme regioselectivity.76-78 

Although SRS-1 to SRS-3 define the most probable ligand access channel, another 

ligand access channel is built by the 4 sheet of SRS-6.79 SRS-6 forms a corner top 

part of the active site, and the amino acid residue sizes and polarities in SRS-6 can 

restrict or lose the degree of substrate flexibility, depending on its shape and size. 

These changes of the space available for the substrate have been shown to impact 

P450’s activity, substrate specificity,80 regio-, and stereoselectivity.81, 82 

 

Figure 4. Illustration of the crystal structure of CYP154A8 (PDB-code: 1ODO) in complex with 4-phenyl-

imidazole. -helices, -sheets, and the glutamate and arginine of the highly conserved ExxR motif are labeled. The 

prosthetic heme group is colored in green, and the 4-phenyl-imidazole ligand is purple. Substrate recognition sites 

are highlighted in orange (SRS-1), turquoise (SRS-2), violet (SRS-3), yellow (SRS-4), blue (SRS-5), and red (SRS-

6). 
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1.2.4 CYP154 Family 

The CYP154 family currently contains 35 bacterial P450 enzymes subdivided into 17 

subfamilies (A-S, subfamily I and O missing; Nelson, DR [2009] The Cytochrome P450 

Homepage; April 2021). 27 out of the 35 members were found in different 

Streptomyces species, and 4 of them were found in Thermobifida fusca. All originating 

bacteria species belong to the phylum of actinobacteria, which are of high relevance 

because of their comprehensive secondary metabolism. Around two-thirds of naturally 

derived antibiotics in clinical use, anticancer, anthelmintic, and antifungal compounds 

are produced by actinobacteria.83 Bacterial cytochrome P450 monooxygenases play a 

pivotal role in many secondary metabolism pathways84 making them promising target 

enzymes for biotechnological applications.  

Actinobacteria, however, contain many cyp genes that are not involved in the clusters 

for secondary metabolic pathways like CYP154 family members. Their physiological 

roles remain uncertain. So far, an endogenous substrate has only been found for 

CYP154A1 from Streptomyces coelicolor A3(2). It catalyzes the rearrangement of a 

dipentaenone – hypothesized to be necessary for the stability of the bacterium – 

without the usually mandatory redox partners or nicotine amide cofactors.85 The crystal 

structure elucidation of CYP154A1 (PDB-code: 1ODO)86 revealed another unique 

property of this P450 enzyme: Compared to most P450s, the heme in CYP154A1 is in 

an orientation flipped by 180 degrees, which might contribute to the observed unusual 

catalytic property.85  

Besides CYP154A1, six other P450s of this family have been studied concerning their 

substrate spectra and catalytic activity. The data revealed that the members of the 

CYP154 family accept chemically diverse substrates of various sizes and structures. 

CYP154C1 from Streptomyces coelicolor A3(2) oxidizes large antibiotic macrolides like 

the 14-membered narbomycin to pikromycin and the 12-membered YC-17 to 

neomethymycin.87 Hence, it was hypothesized that CYP154C1 is involved in the 

defense of Streptomyces coelicolor against other bacteria. CYP154C3 from 

Streptomyces griseus and CYP154C5 from Nocardia farcinica catalyze the regio- and 

stereoselective hydroxylation of steroids like testosterone and progesterone at position 

C-16 , which defines them as steroid D-ring 16 -specific hydroxylases.88, 89 

CYP154H1 accepts smaller aromatic compounds, such as ethylbenzene, styrene, or 

indole derivatives.90 CYP154H1 originates from the moderate thermophilic bacterium 
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Thermobifida fusca, whose optimal growth temperature ranges from 50-55°C. 

Thermostable P450s are barely described in the literature, and those from bacteria 

even less. CYP154H1 has a melting temperature of 67°C and is still active after 

incubation at 80°C.90 T. fusca possesses three other CYP154 enzymes, namely 

CYP154E1, CYP154F1, and CYP154G1. Although no physiological substrate could 

yet be found for CYP154G1, CYP154E1, and CYP154F1, they have been 

characterized regarding their substrate preferences. While CYP154F1 accepts 

comparatively small and mostly linear substrates like octan-2-ol or geraniol, 

CYP154E1 is promiscuous. It catalyzes the oxidation of various substrates with higher 

activity.91 von Bühler et al. found that CYP154E1 accepted 33 out of 51 substrates with 

varying size and shape, such as linear alkanoic acids, cyclic substrates like camphor, 

and the largest alkaloid pergolide mesylate.92 Furthermore, in almost all cases, 

CYP154E1 showed higher activity compared to CYP154A8 from Nocardia farcinica, 

which was also characterized in the same study. Along with the relatively high activity 

and the broad substrate spectrum of CYP154E1, it displays high selectivities. The 

highest regioselectivity of 100% was found during the hydroxylation of geraniol and 

nerol, leading to 8-hydroxygeraniol or 8-hydroxynerol,93 or of (E)-stilbene leading to 

(E)-4,4’-dihydroxystilbene.71  

Members of the CYP154 family are very diverse in their reactions, making them 

interesting candidates for biocatalysis and are worth investigating the so far 

uncharacterized CYP154 members. Among the characterized CYP154s, CYP154E1 

is of particular interest because of its broad substrate spectrum, the relatively high 

activity compared to other members of the CYP154 family, its high selectivity, and 

potentially moderate thermostability. A current disadvantage of CYP154E1 is the lack 

of its crystal structure and the information about the physiological redox partners. The 

crystal structures of only four family members, CYP154A1 (PDB-code: 1ODO),86 

CYP154C1 (PDB-code: 1GWI),87 CYP154C4 (PDB code: 6A7I),94 and CYP154C5 

(PDB-codes: 4J6B, 4J6C, 4J6D, and 4JB5)95 have been solved so far.  

 

1.2.5 CYP102A1 – P450 BM3 

Since its discovery in 1974, P450 BM3 (CYP102A1) from Bacillus megaterium “has 

become one of the most intensively studied of all enzymes” (Whitehouse, Bell, & Wong, 
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2012).96 A literature search for “P450 BM3“ generates about 5000 hitsd and the number 

is still increasing (809 hits since 2019 and 467 hits since 2020). P450 BM3 is a soluble 

enzyme consisting of a heme-containing monooxygenase domain (BMP, 55 kDa) 

fused to a flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) 

containing reductase domain (BMR, 65 kDa). This unique organization makes P450 

BM3 catalytically self-sufficient because substrate oxidation requires only the cofactor 

NADPH and oxygen. The well evolved natural fusion between the catalytic and 

reductase domains in P450 BM3 is proposed to support a rapid electron transfer of 

electrons from NADPH to the heme iron, resulting in a highly active P450.97 With a kcat 

of 17,100 min- 1, the hydroxylation of arachidonic acid catalyzed by P450 BM3 is 

considered the fastest P450-catalyzed reaction described so far.98 Putting all this 

together, self-sufficiency, solubility, high activity, and its easy expression in E. coli 

makes P450 BM3 probably the most promising P450 for biotechnological 

applications.96 This P450 has become the obvious and most often used target for 

protein engineering with medium- to high-throughput screening assays in vitro. Other 

P450s that rely on separate redox partners often require in vivo screening systems to 

reduce the practical effort to generate these additional proteins. 

1974, Fulco et al. identified P450 BM3 as a medium- to long-chain length fatty acid 

hydroxylase with the preference for hydroxylation at -1, -2, and -3 positions.99 

Since then, many mutagenesis studies have been executed to extend the substrate 

spectrum of P450 BM3 towards non-natural substrates until 2011, P450 BM3 has 

earned the designation “Swiss Army Knife” (Wong, 2011).100 By now, the substrate 

spectrum ranges from gaseous alkanes,31, 33 cyclic alkanes,101 (a)cyclic 

monoterpenes102, 103 and sesquiterpenes34, 102, 104 up to alkaloids105 and steroids.105-107 

Besides the extension of the substrate spectrum of P450 BM3, many engineering 

attempts have also been undertaken to improve stability108, activity109, and in particular 

selectivity.110-112 

 

1.2.6 Industrial Applications of P450s 

Cytochrome P450 monooxygenases possess the extraordinary capability to catalyze 

the chemically demanding hydroxylation of non-activated C-H bonds in a wide variety 

 
d Google Scholar: Search Item: P450 BM3 (accessed 7th April 2021) 
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of organic molecules, often with high regio- and stereoselectivity, which makes P450s 

potential candidates for use in biotechnology and synthetic chemistry. 

However, due to some disadvantages attributed to these enzymes (see Section 1.2.7), 

industrial applications are scarce and mainly limited to the production of drug 

metabolites, pharmaceuticals, and fine chemicals like fragrances and flavors.113 

Nevertheless, many efforts have been, and are still being, undertaken to identify and 

control P450s for their commercial usage.114 Their value in late-stage 

oxyfunctionalization has been particularly recognized in organic chemistry. Late-stage 

oxyfunctionalization describes an approach in which first, simple and minimally 

oxidized building blocks are assembled to a hydrocarbon skeleton and oxidized at a 

later stage of the synthesis.115, 116 Such late-stage reactions are generally challenging 

to perform via classical chemical means and require the use of tedious functional group 

protection chemistry.110, 117 Selective enzymatic late-stage oxyfunctionalization is 

basically addressed in every chapter of this thesis. 

Although the examples of P450 involved biocatalytic processes in industry are scarce, 

the hydroxylation of steroids belongs to the very first large-scale biotransformations in 

the pharmaceutical industry and date back to the late 1940s.118 The large-scale 

production of steroids are nowadays well-established commercial applications of 

P450s. Two processes that need to be named are, firstly hydroxylation of 11-

desoxycortisol to cortisol catalyzed by P450lun in Curvularia lunata119, 120 (established 

by Schering AG; Figure 5B) and secondly, the hydroxylation of progesterone to 11 -

hydroxyprogesterone by utilizing species from Rhizopus (established by the Upjohn 

Company).121 Instead of multistep chemical syntheses, both reactions involve only one 

single-reaction step.122 

Another example of P450 in the industry is the CYP105A3 catalyzed regioselective 

and stereoselective 6 -hydroxylation of compactin to the cholesterol-lowering drug 

pravastatin (Figure 5B) in Streptomyces carbophilus (Daiichi Sankyo Inc. and Bristol-

Myers Squibb).123, 124 
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Figure 5. Examples of P450s implemented in industrial processes. A Pravastatin synthesis in Streptomyces 

carbophilus. CYP105A3 catalyzes the hydroxylation of compactin at position 6 to pravastatin. B P450lun catalyzed 

hydroxylation of 11 -desoxycortisol to cortisol. C Extract from the biosynthesis of artemisinin. CYP71AV1 catalyzes 

the first oxidation of amorphadiene to artemisinic alcohol. Subsequent oxidation of artemisinic acid is catalyzed by 

artemisinic alcohol dehydrogenase (ADH1) and artemisinic aldehyde dehydrogenase (ALDH1). The oxidation sites 

are marked in red. 

Secondary metabolites from plants and microorganisms are sources of new 

pharmaceuticals.125, 126 However, they are often produced in low amounts in the 

original organism and/or require tedious isolation procedures. Alternatively, the 

reconstitution of biosynthetic pathways in recombinant microorganisms represents a 

promising field of synthetic biology, as demonstrated by the de novo synthesis of 

artemisinic acid, a precursor of the anti-malaria drug artemisinin, in engineered 

Saccharomyces cerevisiae. Artemisinin is a secondary metabolite of the plant 

Artemisia annua. Significant parts of the biosynthetic pathway (from simple sugars to 

the artemisinin precursor of artemisinic acid), including the gene of cyp71AV1, were 

integrated into Saccharomyces cerevisiae. CYP71AV1 is responsible for the oxidation 

of amorphadiene to the respective artemisinic alcohol. Artemisinic alcohol 

dehydrogenase (ADH1) and artemisinic aldehyde dehydrogenase (ALDH1) catalyze 

the subsequent oxidation of artemisinic alcohol to artemisinic acid (Figure 5C),127, 128 

which is then further converted to the final artemisinin by chemical means.129 This 

engineered yeast strain was commercialized by Sanofi, producing 2013 ~35 metric 

tons of artemisinin with an uprising tendency. But, two years later Sanofi stopped 

producing semi-synthetic artemisinin mainly due to the lower price of naturally 

extracted artemisinin from A. annua.130, 131 Despite the end of production, the de novo 
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biosynthesis of artemisinin remains the pioneering and one of the most prominent 

examples of synthetic biology.128 

The synthesis of pharmaceuticals is not the only scope of P450s, rather also the drug 

metabolism. Hepatic P450s metabolize roughly 75% of all drugs and xenobiotics in the 

human body.132 Therefore, P450 conducted drug biotransformations are essential in 

evaluating the pharmacological profile of a drug and its metabolites (toxicity, drug-drug 

interactions, or alternate biological activities)133-135 before commercial usage. The 

synthesis of human drug metabolites with the selective metabolism of the 

antidepressant ketamine is addressed in this thesis in chapters I and II. 

 

1.2.7 Limitations of P450s and Engineering of Selectivity 

As already stated above, P450s are among the most valuable enzymes for 

biotechnological applications.29 Nevertheless, the relatively confined number of 

examples of cytochrome P450s in industrial applications still evidently show their 

limitations.  

One of the limitations is related to uncoupling reactions (shunt pathways, see Section 

1.2.2) in the P450 cycle, during which the enzymes themselves form hydrogen 

peroxide or other reactive oxygen species. The formation of such might lead to the 

bleaching of the heme cofactor or inactivation of the apoprotein. Most P450s are 

dependent on separate redox partner proteins for the electron transfer from the 

cofactor NAD(P)H to the heme iron, which needs to be considered for the set-up of an 

industrial process (redox protein process stability, solvent tolerance, etc.). Moreover, 

P450s obtain the electrons needed for the catalytic cycle from stoichiometric amounts 

of the expensive nicotinamide cofactor NAD(P)H. To make the P450 catalyzed reaction 

economically feasible, cofactor regeneration is required, which further increases the 

system’s complexity. 

As mentioned above, human hepatic P450s involved in drug metabolism are important 

biocatalysts for the pharmaceutical industry. In the production of recombinant P450s, 

E.coli is one of the most commonly used hosts.46 However, most eukaryotic P450s are 

membrane-bound enzymes, which results in low expression levels when recombinant 

bacterial expression hosts such as E. coli are used. Thus, the modification of the N-

terminal membrane-associated anchor and the co-expression of chaperones are 
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necessary, which increases the expression burden on the host organism and hampers 

their use as biocatalysts.46, 109, 136 On the other hand, soluble prokaryotic P450s, which 

are easier to express in prokaryotic hosts and possess higher activity than their 

eukaryotic counterparts, usually possess a narrower substrate spectrum.137 

Another limitation is related to the substrates of P450 enzymes. P450s mostly catalyze 

the oxidation of hydrophobic substances like fatty acids, terpenes, and alkanes, which 

are often poorly soluble in aqueous media and reduce the productivity of a biocatalyst. 

The addition of solubilizer increases the substrate solubility but such a solubilizer (often 

water-miscible organic solvents) often negatively affects enzyme stability due to water 

molecule abstraction.  

The fastest P450 catalyzed oxidation reaction reported so far is the hydroxylation of 

arachidonic acid catalyzed by P450 BM3 with a turnover number (kcat) of 17,000 min- 1. 

However, most P450s have much lower activities with turnover numbers between 

1- 300 min-1.138 In contrast, other commercially used enzymes like the penicillin 

amidase from Alacaligenes faecalis, detergent-stable serine alkaline protease from 

Caldicoprobacter guelmensis or L-asparaginase from Escherichia coli B possess 

higher turnover numbers of 4.800 min-1 139 (penicillin G), 26.925 min-1 140 (casein), and 

89.500 min-1 141 (L-asparagine) instead, to mention a few examples.  

These limitations do not belittle the potential of cytochrome P450 monooxygenases 

but demonstrate the obstacles linked with their widespread applications. 

This thesis focuses on a yet not mentioned drawback of P450-catalyzed reactions: low 

selectivity. Although P450s are often attributed with high regio- and stereoselectivity, 

this is not always the case, particularly when non-natural substrates or P450s with 

broad substrate spectra are used.96, 137 The control of selectivity is mandatory for 

enzyme implementation into biotechnological processes.142 However, given the fact 

that many organic molecules can be oxidized at several different sites96 and “partly 

because individual mutations do not have predictable or generic effects, meaning that 

substrates must generally be dealt with on a case-by-case basis” (Whitehouse, Bell, & 

Wong, 2012),96 control of P450s selectivity is challenging. Engineering has played a 

pivotal role in designing P450s with improved selectivity. The three main strategies of 

either directed evolution, rational, or semi-rational design have thereby been used.143 
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Directed Evolution – Directed evolution describes a process that imitates natural 

evolution by repeating cycles (the best variant of the first cycle serves as the template 

for the next cycle, etc.) of random mutagenesis (e.g., by error-prone PCR or DNA 

shuffling) followed by the screening of these randomly created variants for the desired 

property. Since the process of mutagenesis occurs – equal to natural evolution – 

randomly, no structural information about a protein is required, and every position 

might be potentially targeted. Over the years, directed evolution has been proven to 

be a powerful tool in protein engineering and has often been applied to engineering 

P450 monooxygenases. Thereby, enzyme activity and stability could be increased, 

and/or the substrate spectrum broadened or amended. However, studies explicitly 

targeting regio- or stereoselectivity with pure directed evolution are rare. It is widely 

accepted that selectivity is influenced by those residues in direct contact with the 

substrate. Compared to the whole sequential space, these residues are massively 

underrepresented and hence less likely to be altered by directed evolution. These 

residues are rather specifically targeted by rational or semi-rational protein design to 

improve the enzyme’s selectivity (see below). 

Another drawback of directed evolution, is the large number of mutants in libraries that 

need to be screened for an enzyme variant with the appropriate property. Considering 

a sequence space of 400 amino acids (CYP154E1, for example, consists of 402 amino 

acids), 20400 (  10520) possible variants exist, which exceeds clearly, what modern 

ultra-high-throughput assays can handle (>107 variants). Screening of mutant libraries 

ideally requires an (ultra-) high-throughput assay on a small scale which accurately fits 

into the new property desired for an enzyme.144 However, creating such an ideal 

screening system may become difficult, especially when P450’s regio- and 

stereoselectivity are the properties that need to be evolved.106, 145, 146 Such screening 

for selectivity is often executed using HPLC, LC-MS, or GC-MS, which reduces the 

high-throughput to a medium- or low-throughput of about 102-104 clones instead, or, 

for example, up to 106 clones with a solid phase screening system (e.g., agar plate 

screening).146  

Nevertheless, mimicking nature’s evolution and delivering it to the world’s laboratories 

was a milestone in protein engineering – and was honored with the Nobel Prize for 

Chemistry in 2018. Directed evolution is still a powerful tool to alter the enzyme’s 

characteristics, especially when no structural information is available or when it is 

combined with rational design (see below, Semirational Design). 
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Rational Protein Design – Rational protein design is based on the information 

regarding a protein’s sequence, structure, and function guided by computational 

algorithms.147 This knowledge-driven engineering extends the pre-laboratory work of 

sequence and structure analysis or in silico modeling but reduces the laboratory work 

to a minimum since only a handful of mutants are constructed by site-directed 

mutagenesis and tested for the desired properties. 

Due to the steadily increasing number of identified P450s in all kingdoms of life and 

habitats, over 60 years of research on P450s and their structure-function relationship, 

the overall conserved fold, and the biotechnological importance, P450s are ideal target 

enzymes for rational design studies. One of the groundbreaking works in sequence- 

function and structure-function analysis in P450s was identifying the substrate 

recognition sites (SRS) by Osamu Gotoh in 199269 and is described in detail in Section 

1.2.3. The presence of SRS in all P450s was extended by other research to find 

universal residues for determining selectivity in all cytochrome P450 

monooxygenases.70, 148 This universal knowledge in the structure-function relationship 

for all P450s resulted in many successful attempts for rationally engineering the 

selectivity of P450s. For example, Seifert et al. created an enriched P450 BM3 library 

of only 24 variants with mutations on two SRS positions and strongly improved regio- 

or stereoselectivity during oxidation of terpenes such as limonene or valencene, whose 

oxidized products are valuable aromatics or fragrances.102 In another study, 

Carmichael and Wong utilized site-directed mutagenesis on active site residues (SRS 

residues) to oxidize polycyclic aromatic hydrocarbons (PAHs), an important step in 

environmental bioremediation.149 

What sequence-based or structure-based protein engineering alone does not consider 

are the dynamics of proteins and substrates. Protein and substrate can possess 

several conformational stages, and substrates can bind in different binding modes to 

the active site. The elemental forces that determine protein interactions between 

protein and solvent, and protein and substrate include van der Waals interactions, 

electrostatic interactions, hydrogen bonds, and the hydrophobic effect.150 A typical 

approach that predicts these forces for small ligands (substrate) and receptors 

(protein) is molecular docking. During molecular docking, the conformations or poses 

of the ligand in the binding site or active site are initially predicted. The binding energies 

between ligand and receptor are subsequently calculated and ranked accordingly for 

each of those poses.151 The top-ranked pose should then reflect the correct binding of 



1. Introduction – 1.2.7 Limitations of P450s and Engineering of Selectivity 

23 

the substrate. Assuming that the substrate binding to the active site is determinant for 

the reaction selectivity,152 it can subsequently be altered accordingly using the docking 

information to reshape the active site. Molecular docking was applied in all studies of 

this thesis. In search of a novel semi-biosynthetic route for artemisinin production 

(biosynthetic pathway in Section 1.2.6), epoxidation of amorpha-4,11-diene to 

artemisinic-11S,12-epoxide was required as the initial step in the synthesis. P450 BM3 

was selected for this reaction, but the wild type showed no activity. Docking of 

amorpha-4,11-diene into the active site revealed key residues around the heme group, 

whose subsequent mutagenesis led to increased activity against amorpha-4,11-diene. 

The P450 BM3 mutant G4 (with the four mutations of F87A, R47L, Y51F, and A328L) 

generated the desired product artemisinic-11S,12-epoxide with titer above 

250 mg/L.153  

Most of the docking programs have adopted the methodology of a flexible ligand in a 

rigid receptor.154 Only to a limited extent, molecular docking has been used to address 

the issues under consideration of protein flexibility. For a detailed view regarding the 

protein motions, molecular dynamic (MD) simulations need to be combined with the 

molecular docking approach.  

Semi-rational Design – The term “semi-rational design” indicates a combination of 

knowledge-based (rational) hotspot identification combined with random mutagenesis 

of the identified specific residues. The focus on specific residues, instead of the whole 

sequence space (as in directed evolution), drastically reduces the library size, making 

these libraries amenable to screening systems other than high-throughput ones (e.g., 

low- to medium-throughput HPLC and GC based screenings).147 Many mutagenesis 

studies have revealed that improvements in substrate specificity, catalytic activity, or 

selectivity, often derive from mutations of amino acids at positions located in or close 

to the enzyme’s active site.155, 156 Studies of rational engineering therefore mainly focus 

on these active site residues, whereas random mutagenesis methods often create 

distant mutations far away from the active site (due to the lower number of amino acids 

around the active site compared to the total number of amino acids).157 Consequently, 

focusing random mutagenesis to the hotspot residues in and around the active site – 

semi-rational design – combines the benefits of both directed evolution and rational 

design.156 In such cases, saturation mutagenesis (SM) techniques, where all 20 

canonical amino acids are tested at one position, are often implemented at identified 

hotspots. Comparable to repeated cycles of random mutagenesis in directed evolution, 
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saturation mutagenesis at different positions can be performed iteratively (iterative 

saturation mutagenesis, ISM). In ISM, the best variant of the previous cycle of 

saturation mutagenesis at multiple positions serves as the template for the next cycle. 

Bernhardt and colleagues utilized a combination of site-directed and saturation 

mutagenesis to efficiently alter the regioselectivity of CYP106A2 from C15- to C11-

hydroxylation of progesterone. Their approach enabled the highly selective synthesis 

of 11 -hydroxyprogesterone, a pharmaceutical compound with anti-androgenic and 

blood-pressure regulating activity.158 Saturation mutagenesis at multiple positions can 

either be performed in parallel, where each position is mutated independently of the 

other positions, or in combination, where two or more positions are mutated 

simultaneously. The latter harbors one of the most significant advantages of semi-

rational design compared to directed evolution or rational design: the probability of 

obtaining synergistic mutations.156 The effects of two mutations can interact with each 

other as additive, partially additive, synergistic, antagonistic, or with no additional 

effect. The synergistic effect means that the effect of two combined mutations is higher 

than the expected effect created by the addition of each mutation.159 Based on this 

potential for synergistic mutations, Reetz and colleagues created the method of 

combinatorial active-site saturation test (CAST), which is focused on saturation 

mutagenesis of two or more amino acid positions simultaneously in a single library.160 

Using CASTing, P450 BM3 variants were successfully engineered for the highly regio- 

and stereoselective oxidation of testosterone and progesterone.106 

Substrate Engineering – So far, the methods and examples dealt with the engineering 

of one reactant, the biocatalyst. However, selectivity upon the reaction can also be 

driven by altering the substrate, which is widely used in synthetic chemistry and 

adopted by Griengl and colleagues for enzymes.161 For P450-catalyzed 

hydroxylations, the concept of “docking and protecting” (d/p) groups were elaborated 

to “anchor” the substrate in a particular orientation in the active site for selective 

hydroxylation.162, 163 The approach of docking and protecting groups was picked up 

and combined with protein engineering by Arnold and coworkers for the 

enantioselective hydroxylation of 2-arylacetic acids.164 They predicted that the size and 

charge of the substrate’s carboxyl groups prevent sufficient catalysis by P450 BM3 and 

therefore “masked” them with esters of a different size.164 The combination of protein 

and substrate engineering resulted in the synthesis of propyl mandelate with 93% 

enantiomeric excess, 88% regioselectivity, and a total turnover number (TTN) of 1640. 
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Variations of masking ester residues clearly alter the activity and selectivity for the 

same P450 BM3 variant. In another attempt, carboxylated 2-nitrophenylsulfonamides 

d/p groups and protein engineering were combined with the bioinformatic tools of 

docking and molecular dynamics to enhance the activity and regioselectivity of P450 

BM3 for the late-stage oxyfunctionalization of vabicaserin. As a positive side effect, the 

introduction of the d/p group increased the substrate’s solubility in the aqueous media, 

which evades some of the limitations connected with P450 reactions (see the section 

above) and might therefore be deployable for other biocatalytic applications.165 

Despite the advances in P450 engineering for improved selectivity, the control of 

selectivity remains a challenging task, and each enzyme-substrate-combination still 

needs to be investigated as necessity arises.96



 

26 

1.3 Objective of the Thesis 

In a time where sustainability, environmental friendliness and conservation of 

resources are increasingly becoming in the focus of society and industry, the 

development of bio-based alternative production routes starts to emerge in every 

industry field.  

Owing to their unique and, at the same time, chemically challenging reaction of non-

active C-H bond oxidation and the extensive knowledge gained during sixty years of 

research,166 cytochrome P450 monooxygenases are promising biocatalysts for 

biotechnological purposes. Concerning substrate spectra, hepatic P450s have the 

edge over bacterial P450s because they are responsible for the metabolism of drugs 

and other xenobiotics and hence oxidize interesting compounds for the pharmaceutical 

industry. However, due to generally higher activity and higher expression levels in 

recombinant host organisms such as E. coli, soluble bacterial P450s seem to be more 

applicable for biotechnological applications. Their most significant drawbacks are their 

narrow substrate spectrum and low selectivity in reactions with non-natural substrates 

possessing several chemically equivalent positions for oxidation. 

The aim of this thesis was, by developing and using different methods of protein 

engineering, to construct bacterial P450 enzymes with high activity, regioselectivity, 

stereoselectivity, and chemoselectivity during late-stage oxidation of complex 

substrates. 

For this purpose, two very promising P450s, the thermotolerant CYP154E1 from T. 

fusca YX with an unusually broad substrate spectrum and the well-studied highly 

evolvable self-sufficient P450 BM3 from B. megaterium, were selected. The objective 

was their engineering to achieve i) the highly regio-, chemo-, and stereoselective 

synthesis of (2S,6S)- and (2R,6R)-hydroxynorketamine, human metabolites and 

potentially safer antidepressants of the likewise antidepressant ketamine – and ii) the 

chemically challenging highly selective late-stage oxyfunctionalization of cembranoids 

– terpenoids with anticancerogenic effects. In order to implement these set objectives, 

out of the vast and rapidly increasing number of strategies for protein engineering, four 

different strategies were tested for their efficiency in turning a P450 into an active and 

highly selective version of its own: i) first-sphere active site-directed mutagenesis, ii) 

first-sphere active site saturation mutagenesis, iii) computer-guided rational design, 

and iv) substrate engineering. 
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In this way, the pool of biotechnologically applicable P450 variants is extended while 

more information about protein engineering strategies is subsequently gained.
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2. Results 

This section contains four published manuscripts in peer-reviewed journals in order to 

describe the results of this thesis. Starting with the “Synthesis of (2S,6S)-

Hydroxynorketamine and (2R,6R)-Hydroxynorketamine” (chapters I and II), to 

“Simulation-guided P450-Design” (chapter III) and “Late-Stage Oxyfunctionalization” 

(chapter IV), all chapters contain different protein engineering strategies to design 

P450s for biocatalysis. The own contribution to each manuscript is provided at the 

beginning of each chapter. 
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2.1 Chapter I 

Enzyme-Mediated Two-Step Regio- and 

Stereoselective Synthesis of Potential Rapid-

Acting Antidepressant (2S,6S)-

Hydroxynorketamine 

Ansgar Bokel, Ansgar Rühlmann, Michael C. Hutter, and Vlada B. Urlacher* 

 

*corresponding author 

ACS Catalysis, 2020, 10(7), 4151-4159 

 

Own contribution (80%): AB and AR designed the project. AB planned and performed 

all the experimental work. AB and VBU wrote the manuscript.  

Expression, purification, and enzyme assays for all enzymes (GDH, YkuN, FdR, 

CYP154E1) were executed by AB. AB implemented the cloning for the E. coli based 

whole-cell system. AB created all CYP154E1 variants, expressed them, measured 

their concentration, and performed the in vitro and in vivo reactions. AB implemented 

GC-MS and LC-MS method development, measurements, and analysis. AB also 

implemented method development for the chiral HPLC and sample measuring. AB 

executed characterization of the CYP154E1 QAA triple mutant (substrate-binding 

spectra and kinetics). Upscaling of the (S)-ketamine conversion, product isolation, and 

NMR analysis was implemented by AB. NMR samples were measured by the NMR 

facility (HHU). 

In cooperation with MCH, AB created the homology model and executed docking 

experiments to identify the hot spot position for mutagenesis and explain the 

experimental outcome. 

Reprinted with permission from Bokel, A., Rühlmann, A., Hutter, M. C., & Urlacher, V. B. (2020). Enzyme-Mediated 

Two-Step Regio-and Stereoselective Synthesis of Potential Rapid-Acting Antidepressant (2S,6S)-

Hydroxynorketamine. ACS Catalysis, 10(7), 4151-4159. Copyright 2020 American Chemical Society. 
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2.2 Chapter II 

Molecular Evolution of a Cytochrome P450 for 

the Synthesis of Potential Antidepressant 

(2R,6R)-Hydroxynorketamine 

Ansgar Bokel, Michael C. Hutter, and Vlada B. Urlacher* 

 

*corresponding author 

Chemical Communications, 2021, 57, 520-523 

 

Own contribution (85%): AB designed the project. AB planned and performed all the 

experimental work. AB and VBU wrote the manuscript.  

AB executed isolation of (R)-ketamine from racemic ketamine. Expression, purification, 

and enzyme assays for all enzymes (GDH, YkuN, FdR, CYP154E1) was executed by 

AB. AB developed the deep-well cultivation and GC-MS-based screening procedure. 

AB implemented analysis and selection of hits. AB created all CYP154E1 variants, 

expressed them, measured their concentration, and performed the in vitro and in vivo 

reactions. Kinetics of the CYP154E1 TQA triple mutant were measured and evaluated 

by AB. Upscaling of the (R)-ketamine conversion, method development for the semi-

preparative HPLC, product isolation, and NMR analysis was implemented by AB. NMR 

samples were measured by the NMR facility (HHU). 

In cooperation with MCH, AB created the homology model and executed the docking 

experiments to identify the hot spot position for mutagenesis.  

 

 

 

Bokel, A., Hutter, M. C., & Urlacher, V. B. (2021). Molecular evolution of a cytochrome P450 for the synthesis of 

potential antidepressant (2R,6R)-hydroxynorketamine. Chemical Communications, 57, 520-523. - Reproduced by 

permission of The Royal Society of Chemistry. 
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2.3 Chapter III 

Simulation-guided Design of Cytochrome P450 

for Chemo-and Regioselective Macrocyclic 

Oxidation 

Dušan Petrovi *, Ansgar Bokel, Matthew Allan, Vlada B. Urlacher, and Birgit Strodel 

 

*corresponding author 

Journal of Chemical Information and Modeling, 2018, 58(4), 848-858 

 

Own contribution (35%): AB performed all the experimental work and writing part of 

the manuscript. AB created and expressed all P450 BM3 variants in E. coli. AB 

determined the concentration of all P450 BM3 variants and tested their activity in vitro. 

AB created the LC-MS programs, and AB supervised the measurements. AB wrote 

parts of the manuscript containing experimental details. 

 

 

 

 

 

 

 

 

 

Reprinted with permission from Petrovi , D., Bokel, A., Allan, M., Urlacher, V. B., & Strodel, B. (2018). Simulation-

guided design of cytochrome P450 for chemo-and regioselective macrocyclic oxidation. Journal of chemical 

information and modeling, 58(4), 848-858. Copyright (2018) American Chemical Society. 
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2.4 Chapter IV 

Chemoenzymatic Route to Oxyfunctionalized 

Cembranoids Facilitated by Substrate and 

Protein Engineering 

Priska Le Huu+, Dominik Rekow+, Claudia Krüger, Ansgar Bokel, Tanja Heidt, 

Sebastian Schaubach, Birgit Claasen, Sebastian Hölzel, Wolfgang Frey, Sabine 

Laschat*, and Vlada B. Urlacher* 

 

+ these authors contributed equally to this work 

* corresponding authors 

Chemistry–A European Journal, 2018, 24(46), 12010-12021 

 

Own contribution (10%): AB performed the molecular docking of the cembranoid 

enantiomers in the active site of P450 BM3. AB wrote the respective abstract of the 

manuscript. 

 

 

 

 

 

 

 

Reprinted with permission from Le Huu, P., Rekow, D., Krüger, C., Bokel, A., Heidt, T., Schaubach, S., Claasen, 

B., Hölzel, S., Frey, W., Laschat, S., & Urlacher, V. B. (2018). Chemoenzymatic route to oxyfunctionalized 

cembranoids facilitated by substrate and protein engineering. Chemistry–A European Journal, 24(46), 12010-

12021. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA,Weinheim 
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3. General Discussion and Outlook 

The development of P450-catalyzed reactions in biocatalysis is a complex process. In 

comparison to other enzymes, such as hydrolases, P450s usually possess relatively 

low activities. And even if a P450 with high activity is found, then most P450s are still 

dependent on the very costly cofactor NAD(P)H and redox proteins for the electron 

transfer, which, besides other limiting factors (see Section 1.2.7), contribute to the high 

complexity of P450-catalyzed reactions. Therefore, P450s are more suitable for the 

synthesis of high-value products, such as drug metabolites, pharmaceuticals, and fine 

chemicals. Since the synthesis and especially the late-stage oxyfunctionalization of 

these molecules are usually complex and stereochemically demanding, they are often 

challenging to perform with chemical catalysts. Hence, P450s are a considerable 

alternative. However, such molecules often have a large number of chemically 

equivalent oxidation sites, which is why the selectivity of the P450s in particular must 

be adapted.  

In this thesis, I endeavor to turn the two prokaryotic P450s CYP154E1 and P450 BM3 

into convincing biocatalysts capable of selectively synthesizing valuable, 

oxyfunctionalized molecules: 

i) Major depressive disorder is a severe and globally prevalent mental disorder, and 

the need for effective antidepressants is accordingly high. Two potential candidates 

that might stand the demands on safe and effective antidepressants are (2S,6S)- and 

(2R,6R)-hydroxynorketamine. Their synthesis involves both N-demethylation and 

selective C6-hydroxylation of the starting enantiomers (S)- and (R)-ketamine. 

ii) Cembranoids possess various biological activities, such as anti-inflammatory,167 

potential anti-HIV,168 or anticarcinogenic169 effects. Due to these diverse biological 

activities, cembranoids are of pharmacological interest. Since cembranoids often carry 

numerous oxygen-containing functional groups, they are complex compounds that are 

challenging to synthesize. 

The complexity of the molecules required the development and application of different 

protein engineering strategies to achieve selective oxyfunctionalization and to 

demonstrate the potential cytochrome P450 monooxygenases possess in biocatalysis. 
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3.1 Semirational Protein Design for the Selective Oxidation 

of (S)- and (R)-Ketamine 

A combination of random and rational design is often the preferred method of changing 

an enzyme’s selectivity properties (chemo-, regio-, and stereoselectivity).170 In chapter 

I (“Enzyme-Mediated Two-Step Regio- and Stereoselective Synthesis of Potential 

Rapid-Acting Antidepressant (2S,6S)-Hydroxynorketamine”) and chapter II (Molecular 

Evolution of a Cytochrome P450 for the Synthesis of Potential Antidepressant (2R,6R)-

Hydroxynorketamine), I examined the efficiency of semi-rational first-sphere site-

directed (saturation) mutagenesis on the selective conversion of antidepressant (S)-

ketamine (chapter I), respectively (R)-ketamine (chapter II) into the potentially safer 

antidepressant (2S,6S)-, respectively (2R,6R)-hydroxynorketamine. At first sight, 

ketamine is allegedly a little complex substrate. However, the difficulty lies in the 

targeted synthesis of (2S/R,6S/R)-hydroxynorketamine starting from ketamine. This 

synthesis involves two consecutive steps – N-demethylation and C6-hydroxylation – 

requiring high chemo-, regio-, and stereoselectivity combined in one P450 enzyme. 

Homology modeling and rigid docking served as the foundation to identify residues of 

the first-sphere, which are close to the substrate and likely to be involved in the 

influence on selectivity. Different from chapter I ((S)-ketamine), in chapter II ((R)-

ketamine), position L289 was also taken into consideration. This position is located 

close to the highly conserved ExxR motif in P450s (see Section 1.2.3). Seifert and 

Pleiss reported the importance of this position for a P450’s selectivity,70 but examples 

of successful selectivity alterations by mutation at the homologous positions in other 

P450s are scarce in the literature. One of the rare examples is human CYP2C8. An 

exchange of the small side chain of V366 by a bulkier leucine hereby reduced paclitaxel 

6  hydroxylation and therefore reduced the intrinsic clearance of the anticancerogenic 

paclitaxel.171 In chapter II, saturation mutagenesis at position 289, combined with the 

substitutions I238Q and M388A in CYP154E1, drastically improved product selectivity. 

Interestingly, independent from each other, in both chapters, substitution I238Q was 

found crucial for the highly selective conversion of ketamine to the respective 

hydroxynorketamine. In chapter I, I238 was only substituted against polar residues due 

to the polar character of ketamine and the potential of hydrogen bonding between the 

keto- or amine-group of ketamine and a polar amino acid residue. The results of 

chapter I indicate that glutamine at position 238 has just the right size and polarity to 
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stabilize (S)-ketamine in a productive binding pose (since substitutions against 

asparagine and glutamate did not have positive effects). Homology model and docking 

could neither disprove nor prove this assumption since no interaction between the 

glutamine residue and ketamine was found. In chapter II, saturation mutagenesis at 

position 238 revealed that either glutamine or smallest residues (alanine, glycine, or 

serine) seemed beneficial for converting (R)-ketamine in the first place. However, 

again homology model and docking were not able to explain the effect of glutamine on 

conversion and selectivity. Both studies on the ketamine enantiomers were guided by 

constructing a homology model for CYP154E1 based on the structure of CYP154A8 

and binding the substrates into the active site via rigid docking. One reason might be 

that the homology model does not reflects the “real” structure of the active site. 

Although the P450 fold is well conserved, the sequence identity between CYP154E1 

and the used template CYP154A8 (1ODO) is only 40%,e a value that might cause 

deficiencies in modeling accuracy.172 40% is the least sequence identity to assign two 

P450s to the same family. To overcome the limitations of a homology model, 

CYP154E1 was crystallized as part of this and a previous thesis.173 However, neither 

of the X-ray diffraction data enabled the solution of the CYP154E1 structure. The 

potential reason might be the high flexibility of some structural regions, which prevents 

the growth of adequate regular crystals.174 Therefore, without a proper enzyme model, 

the decision for certain amino acid residue substitutions “resembles more an educated 

guess than a purely rational choice” (Otten et al., 2010).170 Compared to rational 

design, semi-rational design often gives few indications of why certain mutations cause 

the effect they cause.  

Further, although a crystal structure of CYP154E1 would be preferred over a homology 

model, it still represents the enzyme as a rigid construct, which it is not. So in extension 

to the two semi-rational studies of chapters I and II, it would be of great benefit to 

perform pure rational engineering – that considers protein and substrate flexibility – of 

CYP154E1 for selective ketamine metabolism. As described below in chapter III, the 

initial step in the protein design is to learn how the molecule binds to the enzyme. This 

can be done using classical MD simulations or, as in chapter III described, using a 

more thorough analysis of the binding modes. Once the molecule’s binding to the 

enzyme is understood, hotspot residues that either stabilize productive substrate-

 
e https://swissmodel.expasy.org/interactive/T5CHPM/templates/  
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binding and/or destabilize unproductive substrate binding need to be identified. In this 

way, it would be interesting if the same positions, substitutions, and results of the semi-

rational strategies in chapters I and II can either be confirmed or disputed. This 

situation will encounter us with the chapter “Simulation-Guided Design of Cytochrome 

P450 for Chemo- and Regioselective Macrocyclic Oxidation” and the study by Le-Huu 

et al.110 In both studies, the same P450 BM3 triple mutant L75A/V78A/F87A was 

constructed independently of each other. However, only the rational approach outlined 

in chapter III was able to explain the effects of the substitutions. Applying a fully rational 

approach according to “Simulation-Guided Design of Cytochrome P450 for Chemo- 

and Regioselective Macrocyclic Oxidation” on CYP154E1 might provide a more 

detailed explanation of why the substitutions caused the observed effects. This would 

be particularly useful for further studies on CYP154E1 and ketamine and how to further 

increase selectivity and activity. A fully randomized engineering strategy would 

probably not be sufficient since, as already mentioned in Section 1.2.7, the number of 

selectivity determining residues is greatly underrepresented compared to the whole 

sequence space. Hence, the analysis of disproportionally many clones and huge 

libraries would be necessary to identify variants with improved selectivity.  

Nevertheless, the research conducted in chapters I and II confirmed that focused 

libraries of first-sphere site-directed mutagenesis and their extension by a higher 

degree of randomization via applying saturation mutagenesis on selected first-sphere 

residues could be a valid method for engineering P450s. Besides the previously known 

human P450s, such as CYP2A6, CYP2B6, or CYP3A4,175, 176 the two CYP154E1 

variants QAA ((S)-ketamine) and TQA ((R)-ketamine) are the first reported bacterial 

P450s which can catalyze the metabolism of (S)- and (R)-ketamine into (2S,6S)- 

respectively (2R,6R)-hydroxynorketamine. They did so in a very selective manner of, 

in both cases, 85% product selectivity and 100% diastereoselectivity.

 

3.2 Comparison of CYP154E1 QAA and TQA – 

Enantiodivergency 

As discussed in the previous section, two triple mutants of CYP154E1 were 

independently constructed for the selective two-step conversion of ketamine 

enantiomers: QAA for the selective oxidation of (S)-ketamine and TQA for the selective 
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oxidation of (R)-ketamine. But how do they perform with the opposite ketamine 

enantiomer? As demonstrated in Figure 6, QAA is selective in the double-oxidation of 

(S)-ketamine to (2S,6S)-HNK (Figure 6A) but less so with (R)-ketamine as substrate 

(Figure 6B). For CYP154E1 TQA, the results look different. TQA is selective with (R)-

ketamine (Figure 6D), but, with (S)-ketamine as substrate (Figure 6C), the 

regioselectivity is still maintained although, switched from C6 to C4. 43% (2S,4)-

hydroxyketamine and 44% (2S,4)-hydroxynorketamine were formed as the main 

products. However, although the regioselectivity was still high (in total, 87% for position 

C4), product selectivity is considerably lower since only half of the C4-hydroxylated 

product was also demethylated. Although both enzyme variants quantitatively convert 

both enantiomers and both variants differ only in the substitution of two residues (G239 

and L289), each variant is selective with only one of the enantiomers. This behavior is 

formally known as enantiodivergency – enzymes that indicate no substrate 

enantioselectivity but product selectivity with a specific enantiomer. Drugs, like the 

herein synthesized antidepressants, develop their biological effects through interaction 

with proteins. For example, drugs can inhibit or activate enzymes or block a receptor 

protein. The chiral nature of proteins causes that different drug stereoisomers can 

interact differently with the same protein and can cause different – undesired 

(distomers) or desired (eutomers)177 – biological effects.178 Therefore, the 

pharmacokinetics of each stereoisomer should be tested, as already included in the 

guidelines of the United States Food and Drug Administration (FDA) in 1992.179, f The 

development of enantiodivergent – or more generally stereodivergent – biocatalysts to 

access each stereoisomer is challenging but very useful and sought after in the 

synthesis of biologically active compounds.177, 180 With regard to this thesis, although 

not all stereoisomers of 2,6-HNK, the two enantiomers (2S,6S)- and (2R,6R)-HNK, 

which were described as potentially safer antidepressants compared to ketamine181, 

were accessed with two variants of the very same P450 enzyme.  

 
f https://www.fda.gov/regulatory-information/search-fda-guidance-documents/development-new-
stereoisomeric-drugs 
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Figure 6. LC-MS Chromatograms of the oxidation of (S)-ketamine (A) and (R)-ketamine (B) by CYP154E1 

QAA and (S)-ketamine (C) and (R)-ketamine (D) by CYP154E1 TQA. IS: Internal Standard (xylazine), 3: (2S,6)-

hydroxyketamine, 4: (2S,6S)-hydroxynorketamine, *: (2S,4)-hydroxyketamine, #: (2S,4)-hydroxynorketamine, 1’: 

(R)-ketamine. Peaks marked with ‘ represent the (R)-enantiomers. Identification of peaks due to representative 

standards or structure elucidation throughout this thesis.

3.3 Whole-Cell Biocatalysis 

The results of chapters I and II have demonstrated that CYP154E1 QAA is well capable 

of (S)-ketamine oxidation to yield (2S,6S)-HNK with high selectivity, and that 

CYP154E1 TQA is capable of (R)-ketamine oxidation to yield (2R,6R)-HNK with high 

selectivity. Both reactions happened in vitro and at analytical scale. However, 

productivity at higher scale requires the upscaling of the reaction. The stochiometric 

demand for the costly cofactor NAD(P)H (in this case NADPH) complicates the usage 

of P450s as in vitro biocatalysts, especially at higher scale.182 To compensate, the in 

vitro P450 reaction system can be expanded by an additional enzyme reaction for the 

cofactor regeneration, but this further increases the complexity of the system.182 

Further, besides the P450 enzyme and redox proteins, the cofactor regeneration 

system adds another enzyme to the reaction that needs to be expressed and 

eventually purified prior to reaction. Instead, by using a whole-cell system, there is no 

need for enzyme isolation and the cellular metabolism provides reduced cofactor for 

the reaction.29, 43 Therefore, two whole-cell biocatalysts with the recombinant E. coli 

strain BL21(DE3) expressing YkuN and FdR (localized on one plasmid) together with 
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either CYP154E1 QAA or CYP154E1 TQA (localized on another plasmid) were 

developed to facilitate the upscaling of (S)- and (R)-ketamine oxidation from analytical 

to (semi)preparative scale for product isolation, and subsequent product structure 

elucidation. With both whole-cell systems, the maximum concentration of (S)- 

respectively (R)-ketamine, at which high conversion and selectivity were still 

maintained, was 5 mM. At concentrations higher than 5 mM, conversion and formation 

of (2S,6S)- respectively (2R,6R)-HNK drastically decreased. As explicitly outlined in 

chapters I and II, the production of hydroxynorketamine proceeding from ketamine 

involves two catalytic steps – hydroxylation and N-demethylation. The mechanism for 

the latter might provide a possible explanation for the decrease in conversion at 

specific ketamine concentrations. As described in Section 1.2.2 and depicted in Figure 

3A, formaldehyde is produced in equimolar amounts during N-demethylation. 

Formaldehyde can damage the cell183, 184 or lead to alterations in protein structure185 

and reduce the efficiency of the catalytic process. This applies to higher ketamine 

concentrations in particular because they lead to higher formaldehyde concentrations. 

Metabolic engineering of the E.coli whole-cell system might turn this disadvantage of 

formaldehyde occurrence during the antidepressant production into an advantage: 

Toxic formaldehyde can be oxidized into lesser toxic formate by formaldehyde 

dehydrogenase (FDH). Simultaneously, depending on the nature of the FDH, the 

cofactor NAD(P)+ is reduced to NAD(P)H, which is then again accessible for the P450-

catalytic cycle. E. coli already possesses intrinsic FDHs, but their expression and 

activity might not be enough when higher substrate concentrations than the tested 5-

10 mM (R/S)-ketamine are used. Therefore, the integration of further FDH into E. coli 

or the optimization of the existing FDHs (expression and/or activity) might enhance the 

synthesis of (2S,6S)-HNK and (2R,6R)-HNK. The addition of a formate dehydrogenase 

can further expand this cofactor regenerative cycle. The formate dehydrogenase could 

also contribute to the regeneration of NAD(P)H by formate oxidation to gaseous CO2, 

adding a further driving force to the catalytic process due to CO2 release. This concept 

does not only work for CYP154E1 and ketamine but any P450-catalyzed demethylation 

reaction. For example for the demethylation of tricyclic antidepressants such as 

amitriptyline and derivatives thereof catalyzed by CYP107Z and CYP105D.186 The 

potentially harmful effect of formaldehyde on the herein used whole-cell system or 

enzymes is, however, speculative and needs to be tested more closely in future 

studies.  
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Despite the potential effect of formaldehyde, embedding CYP154E1 QAA and 

CYP154E1 TQA in two E. coli whole-cell biocatalysts enabled the production of 

0.935 g/L (2S,6S)- and 1 g/L (2R,6R)-HNK. These values are much higher than a 

previously reported value achieved with the human P450 CYP2B6.176 Human P450s, 

such as CYP2A6 or CYP2B6, have been reported to metabolize ketamine in the human 

body. Among others, they produce (2S,6S)-HNK and (2R,6R)-HNK as the main 

metabolites.175, 176 CYP2B6 catalyzed the oxidation of (2,6)-hydroxyketamine – the 

product of ketamine hydroxylation at C6; subsequent N-demethylation results in (2,6)-

HNK – to furnish (2,6)-HNK at a concentration of 201.6 g/L.176 That is about factor 

5000 lower compared to what was achieved in both E.coli systems from chapters I and 

II. The formation of (2,6)-HNK with other human P450s was even lower.176  

Due to the novelty of the herein described biocatalytic synthesis of (2S,6S)- and 

(2R,6R)-HNK, other examples of their biocatalytic synthesis (despite the mentioned 

CYP2B6 catalyzed synthesis) are not available. But for the classification of the herein 

developed whole-cell system’s productivity, it is necessary to compare it to other P450-

involved preparative scale reactions. So how did the two E.coli systems from chapters 

I and II perform? Although many reports describe P450-catalyzed reactions only on an 

analytical scale,187 several P450-catalyzed preparative scale reactions are described 

in the following to classify the productivity of the two E.coli whole-cell systems. In a 

study, also making use of first-sphere mutagenesis, evolved P450 BM3 variants were 

constructed for furnishing the hydroxylation of antimalaria agent artemisinin to both 

7(R)- and 7(S)-hydroxyartemisinin with 100% stereoselectivity (100% ee). In in vitro 

preparative scale conversions, 138 mg/L 7(S)-hydroxyartemisinin and 100 mg/ml 7(R)-

hydroxyartemisinin were produced.34 In another study, the bacterial CYP199A2 F185L 

variant was utilized in an E. coli whole-cell biotransformation to catalyze the oxidation 

of p-coumaric acid to caffeic acid with a productivity of 2.8 g/L.188 Using an E. coli 

whole-cell system very similar to that described in chapters I and II, Worsch et al. 

reported the oxidation of antimalarial agent amodiaquine by CYP107L from 

Streptomyces platensis at 200 mg/L (main product yielded 128 mg/L).189 However, it 

has to be stated that the CYP107L wild type and no optimized variant was used for the 

oxidation of amodiaquine. In this thesis, the productivity of the two CYP154E1 variants 

is in the same order of magnitude and, in most cases, even higher compared to the 

mentioned examples. This demonstrates the applicability of CYP154E1 in the 

preparative scale production of (2S,6S)- and (2R,6R)-HNK.  
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3.4 Rational Protein Design for the Selective Oxidation of -

Cembrenediol 

It is more than 40 years since site-directed mutagenesis was first used to alter the 

active site of an enzyme190, 191 and more than a quarter of a century since Pim Stemmer 

and Francis Arnold instigated the third and current wave of biocatalysis, according to 

Bornscheuer et al. 2012.1, 192, 193 Since then, impressive progress has been made in 

protein engineering: Saturation mutagenesis (SM) at residues of the active site, which 

can be extended by iterative cycles of SM; Combinatorial Active-Site Saturation Test 

(CAST) that allows finding synergistic effects between at least two mutations; 

theoretical, computer-based techniques such as molecular docking, MD simulations, 

or machine learning,194 just to mention a very few examples of progress in protein 

engineering. Despite the impressive progress in protein engineering, “reliable 

prediction of the influence of even a single mutation on protein function remains 

difficult” (Acevedo-Rocha et al., 2018),195 and therefore the specific synthesis of a 

specific product remains difficult. To get closer to making reliable predictions of 

mutations and their effect on product synthesis, in chapter III (“Simulation-guided 

design of cytochrome P450 for chemo-and regioselective macrocyclic oxidation”), 

Petrovi  and coworkers presented a workflow for computational P450 design, and we 

supported its applicability by experimental results. The workflow was designed and 

tested for the P450 BM3 V78A/F87A and the cembranoid -cembrenediol. 

Cembranoids constitute a 14-membered macrocycle and possess a multitude of 

potential oxidation sites.116 -cembrenediol possesses three potential epoxidation, 

seven allylic, and six non-allylic hydroxylation sites. This high number of competing, 

chemically equivalent oxidation sites presents a challenge for selective oxidation and 

therefore is ideal for testing a computational protein design approach that predicts 

substitutions to shift product distribution. 

Computational protein design generally relies on detailed knowledge about the 

structure and conformational flexibility of an enzyme and its substrate before 

modifications on the enzyme can be implemented. Assuming that substrate binding in 

the active site is a determinant for the regio- and stereoselectivity of a P450,152 then 

finding proper binding poses for the substrate is the initial step. Molecular docking and 

classical molecular dynamic (MD) simulations are standard methods, utilized to identify 

the binding and orientation of a substrate in the enzyme’s active site. Both molecular 
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docking and MD simulations have been used to predict the selectivity of P450 BM3, 

for example, with benzene196 or fatty acids.197 However, molecular docking with a 

macrocycle like -cembrenediol is challenging compared to molecular docking with 

smaller molecules.198 Macrocycles possess a larger conformational space than smaller 

molecules, and thus a thorough conformational analysis is required before docking.198, 

199 Performing classical MD simulations is limited to specific low energy regions of the 

conformational space200 since the free energy barriers between different binding 

modes is too high to be crossed by classical MD simulations.201 In particular for 

complex molecules that means that the complete binding process cannot be simulated. 

This was the case with -cembrenediol, where four binding modes of -cembrenediol 

were selected that differed substantially in their orientation. Further, classical MD 

simulations have often been used to investigate the origin of selectivity but rarely for 

guiding rational engineering.195 Therefore, HREX-MD (Hamiltonian replica exchange 

molecular dynamics) simulations were required for a thorough analysis of the 

conformational space of both the substrate and the enzyme. In replica exchange 

molecular dynamics simulations, independent and parallel simulations of several 

replicas of the system are carried out, and neighboring replicas can be exchanged with 

a specific probability.200, 201 With that, a larger conformational space can be sampled 

and a better understanding of the binding of the molecule to the enzyme gained, which 

is essential in identification of hotspots for mutagenesis. 

Two routes can be followed to identify hotspots for enhancing the regioselectivity for a 

specific position of -cembrenediol: i) stabilization of the productive substrate 

conformation and/or ii) destabilization of the unproductive substrate conformations. 

Destabilizing or stabilizing interactions can be caused by enzyme−substrate interaction 

energies and H-bond networks.199 Their calculations via molecular mechanics (MM) 

revealed six hotspot positions for increasing either C7,C8-epoxidation, or C9 

hydroxylation, or C10 hydroxylation. As mentioned above are reliable predictions of 

mutations on the protein function still difficult and require the validation via 

experimental results. For instance, residue L75 was identified as destabilizing for 

hydroxylation at C10 due to clashes with the substrate in its productive orientation.199 

Replacing leucine at position 75 by the smaller residue of alanine was calculated to 

remove these clashes. Indeed, experimental results approved that the C10 oxidation 

of -cembrenediol increased by factor 5 when the bulky residue of leucine was 

replaced by the small alanine in the P450 BM3 L75A/V78A/F87A triple mutant. 
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Interestingly, the same P450 BM3 triple mutant has also been constructed by Le-Huu 

et al. for the same purpose.110 Instead of an entirely rational protein design, they 

utilized semi-rational first-sphere active site mutagenesis. Unfortunately, other than in 

chapter III, Le-Huu et al. describe how they selected the positions for mutagenesis but 

neither how they selected the substitutions, nor explained their effects. However, this 

would be important for future attempts to increase the selectivity for C10 oxidation of 

-cembrenediol further.  

In summary, six out of the ten suggested mutations increased the formation of the 

intended product by at least factor 2. However, the results also demonstrate the 

complexity of predicting substitutions for shifting product distribution. Even though the 

selectivity in most cases could be increased, this happened at the expense of activity. 

For example, the substitution of alanine at position 328 by serine was calculated to 

stabilize a conformation of -cembrenediol in which the C7,C8 epoxidation is favored. 

Indeed, C7,C8 epoxidation increased from 24% for the P450 BM3 V78A/F87A starting 

variant to 57% for P450 BM3 A328S/V78A/F87A. This is 1.5 times more selective for 

the C7,C8 epoxidation than the most selective C7,C8 epoxidizing P450 BM3 variant 

which was constructed by Le-Huu et al.110 However, at the time selectivity increased 

from 24% to 57%, conversion decreased from 98% to 11%.199 This negative correlation 

of “high selectivity [that] is observed only at low substrate conversion, while high 

substrate conversion compromises selectivity” (Acevedo-Rocha et al., 2018)195 is still 

a challenge in engineering P450s. 

 

3.5 Substrate Engineering for the Selective Oxidation of 

Macrocycles 

The selectivity of an enzyme-catalyzed reaction is determined by the shape and size 

and the interactions between the substrate and active site. In general, there are two 

ways of altering these interactions, firstly by reshaping the enzyme (protein 

engineering), or secondly by altering the substrate by substrate engineering (without 

the use of mutagenesis). In chapter IV (“Chemoenzymatic Route to Oxyfunctionalized 

Cembranoids Facilitated by Substrate and Protein Engineering”), we combined organic 

synthesis and biocatalysis into a chemo-enzymatic route for late-stage 

oxyfunctionalization of cembranoids. In the first stage of chapter IV, substrate 
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engineering was applied. Several characteristics of the interplay between substrate 

and enzyme can be altered through substrate engineering, for example, substrate 

acceptance, regio-, or stereoselectivity.202 The strategy of substrate engineering 

involves the addition of groups to the substrate that direct or anchor the engineered 

substrate in the enzyme’s active site and facilitate binding in a productive 

orientation.162, 203 Besides testing varying anchoring or directing groups, chapter IV 

goes one step further, which is measuring the influence of substrate rigidity, polarity, 

and isomerism on the selectivity of P450 BM3 F87G. Therefore, three model 

macrocycles (Figure 7) with a set of four varying C1 substituents (anchoring/exocyclic 

groups) were chemically synthesized. The systematic comparison of the model 

macrocycles with different exocyclic groups revealed that with increasing size and 

polarity of the exocyclic substituent, the conversion decreased but regioselectivity 

increased (tested within the same ring structure but for different exocyclic groups; 1a-

d and 3c, d).  

In protein engineering, a protein variant is typically designed for the selective reaction 

with one specific substrate. In contrast, analyzing anchoring effects might enable the 

selective conversion of multiple different substrates (of comparable size and structure) 

with the same enzyme,204 because the different substrates share a joint anchoring 

group that directs their binding. Indeed, Sherman and colleagues investigated the 

anchoring functionality of the macrocycle YC-17’s desosamine group in the active site 

of the P450 PikC. Linking the desosamine-anchoring group to different substrates 

enabled their oxidation by PikC.205 However, the results of chapter IV demonstrate that 

the commonality of an anchoring-group alone might not be sufficient for the selective 

oxidation of various substrates. Otherwise, oxidation of 1d, 2d, and 3d in chapter IV 

would have been equally selective. Comparison of different ring structures but same 

anchoring-group demonstrated a positive correlation between rigidity and 

regioselectivity (tested with 1d, 2d, and 3d). The highest regioselectivity (lowest 

number of products) was found with substrate 3d, meaning that the anchor-group, 

rigidity and polarity of the substrate all together affect regioselectivity. The docking 

simulations of 3d into the active of P450 BM3 V78A/F87A support that the interplay 

between anchor-group, rigidity, and polarity in 3d anchors the substrate in the active 

site so that only a few transition state-like poses are generated. This leads to a reduced 

number of different products and subsequent higher selectivity. Hydrogen bonds 

between residues in the P450 BM3’s I-helix and 3d’s C9 hydroxy group and between 
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residues opposite to the I-helix (C-helix and SRS-5) and 3d’s ester-anchor-group 

stabilize 3d in a position, in which mainly position C5 is in close proximity to the heme. 

 

Figure 7. Synthetic macrocycles (1-3) with various exocyclic groups (a-d). Adapted from Le-Huu et al.116 

Although in chapter IV effects of the substrate structure on P450 BM3 F87G’s reaction 

selectivity were demonstrated, moderate regioselectivity of only 55% for the main 

product was found after the conversion of 3d. The same applies with activity, as 3d 

was converted to only 33%. Therefore, activity and regioselectivity were further 

improved by first-sphere active site mutagenesis. The highest regioselectivity of 88%, 

combined with the highest conversion of 84%, was observed for the variant P450 BM3 

V78A/F87A. Further, this P450 BM3 variant showed remarkable diastereoselectivity 

depending on substrate stereochemistry, which led exclusively to the syn-products.116  

Whereas classical substrate engineering allows the removal of the anchoring group 

after the biocatalytic process and eventually after the downstream processing, 163 this 

is not possible with the substrate engineering approach utilized in chapter IV. Instead, 

chapter IV demonstrates the synergy between substrate- and protein engineering. This 

synergy between substrate- and protein engineering has already been used in other 

studies164, 165 and offers a source of P450-catalyzed reactions for various non-native 

substrates with high value.162
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3.6 Comparison between Chemical and Biocatalytic 

Syntheses 

P450s are often referred to as having the edge over pure chemical synthesis since 

P450s catalyze the challenging reaction of non-activated C-H bond oxidation, which is 

among the most challenging reactions in organic chemistry.206 But how did the P450s 

in this thesis perform compared to already existing chemical syntheses?  

For (2S,6S)-HNK and (2R,6R)-HNK, two chemical syntheses have been described so 

far. The first chemical synthesis was described by Zanos et al. in 2016, starting from 

racemic norketamine181 and the second synthesis by Han et al. in 2017, starting from 

1-o-chlorophenylcyclohexene.207 The latter synthesis can be regarded as an extension 

to the synthesis by Zanos et al. since three reaction steps were added prior to the 

formation of (R)-norketamine (Figure 8). From the synthesis of (R)-norketamine 

onwards, both chemical syntheses are almost the same and start with the activation of 

position C6 using the keto-enol tautomerism. Although only the synthesis of (2R,6R)-

HNK HCl is shown in Figure 8, the synthesis of its enantiomer (2S,6S)-HNK follows 

the same scheme. Starting from (R)-norketamine, Zanos et al. calculated an isolated 

yield of 54%, which closely resembles the magnitude of the isolated yields for both 

(2S,6S)-HNK and (2R,6R)-HNK from the chapters I and II (44% and 50% isolated 

yield). Although the synthetic route after (R)-norketamine formation is almost identical 

between Zanos et al. and Han et al., Han et al. calculated an isolated yield of 80%. 

Both isolated yields for the chemical syntheses are higher than for the enzymatic 

reactions. However, these values only describe the isolated yield when started with 

norketamine. Compared to the enzymatic synthesis, one step – the N-demethylation 

of ketamine to norketamine – is missing. The complete synthesis of (2R,6R)-HNK HCl 

from 1-o-chlorophenylcyclohexene yielded 31%.207 

 

Figure 8. Chemical synthesis of (2R,6R)-HNK from 1-o-chlorophenylcyclohexene adapted from Han et al. 
2017.207 Synthesis steps 1 to 3 are described in Han et al. 2017 in detail. LDA: Lithium diisopropylamide, THF: 
Tetrahydrofuran, TMSCl: Trimethylsilyl chloride; mCPBA: meta-Chloroperoxybenzoic acid, TBAF: Tetra-n-
butylammonium fluoride, TFA: Trifluoroacetic acid. 
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Han et al. did not only synthesize the two HNK enantiomers. They also presented 

synthetic routes for the production of analogs or derivatives. They verified that their 

developed synthetic route could also be used to synthesize o-fluoro analogs of 

hydroxynorketamine.207 For future studies on CYP154E1 and ketamine, it would be 

interesting to test whether the CYP154E1 QAA and TQA maintain their high 

selectivities when fluoro ketamine analogs are used or, if that is not the case, whether 

CYP154E1 can be engineered to oxidize fluoro ketamine analogs selectively. 

The selective introduction of a hydroxyl group at position C6 of the cyclohexanone ring 

in the chemical synthesis was possible due to the keto-enol tautomerism. The 

transition from the keto to the enol form activates C6 for the oxidation by a peroxy acid. 

Chemical selective hydroxylation at any position in the cyclohexanone ring other than 

C6 is more complex since it is non-activated.206 On the contrary, P450s are well known 

for the oxidation of such non-activated bonds. Indeed, the results of chapters I and II 

confirm that P450-catalyzed hydroxylation at positions other than C6 is feasible. Many 

CYP154E1 variants described in both chapters produced (2(S/R)/4(S/R))-

hydroxyketamine and -hydroxynorketamine with high selectivity, hydroxy(nor)ketamine 

derivates whose biological effects have not yet been described in the literature. 

A drawback for both chemical syntheses is the necessity for many toxic and potentially 

carcinogenic solvents such as tetrahydrofuran (THF) and dichloromethane (CH2Cl2). 

The only solvents required for the fully enzymatic synthesis are ethyl acetate and 

acetonitrile. 

For -cembrenediol and cembranoids, this direct comparison of enzymatic versus 

chemical synthesis is not possible since the syntheses of the described oxygenated 

products has not been implemented in organic synthesis. However, Tietze et al. 

described an efficient total synthesis of a polyoxygenated cembrene with a total yield 

of 2.7%.208 In a ring-closing metathesis between dithiane and epoxide building blocks, 

they constructed a 14-membered macrocycle, at which oxy-groups were subsequently 

introduced at the late stage of the synthesis. As a drawback of this route, the authors 

mentioned the formation of two diastereomers in a ratio of 40:60 during epoxidation of 

a double-bond with dimethyldioxirane. Moreover, methylation and reduction of a keto 

group run with only moderate diastereoselectivity and led to two diastereomers in a 

ratio of 40:60 again.208 In contrast to that, the P450 BM3 V78A F78A variant described 

in chapter IV exhibited exclusive diastereoselectivity. Depending on the 
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stereochemistry of the substrate 3d, only the syn-diol product of either (5S,9S) or 

(5R,9R) was observed. Furthermore, the P450 BM3 variants described in chapter III 

all produced only one out of two possible diastereomeric epoxides, which is again due 

to the absolute diastereoselectivity of the enzyme. Although substrate and product are 

different from those used for the total synthesis by Tietze et al., the results of chapters 

III and IV highlight the advantages of the selective P450-catalyzed late-stage oxidation 

of the complex cembranoid scaffolds. 

However, a great deal of progress has been achieved in the field of chemical late-stage 

oxidation with novel catalysts mimicking P450-catalyzed oxidations of non-activated 

C-H bonds.206 Before 2007, the paradigm stated that physical differences between 

aliphatic, non-directed C-H bonds are too small to address them selectively for 

oxidation. But, inspired by the biosynthesis of terpenes, Baran and coworkers 

developed a two-phase approach for the total synthesis of terpenoids.115, 209 During the 

first “cyclase phase”, a hydrocarbon skeleton is formed, which is then functionalized in 

the second “oxidase phase”. Using this biomimicking approach, they successfully 

synthesized, for example, the complex taxol precursor (-)-taxuyunnanine D,210 or the 

diterpenoid (+)-ingenol.211 Alternatively, inspired by the nature of P450 and its active 

iron(IV)oxo (or ferryl) species, Chen and White furnished the Fe(PDP) catalyst (also 

known as White-Chen catalyst),212 which similar to the iron(IV)oxo species in the 

catalytic cycle of P450s, abstracts a hydrogen from the substrate to generate a Fe-OH 

intermediate and a substrate-carbon radical. Via a rebound mechanism, the 

hydroxylated product is furnished, and the Fe(PDP) catalyst is regenerated.206 The 

Fe(PDP) catalyst has proven its powerfulness in selective aliphatic C-H bond 

hydroxylation in many attempts.206, 213, 214 

Combining those options of selective C-H oxidation in chemical and enzymatic 

catalysts, like the P450s, opens many opportunities for the efficient synthesis of 

pharmaceuticals and value compounds. For instance, a reaction catalyzed by an 

engineered P450 BM3 variant produced 9-hydroxy artemisinin with 92% yield, whereas 

the same reaction catalyzed by a Fe(PDP) catalyst yielded only 52%. On the contrary, 

the results changed for 10-hydroxy artemisinin, for which the Fe(PDP) catalyst had the 

edge over a P450-catalyzed reaction.206 
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3.7 Conclusion 

One of the main objectives when working with cytochrome P450 monooxygenases is 

to unfold their extraordinary potential as industrial biocatalysts. As outlined in this 

thesis, as high as their potential is, as high are the challenges attributed with P450s – 

their dependency on costly cofactors, often low stability and activity, or the reliance on 

an electron transport chain. Within this thesis, I have contributed to the status quo of 

P450s in science and biotechnology on different levels. Firstly, in collaboration with 

cooperation partners, I applied and investigated the efficiency of four different protein 

engineering strategies – site-directed mutagenesis, site-directed saturation 

mutagenesis, simulation-guided design, and substrate engineering – on two P450s for 

the selective metabolism of four main substrates. Secondly, in two of the outlined four 

studies, I created and utilized a whole-cell system that enabled product formation at a 

preparative scale. Thirdly, I underpinned the potential and broadened the usage of the 

CYP154E1, a thermotolerant, well expressible, broadly applicable prokaryotic but yet 

underrepresented P450. 

These findings can thereby serve as an inspiration and starting point for future research 

on cytochrome P450 monooxygenases from a fundamental and applied perspective 

and initiate how to engineer and use these exceptional enzymes in biocatalysis 

effectively.  
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5. Abbreviations 

 

°C  degree Celsius 

A  alanine 

A. annua  Artemisia annua 

AG  Aktiengesellschaft 

C-H  carbon-hydrogen 

C-terminus carboxy terminus 

CAST  combinatorial active-site saturation 

  test  

CO2  carbon dioxide 

CYP  cytochrome P450 monooxygenase 

Cys  cysteine 

DNA  desoxyribonucleic acid 

E. coli  Escherichia coli 

EC  Enzyme Commission 

e.g.  exempli gratia (for example) 

et al.  et alia (and others) 

ExxR  glutamate – any amino acid – any 

  amino acid – arginine 

F  phenylalanine 

FAD  Flavin adenine dinucleotide 

FDA  Food and Drug Administration  

FDH  formaldehyde dehydrogenase 

FdR  E. coli flavodoxin reductase 

Fe  iron 

FMN  Flavin mononucleotide 

g  gram 

G  glycine 

GC  gas chromatography 

GC-MS  gas chromatography- mass 

  spectrometry 

Gly  glycine 

H2O  water 

HCl  hydrochloride 

HNK  hydroxynorketamine 

HPLC  High-performance liquid  

  chromatography 

HREX  Hamiltonian replica exchange  

Inc.  Incorporation 

ISM  iterative saturation mutagenesis 

kcat  turnover number 

kDa  kilo Dalton 

L  Leucine or Liter 

LC-MS  liquid chromatography- mass 

  spectrometry 

M  methionine 

MD  molecular dynamics 

mg  milligram 

min  minute 

ml  milliliter 

mM  millimolar 

MM  molecular mechanics 

μM  micromolar 

N  nitrogen 

NAD(P)H nicotinamide adenine dinucleotide 

  (phosphate) 

nm  nanometer 

NMR  nuclear magnetic resonance 

N-terminus amino terminus 

O2  molecular oxygen 

O  oxygen 

P450  cytochrome P450 monooxygenase 

PCR  polymerase chain reaction 

PDB  protein data bank 

Phe  phenylalanine 

Q  glutamine 

S  serine 

SM  saturation mutagenesis 

SRS  substrate recognition site 

T  threonine 

T. fusca  Thermobifida fusca 

TTN  total turnover number 

V  valine 

YkuN  Bacillus subtilis flavodoxin N 
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OLIGONUCLEOTIDES 
Table S1. Oligonucleotides for the cloning and the quickchange mutagenesis. The mutated codon is marked by color and underline. 
Primer of for variants that were already available in our institute are not listed below. Fw: forward primer; Rev: reverse Primer. 

Primer QuickChange   

Fw: CYP154E1 T178F CAGACGCTGGTGACGCGCTTCCTCTCCGGCACGGACCCTGAG 

Rev: CYP154E1 T178F CTCAGGGTCCGTGCCGGAGAGGAAGCGCGTCACCAGCGTCTG 

Fw: CYP154E1 T178I CAGACGCTGGTGACGCGCATCCTCTCCGGCACGGACCCTGAG 

Rev: CYP154E1 T178I CTCAGGGTCCGTGCCGGAGAGGATGCGCGTCACCAGCGTCTG 

Fw: CYP154E1 L179F GTGACGCGCACCTTTTCCGGCACGGACCCTGAG 

Rev: CYP154E1 L179F CTCAGGGTCCGTGCCGGAAAAGGTGCGCGTCAC 

Fw: CYP154E1 L179K GTGACGCGCACCAAATCCGGCACGGACCCTGAG 

Rev: CYP154E1 L179K CTCAGGGTCCGTGCCGGATTTGGTGCGCGTCAC 

Fw: CYP154E1 L179R GTGACGCGCACCCGCTCCGGCACGGACCCTGAG 

Rev: CYP154E1 L179R CTCAGGGTCCGTGCCGGAGCGGGTGCGCGTCAC 

Fw: CYP154E1 L234Q CTGATCCACAACACGCAGCTGCTCATCCAGGCG 

Rev: CYP154E1 L234Q CGCCTGGATGAGCAGCTGCGTGTTGTGGATCAG 

Fw: CYP154E1 L235D GAGCTGATCCACAACACGCTGGACCTCATCATCGG 

Rev: CYP154E1 L235D CCGATGATGAGGTCCAGCGTGTTGTGGATCAGCTC 

Fw: CYP154E1 L235E GAGCTGATCCACAACACGCTGGAACTCATCATCGG 

Rev: CYP154E1 L235E CCGATGATGAGTTCCAGCGTGTTGTGGATCAGCTC 

Fw: CYP154E1 L235N GAGCTGATCCACAACACGCTGAACCTCATCATCGG 

Rev: CYP154E1 L235N CCGATGATGAGGTTCAGCGTGTTGTGGATCAGCTC 

Fw: CYP154E1 L235Q GAGCTGATCCACAACACGCTGCAGCTCATCATCGG 

Rev: CYP154E1 L235Q CCGATGATGAGCTGCAGCGTGTTGTGGATCAGCTC 

Fw: CYP154E1 L235T GAGCTGATCCACAACACGCTGACCCTCATCATCGG 

Rev: CYP154E1 L235T CCGATGATGAGGGTCAGCGTGTTGTGGATCAGCTC 

Fw: CYP154E1 I238D GCTGCTGCTCATCGACGGCGGGTTCGAAACCAC 

Rev: CYP154E1 I238D GTGGTTTCGAACCCGCCGTCGATGAGCAGCAGC 

Fw: CYP154E1 I238E GCTGCTGCTCATCGAGGGCGGGTTCGAAACCAC 

Rev: CYP154E1 I238E GTGGTTTCGAACCCGCCCTCGATGAGCAGCAGC 

Fw: CYP154E1 I238N GCTGCTGCTCATCAACGGCGGGTTCGAAACCAC 

Rev: CYP154E1 I238N GTGGTTTCGAACCCGCCGTTGATGAGCAGCAGC 

Fw: CYP154E1 I238Q GCTGCTGCTCATCCAGGGCGGGTTCGAAACCAC 

Rev: CYP154E1 I238Q GTGGTTTCGAACCCGCCCTGGATGAGCAGCAGC 

Fw: CYP154E1 I238T GCTGCTGCTCATCACCGGCGGGTTCGAAACCAC 

Rev: CYP154E1 I238T GTGGTTTCGAACCCGCCGGTGATGAGCAGCAGC 

Fw: CYP154E1 T243D CAGGCGGGGTTCGAAGACACCATGGGCATGATC 

Rev: CYP154E1 T243D GATCATGCCCATGGTGTCTTCGAACCCCGCCTG 

Fw: CYP154E1 T243N CAGGCGGGGTTCGAAAACACCATGGGCATGATC 

Rev: CYP154E1 T243N GATCATGCCCATGGTGTTTTCGAACCCCGCCTG 

Fw: CYP154E1 T243S CAGGCGGGGTTCGAAAGCACCATGGGCATGATC 

Rev: CYP154E1 T243S GATCATGCCCATGGTGCTTTCGAACCCCGCCTG 



Fw: CYP154E1 V286I CGAATCAGCGATCGTCATGCTGCCGTTCC 

Rev: CYP154E1 V286I GGAACGGCAGCATGACGATCGCTGATTCG 

Fw: CYP154E1 V286N CGAATCAGCGAACGTCATGCTGCCGTTCC 

Rev: CYP154E1 V286N GGAACGGCAGCATGACGTTCGCTGATTCG 

Fw: CYP154E1 M388A GACGCCGACCGTGTTCGCGAACCATCCGCTGAG 

Rev: CYP154E1 M388A CTCAGCGGATGGTTCGCGAACACGGTCGGCGTC 

Fw: CYP154E1 M388G GACGCCGACCGTGTTCGGTAACCATCCGCTGAG 

Rev: CYP154E1 M388G CTCAGCGGATGGTTACCGAACACGGTCGGCGTC 

Primer Cloning  

Fw: CYP154E1 QAA in pET22b 
(NdeI) 

CAGCCATATGGGACAGTCCCGCCGACCC 

Rev: CYP154E1 QAA in pET22b 
(EcoRI) 

GCTCGAATTCTCAGGGTTTCGGGCGCAAG 

Fw: YkuN in pCOLA Duet MCS I 
(NcoI) 

TATACCATGGCTAAAGCCTTGATTACATATGC 

Rev: YkuN in pCOLA Duet MCS I 
(BamHI) 

GATCGGATCCTCATGAAACATGGATTTTTTCCTTG 

Fw: FdR in pCOLA Duet MCS II 
(BglII) 

TATAAGATCTCATGGCTGATTGGGTAACAGGCAAAG 

Rev: FdR in pCOLA Duet MCS II 
(XhoI) 

GATCCTCGAGTTACCAGTAATGCTCCGCTGTC 

Sequencing primer (pET vectors)  

T7 TAATACGACTCACTATAGGG 

pET-RP CTAGTTATTGCTCAGCGG 

Sequencing primer (pCOLA Duet 
vector) 

 

ACYC_Duet_Up1 GGATCTCGACGCTCTCCCT 

Duet_DOWN1 GATTATGCGGCCGTGTACAA 

Duet_Up2 TTGTACACGGCCGCATAATC 

 



CLONING, EXPRESSION AND PURIFICATION 
Construction of CYP154E1 mutants was carried out according to a modified quik-change mutagenesis protocol of Edelheit, Hanukoglu, and 
Hanukoglu (2009) using two separated single-primer reactions.1  
Expression of the redox partner FdR from Escherichia coli, and the NADPH regenerating glucose dehydrogenase (GDH) from Bacillus 
megaterium was performed as described elsewhere except for the expression vector pET11a for FdR.2-3 For screening, the genes coding for 
CYP154E1 wild type and mutants integrated into the pET28a+ vector were heterologously expressed in E. coli BL21(DE3). Expression was 
carried out in 50 ml TB medium in a 0.5 liter flask, initially at 37°C and 180 rpm until OD600 of 0.6-0.8 was reached. After induction with 
0.1 mM IPTG, 0.1 mM FeSO4 and 0.5 mM 5-aminolevulinic acid, cultures were stirred for another 20 hours at 25°C and 140 rpm before 
cells were harvested. For protein purification, CYP154E1 wild type and mutants were expressed in 400 ml scale in 2 liter flasks under the 
same conditions as described above. 
Purification was performed on an ÄKTApurifier (GE Healthcare) on a HisTrap FF crude 5 ml column (immobilized nickel affinity chroma-
tography). Proteins were eluted using a buffer with 150 mM (FdR), 100 mM (CYP154E1) and 200 mM (YkuN) imidazole as the eluent. 
After subsequent desalting via size exclusion chromatography on a PD-10 column (GE Healthcare) proteins were stored in buffers containing 
50 mM Tris-HCl, 50 mM NaCl, 5% (w/v) glycerol, pH 7.5 (YkuN) and 50 mM KPi, 50 mM NaCl, 5% (w/v) glycerol pH 7.5 (FdR and 
CYP154E1 variants). For CYP154E1 variants an additional heat precipitation step at 60°C for 15 min was included after sample desalting. 
After heat precipitation, target CYP154E1 enzymes were incubated on ice for another 20 min and precipitated proteins were removed via 
centrifugation. 
 

EXPRESSION OF YKUN IN A 7.5 L BIOREACTOR 
The vector pET16b carrying the gene for the electron transfer partner YkuN from Bacillus subtilis was already available in our laboratory. 
10 ml LB pre-cultures containing E. coli transformants, hosting the YkuN-gene encoded vector pET16b, were grown over night at 37°C and 
180 rpm. These pre-cultures were used to inoculate 500 ml TB medium starter cultures to an OD600 of 0.05. After growth for several hours 
at 30°C and 180 rpm, the starter cultures were used onwards to inoculate a 7.5 l bioreactor (Infors, Bottmingen, Switzerland) containing 3.5 
l fermentation basal salt medium (19.13 g l-1 K2HPO4 2O, 4 g l-1 NaH2PO4 2O, 2.47 g l-1 (NH4)2SO4, 2 g l-1 Na2SO4, 0.5 g l-1 NH4Cl, 
1 g l-1 (NH4)2 citrate, 20 g l-1 glycerol, 2 ml l-1 1 M MgSO4, 1 ml l-1 thiamine (100 mg ml-1), 1 ml l-1 ampicillin (100 mg ml-1), 3.5 ml l-1 trace 
metals (0.5 g l-1 CaCl2, 0.18 g l-1 ZnSO4 2O, 0.18 g l-1 CoCl2 2O, 0.16 g l-1 CuSO4 2O, 0.1 g l-1 MnSO4 2O, 22.9 g l-1 Na2 
ED 2O, 16.7 g l-1 FeCl3 2O) to an OD600 of 0.5. Temperature was maintained at 30°C until initial glycerol was exhausted (meas-
urable by pO2 increase). Afterwards expression was induced via addition of 0.1 mM IPTG. Temperature was decreased to 20°C and control 
of cell growth was maintained automatically by glycerol (50%) addition whenever the carbon source was consumed (again measurable by 
pO2 increase). 
 

ENZYME ASSAYS 
Concentrations of cytochrome P450s (E. coli cell lysates and purified enzymes) were calculated via CO difference spectra using the extinction 

450-490 = 91 mM-1cm-1 as described elsewhere.4 The concentration of the purified redox proteins YkuN and FdR were determined 
spectroscopically as described elsewhere.5-8 The NADP+ reduction activity of the GDH was measured by increase of absorbance at 340 nm 

340 = 6.22 mM-1cm-1). The reaction was set up with 0.1 M glucose, 100 μl of diluted GDH solution in 50 mM potassium phosphate 
buffer pH 7.5. The reaction was started by adding 0.1 mM NADP+. 



GC/MS SCREENING DATA 
Table S2. (S)-ketamine oxidation catalyzed by CYP154E1 variants. NK: norketamine; (2S,6)-HNK: (2S,6)-hydroxynorketamine. 
Conversion was estimated from the ratio of product peak areas only, compared to the sum of all peak areas (including the substrate 
peak area). *: CYP154E1 variants of our in-house collection. 

  Product distribution [%] 

CYP154E1 variant Conversion [%] NK (2S,6)-HNK Others 

Wild Type 1.8 100 - - 

M87V 0.0 - - - 

L94F* 0.2 100 - - 

T178F* 1.1 100 - - 

T178I* 1.6 100 - - 

L179F* 1.7 100 - - 

L179K* 0.2 100 - - 

L179R* 0.6 100 - - 

L235D 0.0 - - - 

L235E 0.0 - - - 

L235N 0.0 - - - 

L235Q 0.0 - - - 

L235T 0.8 100 - - 

I238D 0.0 - - - 

I238E 0.2 100 - - 

I238N 0.0 - - - 

I238Q 21.9 58.1 7.1 34.8 

I238T 2.4 100 - - 

G239A* 12.2 96.7 3.3 - 

V286A* 0.3 100 - - 

V286I 0.6 100 - - 

V286L* 0.0 - - - 

V286N 0.2 100 - - 

M388A 6.1 90.6 9.4 - 

M388G 1.4 100 - - 

M388Q* 0.0 - - - 

 
 



RIGID DOCKING OF (S)-KETAMINE AND (S)-NORKETAMINE 

 

Figure S1. Best scored rigid docking poses of (S)-ketamine (green) and (S)-norketamine (grey) in the active site of CYP154E1 wild type. 
Dashed yellow lines indicate distances between atoms (5.09 Å between heme iron and aminomethyl group of (S)-ketamine and 2.93 Å 
between heme iron and C6 of (S)-norketamine).  

 

FURTHER MUTAGENESIS 

Figure S2. Product distribution and conversion of (S)-ketamine with CYP154E1 quadruple mutants in comparison to triple mutant QAA. 
Green columns represent desired products of (2S,6S)-hydroxynorketamine isomers. Mean values are calculated from three separate experi-
ments. 

 

  



HPLC DATA 

 

Figure S3. HPLC chromatograms of (S)-ketamine oxidation catalyzed by CYP154E1 I238Q (A), G239A (B), M388A (C), I238Q G239A 
(D), G239A M388A (E), I238Q M388A (F) and QAA (G) analyzed on a chiral Chiralpak IB (0.46 cm Ø x 25 cm, Chiral Technologies 
Europe) column. 1: (S)-ketamine, 2: (S)-norketamine, 4: (2S,6S)-hydroxynorketamine (identified by comparing with authentic standard). 

 



 

Figure S4. (2S,6S)-HNK product identification by spiking. Blue: Conversion of 500 μM (S)-ketamine by CYP154E1 QAA; orange: blue + 
0.015 μmol (2S,6S)-HNK standard; grey: blue + 0.03 μmol (2S,6S)-HNK standard. Analytics were carried out with chiral column Chiralpak 
IB (0.46 cm Ø x 25 cm, Chiral Technologies Europe) on HPLC. 

 

  



 

CYP154E1 QAA CHARACTERIZATION 

SUBSTRATE BINDING SPECTRA FOR CYP154E1 QAA WITH (S)-KETAMINE 

 

Figure S5. Substrate binding spectrum of CYP154E1 QAA with (S)-ketamine. 

 

Figure S6. Kd-constant estimation. Plotting was done by using a Michaelis-Menten-like equation (see MM) using RStudio software (RStudio 
Team (2015). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL http://www.rstudio.com/). 



KINETICS 

 

Figure S7. Reaction velocity depending on the (S)-ketamine concentration. Plotting was done by using the Michaelis-Menten equation using 
RStudio software (RStudio Team (2015). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL http://www.rstudio.com/). 

  



RIGID DOCKING OF (2S,6S)-HYDROXYKETAMINE 

 

Figure S8. Best scored rigid docking poses of (2S,6S)-hydroxyketamine in the active site of CYP154E1 QAA. Position C6 of the cyclohex-
anone ring is marked by red circle. Dashed yellow lines indicate distances between atoms. The numerical distance is given in Å. 



PREPARATIVE SCALE CONVERSION 

Figure S9. (S)-ketamine (5 mM) conversion in 10 ml whole cell biotransformation approach over a period of 21.67 hours in biological 
duplicate. Plotting was done using RStudio software (RStudio Team (2015). RStudio: Integrated Development for R. RStudio, Inc., Boston, 
MA URL http://www.rstudio.com/). 

 



NMR ANALYSIS 

 

Figure S10. 1H NMR of (2S,6S)-hydroxynorketamine in CDCl3. 



Figure S11. 13C NMR of (2S,6S)-hydroxynorketamine in CDCl3. 



Figure S12. 1H-13C HSQC spectrum of (2S,6S)-hydroxynorketamine in CDCl3. 



Figure S13. 1H-1H NOESY spectrum of (2S,6S)-hydroxynorketamine in CDCl3. 
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Material and Methods 

OLIGONUCLEOTIDES 

Table S1. Oligonucleotides for cloning and site-saturation mutagenesis. The codons for mutated 
positions are underlined. Primers for the mutations that were already available in the lab are not listed 
below. Fw: forward primer; Rev: reverse primer. -end of the gene; 

-  

Primer for MegaPrimer PCR   

Rev: CYP154E1 I238Q M388A 
M87_NNK 

GAT TCC ACG CGC AGM NNG TTG GCG ACC GGA TG 

Rev: CYP154E1 I238Q M388A 
L94_NNK 

TCC GGA GCG GGC MNN CAT GGA TTC CAC G 

Rev: CYP154E1 I238Q M388A 
L235_NNK 

CCG CCC TGG ATG AGM NNC AGC GTG TTG TGG 

Rev: CYP154E1 I238Q M388A 
G239_NNK 

TGG TTT CGA ACC CMN NCT GGA TGA GCA GC 

Rev: CYP154E1 I238Q M388A 
T243_NNK 

GCT GAT CAT GCC CAT GGT MNN TTC GAA CCC GCC CTG GAT GAG 

Rev: CYP154E1 I238Q M388A 
V286_NNK 

GAA CGG CAG CAT GAC MNN CGC TGA TTC GAA G 

Rev: CYP154E1 I238Q M388A 
L289_NNK 

CGT GGT GTA CAG GAA CGG MNN CAT GAC CAC CGC TGA TTC G 

Fw: Sat_ultrashort GGA GAT ATA CAT ATG GGA CAG TCC CGC CGA CC 

Fw: Sat_short CCT GCA TTA GGA AGC AGC CCA GTA GTA GGT TGA GGC CGT TG 

Fw: Sat_long TGG TTC ACG TAG TGG GCC ATC GCC CTG ATA GAC GG 

Primer for QuikChange  

Fw: CYP154E1 L289T CGA ATC AGC GGT GGT CAT GAC GCC GTT CCT GTA CAC CAC G 

Rev: CYP154E1 L289T CGT GGT GTA CAG GAA CGG CGT CAT GAC CAC CGC TGA TTC G 

Fw: CYP154E1 L289T  
(I238Q M388A V286G) 

CGA ATC AGC GGG CGT CAT GAC GCC GTT CCT GTA CAC CAC G 

Rev: CYP154E1 L289T  
(I238Q M388A V286G) 

CGT GGT GTA CAG GAA CGG CGT CAT GAC GCC CGC TGA TTC G 

Fw: CYP154E1 I238A CAA CAC GCT GCT GCT CAT CGC GGG CGG GTT CGA AAC C 

Rev: CYP154E1 I238A GGT TTC GAA CCC GCC CGC GAT GAG CAG CAG CGT GTT G 

Fw: CYP154E1 I238C CAA CAC GCT GCT GCT CAT CTG CGG CGG GTT CGA AAC C 

Rev: CYP154E1 I238C GGT TTC GAA CCC GCC GCA GAT GAG CAG CAG CGT GTT G 

Fw: CYP154E1 I238D GCT GCT GCT CAT CGA CGG CGG GTT CGA AAC CAC 

Rev: CYP154E1 I238D GTG GTT TCG AAC CCG CCG TCG ATG AGC AGC AGC 

Fw: CYP154E1 I238E GCT GCT GCT CAT CGA GGG CGG GTT CGA AAC CAC 

Rev: CYP154E1 I238E GTG GTT TCG AAC CCG CCC TCG ATG AGC AGC AGC 

Fw: CYP154E1 I238F GCT GCT GCT CAT CTT CGG CGG GTT CGA AAC CAC 

Rev: CYP154E1 I238F GTG GTT TCG AAC CCG CCG AAG ATG AGC AGC AGC 

Fw: CYP154E1 I238G CAA CAC GCT GCT GCT CAT CGG CGG CGG GTT CGA AAC C 

Rev: CYP154E1 I238G GGT TTC GAA CCC GCC GCC GAT GAG CAG CAG CGT GTT G 

Fw: CYP154E1 I238H CAA CAC GCT GCT GCT CAT CCA CGG CGG GTT CGA AAC C 

Rev: CYP154E1 I238H GGT TTC GAA CCC GCC GTG GAT GAG CAG CAG CGT GTT G 

Fw: CYP154E1 I238K CAA CAC GCT GCT GCT CAT CAA AGG CGG GTT CGA AAC C 

Rev: CYP154E1 I238K GGT TTC GAA CCC GCC TTT GAT GAG CAG CAG CGT GTT G 

Fw: CYP154E1 I238L CAA CAC GCT GCT GCT CAT CCT GGG CGG GTT CGA AAC C 
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Rev: CYP154E1 I238L GGT TTC GAA CCC GCC CAG GAT GAG CAG CAG CGT GTT G 

Fw: CYP154E1 I238M CAA CAC GCT GCT GCT CAT CAT GGG CGG GTT CGA AAC C 

Rev: CYP154E1 I238M GGT TTC GAA CCC GCC CAT GAT GAG CAG CAG CGT GTT G 

Fw: CYP154E1 I238N GCT GCT GCT CAT CAA CGG CGG GTT CGA AAC CAC 

Rev: CYP154E1 I238N GTG GTT TCG AAC CCG CCG TTG ATG AGC AGC AGC 

Fw: CYP154E1 I238P CAA CAC GCT GCT GCT CAT CCC GGG CGG GTT CGA AAC C 

Rev: CYP154E1 I238P GGT TTC GAA CCC GCC CGG GAT GAG CAG CAG CGT GTT G 

Fw: CYP154E1 I238Q GCT GCT GCT CAT CCA GGG CGG GTT CGA AAC CAC 

Rev: CYP154E1 I238Q GTG GTT TCG AAC CCG CCC TGG ATG AGC AGC AGC 

Fw: CYP154E1 I238R CAA CAC GCT GCT GCT CAT CCG TGG CGG GTT CGA AAC C 

Rev: CYP154E1 I238R GGT TTC GAA CCC GCC ACG GAT GAG CAG CAG CGT GTT G 

Fw: CYP154E1 I238S GCT GCT GCT CAT CAG TGG CGG GTT CGA AAC CAC 

Rev: CYP154E1 I238S GTG GTT TCG AAC CCG CCA CTG ATG AGC AGC AGC 

Fw: CYP154E1 I238T GCT GCT GCT CAT CAC CGG CGG GTT CGA AAC CAC 

Rev: CYP154E1 I238T GTG GTT TCG AAC CCG CCG GTG ATG AGC AGC AGC 

Fw: CYP154E1 I238V CAA CAC GCT GCT GCT CAT CGT GGG CGG GTT CGA AAC C 

Rev: CYP154E1 I238V GGT TTC GAA CCC GCC CAC GAT GAG CAG CAG CGT GTT G 

Fw: CYP154E1 I238W CAA CAC GCT GCT GCT CAT CTG GGG CGG GTT CGA AAC C 

Rev: CYP154E1 I238W GGT TTC GAA CCC GCC CCA GAT GAG CAG CAG CGT GTT G 

Fw: CYP154E1 I238Y CAA CAC GCT GCT GCT CAT CTA CGG CGG GTT CGA AAC C 

Rev: CYP154E1 I238Y GGT TTC GAA CCC GCC GTA GAT GAG CAG CAG CGT GTT G 

 

ISOLATION OF (R)-KETAMINE FROM RACEMIC KETAMINE 
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Fig. S1. Chiral HPLC analysis of the intermediates during (R)-ketamine isolation from racemic ketamine: 
Racemic ketamine (A); (R)-ketamine free base after isolation (B) and after recrystallization (C). Analysis 
was carried out using HPLC on a chiral column Chiralpak IB (0.46 cm Ø x 25 cm, Chiral Technologies 
Europe). 1: (R)-ketamine, 1´: (S)-ketamine (identified by comparing with authentic standard from Sigma 
Aldrich). 
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ENZYME EXPRESSION AND ASSAYS 

 

 

 

MUTAGENESIS AND SCREENING 
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Kinetic constants were estimated under the same reaction conditions except for enzyme and 

substrate concentrations and reaction time. 0.5 μM CYP, 0.5 μM FdR and 40 μM YkuN were 

used to convert 50  2000 μM substrate, and reactions were stopped after 3  17 min. Kinetic 

data were fitted to the Michaelis-Menten equation using RStudio software (RStudio Team 

(2015).7  
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Spiking experiment. The reaction was carried out as described in the section above. The 

reaction mixture contained 500 μM (R)-ketamine HCl (dissolved in water), 2.5 μM CYP154E1 

L289T/I2238Q/M388A, 2.5 μM purified FdR, 25 μM purified YkuN, 200 μM NADPH, 5 U/ml 

GDH in the presence of 20 mM glucose for cofactor regeneration and 600 U/ml catalase. After 

18 hours, reactions were stopped by addition of 125 μl of 1 M Na2CO3. The reaction was 

extracted twice with 200 μl ethyl acetate and the combined organic phases were evaporated 

to dryness. The evaporated sample was resolved in 100 μl ethanol and analyzed via HPLC 

equipped with the chiral column Chiralpak IB. After the HPLC analysis, 0.0167 μmol of 

authentic (2R,6R)-HNK (4.5 μl 3.7 mM freebase) were added to the same HPLC vial, which 

was then measured again. This procedure was repeated: 0.033 μmol of (2R,6R)-HNK standard 

was added to the same vial and measurement again. 

 

Oxidation of (2R,4S)-hydroxyketamine. The reaction was carried out as described in the 

section The reaction mixture contained 500 μM (2R,4S)-

hydroxyketamine freebase (dissolved in DMSO), 2.5 μM CYP154E1 V286G/I238Q/M388A 

(crude cell lysate), 2.5 μM purified FdR, 25 μM purified YkuN, 200 μM NADPH, 5 U/ml GDH in 

the presence of 20 mM glucose for cofactor regeneration and 600 U/ml catalase. After 18 

hours, reactions were stopped by addition of 125 μl of 1 M Na2CO3 and 10 μl of 12 mM xylazine 

hydrochloride as internal standard. Reactions were extracted twice with 200 μl ethyl acetate 

and the combined organic phases were evaporated to dryness. Evaporated samples were 

resolved in a 1:1 mixture of acetonitrile and water and analyzed via LC/MS equipped with a 

Chromolith® Performance RP-8e 100-4.6 mm (Merck Millipore) column in combination with a 

Chromolith® RP-8e 5-4.6 mm guard cartridge. 
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Results 

INITIAL SCREENING FOR CYP154E1 STARTING VARIANT 

 

Fig. S2. Conversion of (R)-ketamine and product distribution observed with all possible I238 mutants of 
CYP154E1 except for I238P. Green columns represent the ratio of the desired (2R,6)-
hydroxynorketamine. Conversion (secondary y-axis) is represented by transparent purple columns 
overlaid with the columns for the product distribution (primary y-axis). Mean values are calculated from 
three separate experiments. WT: wild type. 

 

 

Fig. S3. Conversion of (R)-ketamine with CYP154E1 double mutants and product distribution. Mutation 
M388A was introduced to the best performing single mutants from Figure S1. Green columns represent 
(2R,6)-hydroxynorketamine and dark-blue columns represent (2R,6)-hydroxyketamine (percentage of 
(2R,6)-hydroxyketamine and (2R,6)--hydroxynorketamine are presented left of the respective column). 
Conversion (secondary y-axis) is represented by transparent purple columns overlaid with the columns 
for the product distribution (primary y-axis). Mean values are calculated from three separate 
experiments. 
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Table S2. Oxidation of (R)-ketamine catalyzed by CYP154E1 variants containing I238Q, L289T and 
M388A mutations and their combinations as well as by the quadruple mutant. (R)-NK: (R)-norketamine; 
(2R,6)-HNK: (2R,6)-hydroxynorketamine, (2R,6)-HK: (2R,6)-hydroxyketamine.  

  Product distribution [%] 

CYP154E1 

variants 

Conversion 

[%] 
(2R,6)-HNK 

(2R,6)

-HK 

(2R,4S)-

HK 

(2R,4S)-

HNK 
(R)-NK Others 

L289T 11 - - - - 100 - 

L289T/I238Q >99 61 30 - - - 9 

L289T/M388A 55 14 4 - - 76 5 

I238Q/M388A 98 9 12 15 47 1 16 

L289T/I238Q/ 

M388A 
>99 85 10 - - - 5 

V286G/L289T/ 

I238Q/M388A 
>99 32 67 - - - 1 

 

 

KINETICS 

 

Fig. S4. Kinetics of the L289T/I238Q/M388A-catalyzed oxidation of (S)-ketamine. Reactions were 
carried out using 0.5 μM P450, 0.5 μM FdR and 40 μM YkuN. Reactions were stopped after 3  17 min. 
Data were plotted to the Michaelis-Menten equation. 
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IDENTIFICATION OF THE DESIRED PRODUCT (2R,6R)-

HYDROXYNORKETAMINE BY SPIKING 

 

Fig. S5. HPLC analysis of the reaction catalyzed by the L289T/I238Q/M388A/ mutant (TQA). Blue: 
Conversion of 500 μM (R)-ketamine; orange: blue + 0.0167 μmol of authentic (2R,6R)-HNK; grey: blue 
+ 0.033 μmol of authentic (2R,6R)-HNK. Analysis was carried out on the chiral column Chiralpak IB 
(0.46 cm Ø x 25 cm, Chiral Technologies Europe).
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LC/MS ANALYSIS OF (2R,4S)-HYDROXYKETAMINE CONVERSION 

 

Fig. S6. LC/MS analysis of (2R,4S)-hydroxyketamine oxidation. A: LC/MS chromatogram of the 
conversion of (2R,4S)-hydroxyketamine (1) by CYP154E1 V286G/I238Q/M388A (GQA) compared to 
the negative control without P450. IS: internal standard xylazine. B: ESI MS spectrum of (2R,4S)-
hydroxyketamine (1). 254 m/z corresponds to [M+H]+; 256 m/z corresponds to [M+H]+ and results from 
the 37Cl isotope (compared to the 35Cl isotope). C: ESI MS spectrum of (2). 240 m/z results from a loss 
of the methyl group ( ). 242 m/z is again attributes to the 37Cl isotope (compared to the 35Cl 
isotope). Therefore, the product of the (2R,4S)-hydroxyketamine oxidation must be (2R,4S)-
hydroxynorketamine (demethylated product). 
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NMR ANALYSIS 

 

 

 

 

Fig. S7. 1H NMR of (2R,6R)-hydroxynorketamine in MeOD. Enlargement of the doublet of doublets for 
the proton sitting at C6 with the hydroxyl group and the proton patterns of the cyclohexanone system. 
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Fig.S8. 13C NMR of (2R,6R)-hydroxynorketamine in MeOD. 

 

Fig. S9. 1H-13C HSQC spectrum of (2R,6R)-hydroxynorketamine in MeOD. Signals of impurities were 
cut out for simplicity. 



16 
 

 

Fig. S10. 1H-13C HMBC spectrum of (2R,6R)-hydroxynorketamine in MeOD. Signals of impurities were 
cut out for simplicity.
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Fig. S11. 1H NMR of (2R,6)-hydroxyketamine in MeOD. *: Solvent impurities. Enlargement of the doublet 
of doublets for the proton sitting at C6 with the hydroxy group and the proton patterns of the 
cyclohexanone system. 
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Fig. S12. 13C NMR of (2R,6)-hydroxyketamine in MeOD. *: Solvent impurities. 

 

Fig. S13. 1H-13C HSQC spectrum of (2R,6)-hydroxyketamine in MeOD. Signals of impurities were cut 
out for simplicity. 
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Fig. S14. 1H-13C HMBC spectrum of (2R,6)-hydroxyketamine in MeOD. Signals of impurities were cut 
out for simplicity. 
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DOCKING OF (R)-KETAMINE AND (R)-NORKETAMINE 

 

Fig. S15. Best scored rigid docking poses of (R)-ketamine in the model A (A) and model B (B) and of 
(R)-norketamine in the model B (C) of the active site of CYP154E1 L289T/I238Q/M388A. Dashed yellow 
lines indicate distances between atoms. Light-blue colored residues: residues of the first-sphere; dark-
blue colored residues: first-sphere mutations I238Q, L289T and M388A. The numerical distance is given 
in Å. 
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I Supporting Methods 

 
Figure S1. Protein backbone RMSD from the unliganded MD simulations of the V78A/F87A 

P450 BM3 mutant prepared from the 1JPZ crystal structure.  

 
 

 
Figure S2. The HF/6-31G*//B3LYP/6-31G* level of theory RESP charges for  

β-cembrenediol, which are shown in blue for the C-atoms, in green for the H-atoms, and in 

black for the O-atoms. 
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II ββ-cembrenediol Docking 

 
Figure S3. β-Cembrenediol conformational ensemble from OMEGA (in colored sticks), 

overlaid with the crystal structure (CCDC number: 1193351, in gray balls and sticks), shown 

from two different perspectives. 

 
 

 

 

Figure S4. Pairwise RMSDs between the four binding modes of β-cembrenediol (from 

docking simulation) considered for MD and HREX-MD simulations. The RMSDs were 

calculated after structural alignment of the complexes to the positions of the heme atoms. The 

RMSD values between 2 and 6 Å indicate that the four binding modes of β-cembrenediol 

differ from each other. 
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For studying the binding of β-cembrenediol (1) to V78A/F87A P450 BM3 in more detail, we 

performed 200 ns MD simulations of the enzyme–ligand complex. The MD simulations 

showed that binding modes 1 and 3 are stable (substrate RMSD ~ 2 Å), while in modes 2 and 

4 the substrate RMSD quickly jumps to values > 3 and 5 Å, respectively, and remains 

constant for the rest of the simulations (Figure S5). 

 

 
Figure S5. RMSD of the β-cembrenediol 14-membered macrocyclic ring, after protein 

backbone alignment, from the unbiased MD simulations. Panels a–d report values for the 

simulations initiated from the binding modes 1–4, described in Figure S4.  

 

To better estimate the extent of the substrate sampling in the active site, we measured the 

distances between the axial oxygen of cI and several C atoms of 1. Figure S6 shows that all 

atom pairs in simulations starting from binding modes 1, 2, and 4 sample a unimodal distance 

distribution. It should be noted, however, that the sampled modes in simulations 2 and 4 (with 

high RMSD values) are very far away from the initial ones, as indicated by the severe 

mismatch in the initial and the most-sampled distances. This means that after the substrate 

changed its initial binding mode in the first 10–50 ns, it finds a metastable position and does 

not sample any further conformations. In the simulation initiated from binding mode 3, 

however, narrow bimodal distance distributions can be observed for all investigated atoms of 

the substrate. This indicates that the substrate samples its initial and a geometrically close 
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conformation, typically within 2 Å. The distance analysis, together with the RMSD profiles, 

suggests an overall rigid behavior and not much conformational diversity within any single 

simulation. While the C9- and C10-atoms in binding modes 2 and 3 sample distances close to 

cI that could lead to chemical reactions, the C7/C8-atoms are rarely closer than 5 Å. Thus, the 

experimental presence of the epoxidation products cannot be explained with these MD 

simulations due to their limited sampling of the configuration space. 

 

 

Figure S6. Distance distribution between the axial oxygen of cI and the selected  

β-cembrenediol  C-atoms from the unbiased 200 ns MD simulations started from binding 

modes 1–4 (panels a–d). C7/C8 indicates the center of mass of the two atoms. The  marks 

the initial distances in each of the simulations. 

 

In HREX-MD simulations, a number of replicas is run with predefined Hamiltonians that 

typically scale down the intermolecular interactions.1,2 As neighboring replicas are allowed to 

exchange their coordinates according to the Metropolis criterion, the random walk through the 

Hamiltonian space allows for enhanced conformational sampling and calculation of 

thermodynamic properties. In addition, HREX-MD simulations were shown to be a good and 

inexpensive method to study protein–ligand interactions.3 The RMSD of 1 from HREX-MD 

simulations is shown in Figure S7. 
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Figure S7. RMSD of the β-cembrenediol 14-membered macrocyclic ring, after protein 

backbone alignment, from 115 ns-long HREX-MD simulations. Panels a–d report values for 

simulations initiated from the binding modes 1–4, described in Figure S3. 
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III Binding Density Surfaces 

 

Figure S8. Binding density surfaces describing stereoselectivity of β-cembrenediol 

hydroxylation at positions (a) C9 and (b) C10. In case of the C9-hydroxylation, the pro-R 

maximum is less favorable than that of pro-S, which corresponds to an experimental ratio of 

1:3 of the R- (3a) and S-products (3b). For the C10-hydroxylation, the pro-R maximum is also 

less prominent than the pro-S one, which contradicts experimental findings of 10R (4a) being 

a more dominant product than 10S (4b). This discrepancy in our model could be an artifact of 

generally sampling only a small number of conformations leading to C10-hydroxylation, 

which would prevent a reliable assignment of relative epimer stabilities. 
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IV Mutagenesis Hotspots 

 

Figure S9. The six most populated structures, labeled A to F, obtained from clustering of the 

different binding modes of β-cembrenediol are mapped onto different binding density 

surfaces (a) to (d), which are described in detail in Figures 3 and S8.  
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Figure S10. The conformations explored during short MD simulations performed for the 

MM/PBSA calculations are shown. The simulations were started from the six dominant 

clusters A to F shown in Figures S9 and they sampled only a narrow conformational region 

around these binding modes. An exception is cluster B, which sampled three states, of which 

two correspond to 9R-hydroxylation. 

 
 

  



 S10 

Choosing mutagenesis hotspots requires first defining a goal G, such as increasing 

regioselective C10-hydroxylation. Based on our premise that the enzyme selectivity is linked 

to the amount of time that the substrate spends in an orientation proper for the reaction to 

occur, hotspot selection should aim to stabilize exclusively the productive substrate binding 

modes, p, and destabilize any unproductive binding modes, u. According to our formalism, a 

residue r is stabilizing for a goal G(r) if it does not bind less tightly to the substrate in any p 

than in any u, and if it binds more tightly to the substrate in at least one p than in at least one 

u. That is, if all of the following are true:  

           (S1) 

and at least one of the following is true: 

  ,         (S2) 

where  and  are the binding free energies of residue r to 1 in the productive and 

unproductive modes obtained from clusters A to F, respectively, and c is a small positive 

threshold (1 kcal mol–1). This threshold is needed because MM/PBSA does not perfectly 

estimate substrate binding free energies, so there will be some error in each estimate. In a 

similar manner, a residue r is destabilizing for a goal G(r) if all of the following are true: 

           (S3) 

and at least one of the following is true: 

  .         (S4) 

It should be noted that a residue can be neither stabilizing nor destabilizing if 1) it does not 

have any interaction energy whose absolute value is greater than the 1 kcal mol–1 threshold,  

2) it stabilizes some productive clusters but destabilizes others for the same goal, 3) it 

stabilizes both productive and unproductive clusters for the same goal, or 4) it destabilizes 

both productive and unproductive clusters for the same goal. Amino acid residues that are not 

near the active site fall into group 1) as they do not interact with the substrate and are neither 

stabilizing nor destabilizing for any goal. 

To better understand our criteria for mutagenesis hotspot selection, let us consider a 

theoretical example with the binding energies (in kcal mol–1) given in the table below. Let us 

further assume that clusters 1 and 2 are productive (the substrate is oriented so as to facilitate 

the reaction) and cluster 3 is unproductive for a certain goal. 
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Residue Cluster 1 Cluster 2 Cluster 3 

Ala1 - 2.5 - 2.0 - 1.5 

Glu3 - 5.5 + 3.2 - 5.4 
 

Based on these numbers, Glu3 binds by 0.1 kcal mol–1 more favorably to the ligand in the 

productive cluster 1 than in the unproductive cluster 3.  If it would only be required that either  

 or  is true, then Glu3 would be stabilizing because the 

first of the two inequalities is fulfilled. However, Glu3 binds by  

8.6 kcal mol–1 less favorably in the productive cluster 2 than in cluster 3. Thus, it destabilizes 

the cluster 2 by a much greater amount than it stabilizes cluster 1. We therefore require for the 

binding free energies of a stabilizing residue to be lower in all the productive clusters than the 

energies (plus threshold c) in all the unproductive ones (inequality (S1)), and that at least one 

of the productive clusters does not have a higher energy for this residue than its energy (minus 

threshold c) in at least one unproductive cluster (equation (S2)). Both requirements are not 

fulfilled by Glu3, but Ala1 meets both inequalities. For a residue to be destabilizing, it would 

need to fulfill all requirements in (S3) and at least one in (S4). Therefore, Glu3 is a 

destabilizing residue as it meets the criteria (S3) and (S4). 
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V Experimental Confirmation 

 
Figure S11. LC/MS-chromatograms of P450 BM3 oxidation products of β-cembrenediol (1). 

The parent mutant (a) bears two mutations (V78A and F87A) while the new engineered 

mutants (b–k) have an additional one: (b) K69R, (c) S72A, (d) S72I, (e) S72L, (f) L75A, (g) 

T268A, (h) T268S, (i) A328S, (j) F331Y, (k) F331T. The negative control (l) consisted of an 

empty pET28a vector, substrate 1, and the internal standard (IS), i.e., dioctylphthalate.  
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Table S1. Product distribution of β-cembrenediol (1) oxidation by V78A/F87A P450 BM3 

and its designed mutants. 

Mutation Conversion 
(%) 

Product distribution (%) a,b 

2 3a 3b 4a 4b 4c other 

— 98 23.8 10.4 31.9 7.6 4.7 — 21.6 

K69R 13 35.6 — 17.2 12.4 16.0 — 18.9 

S72A 92 26.3 5.8 23.7 15.8 11.4 — 17.1 

S72I 17 23.3 — 19.3 16.0 20.0 — 21.5 

S72L 24 23.6 3.0 18.4 21.9 20.5 — 12.5 

L75A > 99 — — — 28.8 29.3 4.8 37.1 

T268A 78 18.9 13.4 18.3 9.6 8.4 — 31.4 

T268S 90 40.5 10.1 18.9 6.7 4.9 — 18.9 

A328S 11 56.8 — 10.6 5.5 5.8 — 21.3 

F331Y 90 30.4 9.3 34.0 6.5 5.4 — 14.4 

F331T 96 28.9 5.4 33.3 7.1 6.7 — 18.6 

a Differences from 100% can occur due to rounding. 

b The product distribution was calculated based on the observed product peak areas under the assumption that the 

ionization of the metabolites is similar. 
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Supporting experimental section 

LC/MS analysis 

Samples were analyzed on a Prominence/LC/MS 2020 (Shimadzu) using a Chromolith 

Performance RP-18e column 100 - 4.6 mm (Merck, Darmstadt, Germany). The column 

temperature was set to 30 °C and the flow rate was 1 mL/min. Gradient elution with 0.1 % 

formic acid in water and methanol was applied. Mass spectrometry was done in a dual 

ionization mode with ESI and APCI. Samples were detected in a positive scan mode. 

NMR analysis 

NMR spectra were recorded on a Bruker Avance 300, Avance 500 or Avance 700 spectrometer 

with TMS as internal standard. In the case of E/Z-isomers, data of the major isomer are given. 

IR spectra were recorded on a Bruker Vektor22 spectrometer equipped with an MKII golden 

gate single reflection diamant ATR system. Mass spectra were recorded with a Varian MAT 

711 spectrometer (EI, 70 eV) and a Bruker Daltonics micrOTOF_Q (ESI) with nitrogen as 

carrier gas. Control of reactions and purity was performed with a Hewlett-Packard HP 6890 

equipped with a HP-5 column (30 m  0.32 mm). Chromatography was performed on silica gel 

(grain size 40 -dried 

glassware. All reagents were used as purchased unless otherwise noted. Solvents for 

chromatography were distilled prior to use. THF was distilled from potassium/benzophenone, 

Et2O from sodium/benzophenone, CH2Cl2, Et3N and DMF from CaH2, and MeOH from 

magnesium. The reactions were monitored by TLC (Macherey-Nagel silica gel 60 F254 plates) 

and visualized with an ethanolic solution of p-anisaldehyde and sulfuric acid or an aqueous 

solution of potassium permanganate, potassium carbonate and NaOH.  

Dimethyl 2-(but-3-en-1-yl)-2-(undec-10-en-1-yl) malonate S1 and 3-(but-3-en-1-yl)tetradec-

13-en-2-one S3 were prepared according ref.[1]  

General procedure for the ring closing metathesis with Grubbs II catalyst [GP 1] 

In a dry Schlenk flask Grubbs II catalyst (1,3-bis-(2,4,6-trimethylphenyl)- 2 imidazol-

idinyliden)-dichloro-(tricyclohexylphosphin)-ruthenium (2.54 mg, 2.99 μmol) was dissolved in 

CH2Cl2 (12 mL). Then was added a solution of the diene (29.9 μmol) in CH2Cl2 (3 mL) and the 

mixture was refluxed for 14 h. After cooling to room temp. the catalyst was removed by filtration 

over silica and the solvent removed in vacuo. The crude product was purified by column 

chromatography on silica.  
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Dimethyl (Z)-cyclotetradec-4-ene-1,1-dicarboxylate (1d)   

According to GP 1 dimethyl 2-(but-3-en-1-yl)-2-(undec-10-en-1-yl) malonate S1 (80.0 mg, 

240 μmol) was treated with Grubbs II (10.2 mg, 12.0 μmol). The crude product was purified by 

flash chromatography on silica (eluent: PE / Et2O = 150 :  : 1) to yield  

a pale yellow solid (34.0 mg, 110 μmol, 46 %) of an E/Z mixture (11 : 89 via 13C NMR). 

 

Rf = 0.44 (PE / Et2O = 4 : 1, KMnO4); 1H NMR (500 MHz, CDCl3 -1.49 (m, 14H, 3-H, 

4-H, 5-H, 6-H, 7-H, 8-H, 9-H), 1.79-2.15 (m, 8H, 2-H, 10-H, 13-H, 14-H), 3.71 (s, 6H, 

2 x CO2CH3), 5.29-5.54 (m, 2H, 11-H, 12-H) ppm. 13C-NMR (125 MHz, CDCl3 -3), 

21.5 (C-13), 23.8, 24.2, 25.4, 26.1, 26.9, 27.4 (C-4, C-5, C-6, C-7, C-8, C-9, C-10), 30.1 (C-2), 

31.2 (C-14), 52.4 (2 x CO2CH3), 57.0 (C-1), 128.0, 130.5 (C-11, C-12), 172.2 (2 x CO2CH3) 

ppm. MS (ESI): m/z = 333.2 [M + Na]+, 254.9, 220.2, 202.2, 145.1. HRMS (ESI): C18H30NaO4
+ 

calcd. 333.2036 [M + Na]+, found 333.2028. FT-IR (ATR):  = 2926 (s), 2854 (m), 2260 (w), 

1735 (vs), 1434 (m), 1262 (m), 1201 (s), 994 (w), 911 (m) cm-1. CHN analysis: C18H30O4 (310.4 

g/mol), calcd. C 69.64 %, H 9.74 %; found C 69.40 %, H 9.73 %. The spectroscopic data are 

in accordance with ref.[2]   

 

Cyclotetradec-4-en-1,1-diyldimethanol (1c)  

A solution of dimethyl (E)-cyclotetradec-4-ene-1,1-dicarboxylate 1d (200 mg, 0.65 mmol) in  

CH2Cl2 (6 mL) was cooled to -78 °C and DIBAL-H (4.54 mL, 4.54 mmol, 1M in toluene) were 

dropwise added. The mixture was warmed to -25°C and stirred for 2 h. Then the mixture was 

hydrolyzed with sat. Seignette salt solution (15 mL) and diluted with CH2Cl2 (60 mL).  The gel 

like precipitate was removed by filtration via Celite and washed with CH2Cl2 (150 mL). The 

aqueous layer was extracted with CH2Cl2 (3  30 mL) and the combined organic layers were 

dried over MgSO4 getrocknet. The crude product was purified by flash chromatography on 

silica (eluent: PE / Et2O = 2 : 1) to yield a colorless solid (128 mg, 0.50 mmol, 78 %) as an E/Z 

mixture (17 : 83 by 1H NMR).  

 

Rf = 0.21 (PE / Et2O = 2 : 1, anisaldehyde). Mp.: 122 °C. 1HNMR (500 MHz, CDCl3 -

1.23 (m, 2H, 13-H), 1.23-1.40 (m, 16H, 2-H, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H, 14-H), 1.94-2.04 



4 

(m, 4H, 3-H, 6-H), 2.22-2.30 (m, 2H, OH), 3.57 (s, 4H, CH2OH), 5.37 (dt, J = 10.8, 7.2 Hz, 1H, 

4-H), 5.42 (dt, J = 10.8, 7.1 Hz, 1H, 5-H) ppm.13C NMR (125 MHz, CDCl3 -13), 

20.6 (C-3), 23.6, 23.9, 26.0, 26.7, 27.1, 27.4, 29.3, 30.1 (C-2, C-7, C-8, C-9, C-10, C-11, C-12, 

C-14), 41.4 (C-1), 69.7 (CH2OH), 129.4 (C-4), 129.7 (C-5) ppm. MS (EI): m/z (%) = 254.3 (1) 

[M]+, 236.2 (69) [M - H2O]+, 218.2 (10) [M  2 H2O]+, 205.2 (52) [M - H2O - CH2OH]+, 191.2 (5) 

[C14H23]+, 175.2 (7) [C13H19]+, 161.1 (8) [C12H17]+, 149.1 (12) [C11H17]+, 135.1 (17) [C10H15]+, 

123.1 (32) [C9H15]+, 109.1 (63) [C8H13]+, 95.1 (90) [C7H11]+, 81.0 (100) [C6H9]+, 67.0 (97) [C5H7]+, 

55.0 (87) [C4H7]+, 41.0 (70) [C3H5]+. HRMS (EI): C16H30O2
+ calcd. 254.2246 [M]+, found 

254.2251. FT-IR (ATR):  = 3313 (s), 3002 (w), 2927 (vs), 2858 (s), 1686 (w), 1461 (m), 1258 

(w), 1029 (s), 967 (w), 892 (w), 709 (m) cm-1. 

 

(E)-1-(Cyclotetradec-4-en-1-yl)ethan-1-one (S-HEI125c) 

According to GP 1 3-(but-3-en-1-yl)tetradec-3-en-2-one S3 (230 mg, 870 μmol) was treated 

with Grubbs II catalyst (37.0 mg, 43.5 μmol). The crude product was purified by flash 

chromatography on silica (eluent: PE / Et2O = 125 : 100 : 1) to yield a colorless solid 

(42.0 mg, 178 μmol, 20 %) of an E/Z mixture (79 : 21 via 1H NMR).  

 

Rf = 0.65 (PE / Et2O = 5 : 1, anisaldehyde). 1H NMR (500 MHz, CDCl3 -1.50 (m, 16H, 

2-H od. 14-H, 3-H, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H), 1.57-1.65 (m, 2H, 2-H od. 14-H), 1.72-1.88 

(m, 2H, 10-H od. 13-H), 2.14 (s, 3H, C(O)CH3), 1.98-2.23 (m, 2H, 10-H od. 13-H), 2.70-2.81 

(m, 1H, 1-H), 5.29-5.34 (m, 2H, 11-H, 12-H) ppm. 13C NMR (125 MHz, CDCl3

24.2, 24.4, 24.5, 26.5, 27.1, 27.7, 29.7, 30.2, 31.1 (C-2, C-3, C-4, C-5, C-6, C-7, C-8, C-9, C-

10, C-13, C-14), 28.9 (C(O)CH3), 47.1 (C-1), 130.5, 132.4 (C-11, C-12), 213.4 (C(O)CH3) ppm. 

MS (EI): m/z (%) = 236.2 (100) [M]+, 221.2 (4) [M  CH3]+, 203.2 (1), 193.2 (7) [M  C(O)CH3]+, 

178.2 (19), 161.1 (4), 154.1 (8), 135.1 (10), 122.1 (10), 109.1 (16), 95.1 (24), 81.0 (25), 71.0 

(53), 55.0 (31), 43.0 (44). HRMS (EI): C16H28O+ calcd. 236.2140 [M+], found 236.2142. FT-IR 

(ATR): ~  = 2923 (s), 2853 (s), 1715 (s), 1457 (m), 1376 (w), 1351 (w), 1245 (w), 1164 (w), 

971 (m), 904 (vs), 727 (vs), 650 (s) cm-1. CHN analysis: C16H28O (236.2 g/mol), calcd. C 

81.29 %, H 11.94 %; found C 80.72 %, H 11.88 %. 

 

1-(Cyclotetradec-4-en-1-yl)ethanol (1b)  

A solution of (E)-1-(cyclotetradec-4-en-1-yl)ethan-1-one S2 (100 mg, 0.63 mmol) inCH2Cl2 

(6 mL) was cooled to -78 °C and DIBAL-H (1.40 mL, 1.40 mmol, 1M in toluene) were dropwise 

added. The mixture was stirred at -78°C for 2 h. Then the mixture was hydrolyzed with sat. 



5 

Seignette salt solution (15 mL) and diluted with CH2Cl2 (60 mL).  The gel like precipitate was 

removed by filtration via Celite and washed with CH2Cl2 (150 mL). The aqueous layer was 

extracted with CH2Cl2 (3  30 mL) and the combined organic layers were dried over MgSO4. 

The crude product was purified by flash chromatography on silica (eluent: PE / Et2O = 5 : 1) to 

yield a colorless oil (147 mg, 0.62 mmol, 97 %) as (1 : 1) mixture of diastereomers. 

 

Rf = (PE / Et2O = 5 : 1, anisaldehyde). The marked signals (*) belong to one diastereomer. 1H 

NMR (500 MHz, CDCl3):  = 1.13-1.19 (m, 4H, 13-H, 13-H*), 1.14 (d, J -H), 

1.16 (d, J -H*), 1.19-1.47 (m, 32H, 2-H, 2-H*, 7-H, 7-H*, 8-H, 8-H*, 9-H, 9-H*, 

10-H, 10-H*, 11-H, 11-H*, 12-H, 12-H*, 14-H, 14-H*), 1.56-1.65 (m, 2H, 1-H, 1-H*), 2.02-2.09 

(m, 4H, 6-H, 6-H*), 2.09-2.18 (m, 4H, 3-H, 3-H*), 3.93- - -H*), 5.24-5.41 (m, 

4H, 4-H, 4-H*, 5-H, 5-H*) ppm. 13C NMR (125 MHz, CDCl3):  = 19.3 (C- -

24.2, 24.27, 24.33, 24.4, 24.6, 24.7, 24.80, 24.83, 25.7, 26.5, 26.93, 26.94, 27.0, 27.5 (C-2, C-

2*, C-7, C-7*, C-8, C-8*, C-9, C-9*, C-10, C-10*, C-11, C-11*, C-12, C-12*, C-13, C-13*, C-14, 

C-14*), 29.6 (C-3), 30.0 (C-3), 30.9 (C-6), 31.1 (C-6), 37.6 (C-1), 38.1 (C-1), 68.2   (C-

(C- -4), 131.3 (C-4), 131.5 (C-5), 131.6 (C-5) ppm. MS (EI): m/z (%) = 238.2 (41) 

[M]+, 220.2 (100) [M - H2O]+, 205.2 (6) [M - H2O - CH3]+, 191.2 (15) [M - H2O - C2H5]+, 177.2 (7) 

[C13H21]+, 163.1 (11) [C12H19]+, 149.1 (19) [C11H17]+, 135.1 (23) [C10H15]+, 121.1 (21) [C9H13]+, 

109.1 (36) [C8H13]+, 95.1 (60) [C7H11]+, 81.0 (59) [C6H9]+, 67.0 (58) [C5H7]+, 55.0 (69) [C4H7]+, 

41.0 (49) [C3H5]+. HRMS (EI): C16H30O+ calcd. 238.2297 [M]+, found 238.2298. FT-IR (ATR):  

= 3361 (m), 2925 (vs), 2856 (s), 1444 (m), 1371 (w), 1289 (w), 1096 (m), 967 (m), 880 (w), 

708 (w) cm-1. 

 

5-(Prop-1-en-2-yl)cyclotetradec-1-ene (1a)  

To a cooled solution of methyltriphenylphosphoniumbromide (911 mg, 2.55 mmol) in THF 

(10 mL) was added nBuLi (1.6 M in hexane, 1.59 mL, 2.55 mmol) at 0°C stirred for 30 min. 

Then was added a solution of (E)-1-(cyclotetradec-4-en-1-yl)ethan-1-one S2 (120 mg, 

510 mol) in THF (5 mL) and the mixture was stirred for 40 h at room temp., followed by 

quenching with sat. NH4Cl (10 mL), extraction with hexane (3  30 mL), drying over MgSO4 

and removal of the solvent in vacuo. Purification of the crude product by flash chromatography 

on silica (eluent: pentane)  yielded a colorless oil (110 mg, 470 μmol, 92 %). 
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Rf = 0.95 (pentane, anisaldehyde). 1H NMR (500 MHz, CDCl3 -1.52 (m, 18H, 2-H, 7-

H, 8-H, 9-H, 10-H, 11-H, 12-H, 13-H, 14-H -H), 1.91-1.98 (m, 1H, 3-Ha), 2.02-

2.08 (m, 2H, 6-H), 2.08-2.14 (m, 1H, 3-Hb), 2.47 (dddd, J = 11.2, 7.8, 6.9, 3.9 Hz, 1H, 1-H), 

4.85- -Ha), 4.89- -Hb), 5.23-5.34 (m, 2H, 4-H, 5-H) ppm. 13C NMR 

(125 MHz, CDCl3) - -7, C-8, C-9, C-

10, C-11, C-12, C-13), 29.5 (C-14), 29.8 (C-6), 31.5 (C-2), 32.0 (C-3), 40.4 (C-1), 112.6 (C-

132.0, 132.1 (C-4, C-5), 147.6 (C-  MS (EI): m/z (%) = 234.2 (100) [M]+, 219.2 (8) 

[C16H27]+, 205.2 (3) [C15H25]+, 191.2 (10) [C14H23]+, 177.2 (2) [C13H21]+, 163.2 (3) [C12H19]+, 149.1 

(10) [C11H17]+, 135.1 (13) [C10H15]+, 121.1 (16) [C9H13]+, 109.1 (29) [C8H13]+, 95.1 (44) [C7H11]+, 

82.1 (55) [C6H10]+, 69.1 (44) [C5H9]+, 55.0 (36) [C4H7]+, 41.0 (35) [C3H5]+. HRMS (EI): C17H30
+ 

calcd. 234.2348 [M]+, found 234.2345. FT-IR (ATR):  = 2924 (vs), 2852 (s), 1643 (w), 1441 

(m), 1374 (w), 969 (m), 888 (m), 837 (w), 778 (w), 712 (w) cm-1. 

 

Cyclotetradec-4-en-1,1-diylbis(methylen)diacetate (S5) 

To a solution of cyclotetradec-4-en-1,1-diyldimethanol 1c (90.0 mg, 0.35 mmol) in CH2Cl2 

(5 mL) were added  DMAP (2.20 mg, 18.0 μmol) and Ac2O (288 mg, 2.83 mmol) and the 

resulting mixture was stirred for 18 h at room temp. Then was added MeOH (5 mL) and stirring 

was continued for 1 h. The mixture was diluted with hexanes (50 mL), the organic layer was 

washed with H2O (2  10 mL) and brine (10 mL), dried over MgSO4 and evaporated. 

Purification of the crude product by flash chromatography on silica (PE / EtOAc = 2 : 1) yielded 

colorless crystals (114 mg, 0.34 mmol, 95 %). 

 

Rf = 0.90 (PE / EtOAc = 2 : 1, anisaldehyde). Mp.: 72 °C. 1H NMR (500 MHz, CDCl3):  = 1.00-

1.09 (m, 2H, 13-H), 1.10-1.16 (m, 2H, 14-H), 1.19-1.37 (m, 14H, 2-H, 7-H, 8-H, 9-H, 10-H, 11-

H, 12-H), 1.68 (s, 6H, CH3), 1.83-1.90 (m, 2H, 3-H), 1.90-1.97 (m, 2H, 6- -H, 

-H), 5.35 (dt, J = 10.7, 7.6 Hz, 1H, 4-H), 5.45 (dt, J = 10.7, 8.2 Hz, 1H, 5-H) ppm. 
13C NMR (125 MHz, CDCl3):  = 19.1 (C-13), 20.4 (CH3), 20.6 (C-3), 23.9, 24.2, 26.8, 27.4, 

27.7, 30.6 (C-2, C-7, C-8, C-9, C-10, C-11), 25.7 (C-6), 26.3 (C-12), 29.7 (C-14), 39.9 (C-1), 

65.9 (C- - -4), 129.9 (C-5), 170.1 (C=O) ppm. MS (ESI): m/z = 361.23 
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[M + Na]+, 301.14, 279.23, 219.21. HRMS (ESI): C20H34NaO4
+ calcd. 361.2349 [M + Na]+, 

found 361.2346. FT-IR (ATR):  = 2928 (m), 2860 (m), 1738 (s), 1462 (m), 1364 (m), 1226 

(vs), 1041 (s), 983 (w), 710 (w) cm-1. 

 

15-Oxabicyclo[12.1.0]pentadecan-4,4-diylbis(methylene) diacetate (S6) 

To a cooled solution of cyclotetradec-4-en-1,1-diylbis(methylen)diacetate S5 (45.0 mg, 

132 μmol) in CH2Cl2 (6 mL) was added a solution of mCPBA (65.0 mg, 264 μmol, 70 % pure) 

in CH2Cl2 (4 mL) at 0°C. The mixture was stirred for 20 h at 0°C and hydrolyzed with sat. K2CO3 

(10 mL). The layers were separated and the aqueous layer was extracted with CH2Cl2 

(3  40 mL). The combined organic layers were washed with sat. NaHCO3 (2  20 mL), dried 

over MgSO4 and evaporated. The purification of the crude product by flash chromatography 

on silica (PE / Et2O = 5 : 2) yielded a colorless solid (45.0 mg, 126 μmol, 96 %). 

 

Rf = 0.27 (PE / Et2O = 3 : 1, anisaldehyde). Mp.: 75 °C. 1H NMR (500 MHz, CDCl3 -

1.66 (m, 22H, 2-H, 3-H, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H, 13-H, 14- -H, 

-H), 2.91 (ddd, J = 7.8, 4.5, 4.0 Hz, 1H, 4-H), 2.99 (ddd, J = 7.9, 4.9, 4.0 Hz, 1H, 5-H), 3.85-

- -H) ppm. 13C NMR (125 MHz, CDCl3 -13), 20.1 (C-3), 20.9 

(C- - -2, C-7, C-8, C-9, C-10, C-11, 

C-12, C-14), 25.8 (C-6), 39.3 (C-1), 57.0 (C-4), 57.5 (C-5), 65.8, 65.9 (C- - 170.9, 171.0 

(C- - MS (ESI): m/z = 377.23 [M + Na]+, 295.23, 277.22, 235.20, 217.19. HRMS 

(ESI): C20H34NaO5
+ calcd. 377.2298 [M + Na]+, found 377.2304. FT-IR (ATR):  = 2930 (m), 

2860 (m), 1737 (s), 1463 (m), 1365 (m), 1226 (vs), 1034 (s), 915 (w), 732 (w) cm-1. 

 

15-Oxabicyclo[12.1.0]pentadecane-4,4-diyldimethanol (S7) 

To a solution of 15-oxabicyclo[12.1.0]pentadecan-4,4-diylbis(methylene) diacetate S6 

 (15.0 mg, 42.1 μmol) in MeOH (5 mL) was added K2CO3 (10.0 mg, 71.4 μmol) and the mixture 

was stirred for 18 h at room temp., followed by hydrolysis with sat. NH4Cl (5 mL). Die The 

layers were separated and the aqueous layer was extracted with Et2O (2 20 mL). The organic 

layers were dried over MgSO4, evaporated and the crude product was purified by flash 

chromatography on silica (hexane / EtOAc = 3 : 2) to yield a colorless solid (11.0 mg, 40.7 

μmol, 97 %).  
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Rf = 0.12 (PE / EtOAc = 1 : 1, anisaldehyde). Mp.: 125 °C. 1H NMR (500 MHz, CDCl3

1.09-1.68 (m, 22H, 2-H, 3-H, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H, 13-H, 14-H), 2.29-2.49 (br, 

2H, OH), 2.94 (dt, J = 8.0, 4.0 Hz, 1H, 4-H or 5-H), 2.97 (dt, J = 8.5, 4.0 Hz, 1H, 4-H or 5-H), 

3.56- - -H) ppm. 13C NMR (125 MHz, CDCl3

23.6, 25.7, 25.86, 25.93, 26.6, 27.1, 29.3 (C-2, C-3, C-6, C-7, C-8, C-9, C-10, C-11, C-12, C-

13, C-14), 41.0 (C-1), 57.4, 57.6 (C-4, C-5), 69.1, 69.4 (C- - MS (ESI): m/z = 

293.21 [M + Na]+, 253.22, 235.21, 217.19, 135.12, 121.10, 109.10. HRMS (ESI): C16H30NaO3
+ 

calcd. 293.2087 [M + Na], found 293.2074. FT-IR (ATR):  = 3420 (br), 2929 (s), 2853 (m), 

2361 (w), 2245 (w), 1462 (m), 1260 (w), 1052 (m), 1002 (m), 906 (s), 799 (m), 728 (vs), 647 

(w) cm-1. 

 

Dimethyl-15-oxabicyclo[12.1.0]pentadecane-4,4-dicarboxylate (S4) 

To a cooled solution of dimethyl (Z)-cyclotetradec-4-ene-1,1-dicarboxylate 1d (10.0 mg, 32.2 

μmol) in CH2Cl2 (3 mL) was added a solution of mCPBA (15.0 mg, 60.9 μmol, 70% pure) in 

CH2Cl2 (2 mL) at 0°C. The mixture was stirred 20 h bei 0 °C and hydrolyzed by addition of sat. 

K2CO3 (5 mL). The layers were separated and the aqueous layer was extracted with CH2Cl2 

(3  10 mL) extrahiert. The combined organic layers were washed with sat. NaHCO3 

(2  10 mL), dried over MgSO4 and evaporated. Purification of the crude product by flash 

chromatography on silica (eluent: PE / Et2O = 5 : 1) yielded a colorless solid (9.10 mg, 

27.8 μmol, 88 %).  

 

Rf = 0.20 (PE / Et2O = 5 : 1, anisaldehyde). Mp.: 109 °C. 1H NMR (500 MHz, CDCl3 -

0.99 (m, 1H, 13-H), 1.14-1.52 (m, 17H, 3-H, 6-Ha, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H, 13-H), 

1.65-1.73 (m, 1H, 6-Hb), 1.78 (ddd, J = 14.5, 13.7, 3.3 Hz, 1H, 14-Ha), 1.90-1.99 (m, 2H, 2-Ha, 

14-Hb), 2.15 (ddd, J = 14.4, 13.7, 4.4 Hz, 1H, 2-Hb), 2.94 (ddd, J = 8.9, 3.8, 3.5 Hz, 1H, 4-H), 

2.98 (ddd, J = 8.7, 4.5, 3.8 Hz, 1H, 5-H), 3.72 (s, 3H, CH3), 3.74 (s, 3H, CH3) ppm. 13C NMR 

(125 MHz, CDCl3 -13), 21.5 (C-3), 22.7, 23.0, 25.2, 26.9, 31.6 (C-8, C-9, C-10, C-

11, C-12), 24.1 (C-7), 26.3 (C-6), 27.4 (C-2), 30.0 (C-14), 52.5, 52.6 (CH3, CH3), 56.9 (C-1), 

56.6 (C-4), 57.4 (C-5), 171.8, 172.0 (C=O) ppm. MS (ESI): m/z = 349.20 [M + Na]+, 327.22 [M 
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+ H]+, 295.19 [M  OCH3]+, 267.19 [M - CO2CH3]+, 235.17, 207.17, 189.16. HRMS (ESI): 

C18H30NaO5
+ calcd. 349.1985 [M + Na]+, found 349.1985. FT-IR (ATR):  = 2925 (s), 2858 (m), 

1733 (vs), 1461 (m), 1434 (m), 1254 (m), 1220 (m), 1196 (s), 1161 (m), 1120 (w), 1094 (w), 

1006 (w), 881 (w), 829 (w), 797 (w), 749 (w), 724 (w) cm-1. 

 

General procedure for esterification of alcohols with MTPA-Cl [GP 2] 

The reaction was carried out in accordance with the literature.[3]  A solution of the alcohol 

(1.0 equiv.) in dry CH2Cl2 was prepared and cooled to 0 °C in an ice bath for 20 min. Dry 

pyridine (4.0 equiv.), a solution of (S)-(+)- or (R)-(-)- -methoxy- -trifluoromethylphenylacetyl 

chloride (2.5 equiv.) in dry CH2Cl2 (1 mL) and DMAP (0.5 equiv.) were added successively at 

0 °C. The mixture was warmed to room temperature and stirred for 22 h before being quenched 

with saturated NaHCO3 solution (5 mL). The aqueous phase was extracted with CH2Cl2 

(3 x 15 mL) and the combined organic fractions were dried with MgSO4 and evaporated under 

reduced pressure. The intense yellow crude product was then purified using column 

chromatography on silica (eluent: PE / EtOAc = 5 : 1) to give the MTPA ester as a slightly 

yellow oil. 

General procedure for esterification of diols with MTPA-Cl [GP 3] 

The reaction was carried out in accordance with the literature[3] A solution of the diol (1.0 equiv.) 

in dry CH2Cl2 was prepared and cooled to 0 °C in an ice bath for 20 min. Dry pyridine 

(4.0 equiv.), a solution of (S)-(+)- or (R)-(-)- -methoxy- -trifluoromethylphenylacetyl chloride 

(3.5 equiv.) in dry CH2Cl2 (1 mL) and DMAP (0.5 equiv.) were added successively at 0 °C. The 

mixture was warmed to room temperature and stirred for 22 h before being quenched with 

saturated NaHCO3 solution (6 mL). The aqueous phase was extracted with CH2Cl2 (3 x 20 mL) 

and the combined organic fractions were dried with MgSO4 and evaporated under reduced 

pressure. The intense yellow crude product was then purified using column chromatography 

on silica PE / EtOAc = 3 : 1) to give the MTPA diester as a slightly yellow oil. 

Dimethyl (3E,7E,11E)-9-[(tert-butyldimethylsilyl)oxy]-4,8-dimethylcyclotetradeca-3,7,11-

trien-1,1-dicarboxylate (S8) 

The reaction was carried out in accordance with our previously published method.[4]  

Grubbs II catalyst ((1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene)-dichloro(phenyl-

methylene)-(tricyclohexylphosphine)-ruthenium)  (11.7 mg, 14.0 μmol, 0.05 equiv.) was 

suspended in dry CH2Cl2 (140 mL) under a nitrogen atmosphere. The acyclic precursor[4] 

dimethyl 2-(2E,6E)-8-((tert-butyldimethylsilyl)oxy)-3,7-dimethylundeca-2,6,10-trien-1-yl)-2-

((E)-4-methylhex-3-en-1-yl)malonate S9 (150 mg, 280 μmol) was diluted in dry CH2Cl2 (4 mL) 



10 

and added to the Grubbs II catalyst. The mixture was stirred for 48 h under reflux. The reaction 

mixture was filtered through silica and evaporated under reduced pressure. The crude product 

was purified by column chromatography on silica (PE / EtOAc = 50 :  : 1) to yield a 

colorless oil (87.0 mg, 187 μmol, 66 %) as an E/Z mixture (E / Z = 86 : 14 according to GC). 

 

Rf = 0.33 (PE / Et2O = 8 : 1, phosphomolybdic acid). Rt = 23.76 min. 1H NMR (500 MHz, 

CDCl3 -0.02 (s, 3H, Si(CH3)), 0.02 (s, 3H, Si(CH3)), 0.87 (s, 9H, C(CH3)3), 1.52 (s, 3H, 

16-H), 1.56 (s, 3H, 15-H), 1.61-1.70 (m, 3H, 14-Ha, 13-H), 2.02-2.15 (m, 5H, 5-Ha, 6-Ha, 10-H, 

14-Hb), 2.20-2.27 (m, 1H, 5-Hb), 2.32-2.41 (m, 1H, 6-Hb), 2.52-2.58 (m, 1H, 2-Ha), 2.86 (dd, 

J = 15.8, 10.1 Hz, 1H, 2-Hb), 3.71 (s, 3H, CO2CH3), 3.73 (s, 3H, CO2CH3), 3.84 (t, J = 7.4 Hz, 

1H, 9-H), 4.76-4.82 (m, 1H, 3-H), 4.91-4.96 (m, 1H, 7-H), 4.96-5.02 (m, 1H, 11-H), 5.33-5.42 

(m, 1H, 12-H) ppm. 13C NMR (175 MHz, CDCl3 -4.9 (Si(CH3)), -4.7 (Si(CH3)), 10.5 (C-16), 

14.9 (C-15), 18.2 (C(CH3)3), 24.4 (C-6), 25.9 (C(CH3)3), 26.4 (C-13), 29.8 (C-2), 32.0 (C-14), 

37.4 (C-10), 38.8 (C-5), 52.5 (CO2CH3), 52.6 (CO2CH3), 56.5 (C-1), 79.9 (C-9), 118.9 (C-3), 

126.2 (C-7), 127.6 (C-11), 130.7 (C-12), 135.7 (C-8), 137.8 (C-4), 171.8 (CO2CH3), 172.3 

(CO2CH3) ppm. HRMS (ESI): calcd. for [C26H44O5SiNa]+ 487.2850, found 487.2831 [M + Na]+. 

FT-IR (ATR):  = 2953 (m), 2929 (m), 2894 (w), 2856 (m), 1736 (vs), 1602 (w), 1471 (w), 

1453 (w), 1435 (w), 1388 (w), 1361 (w), 1295 (w), 1270 (m), 1250 (m), 1237 (m), 1217 (m), 

1201 (m), 1173 (m), 1065 (s), 1006 (w), 960 (w), 890 (w), 864 (w), 836 (m), 811 (w), 776 (m), 

670 (w), 558 (w) cm-1.  

Dimethyl (3E,7E,11E)-9-hydroxy-4,8-dimethylcyclotetradeca-3,7,11-triene-1,1-

dicarboxylate (3d) 

A solution of dimethyl (3E,7E,11E)-9-[(tert-butyldimethylsilyl)oxy]-4,8-dimethylcyclotetradeca-

3,7,11-trien-1,1-dimalonate S8 (100 mg, 215 μmol) in dry THF (30 mL) was cooled to 0 °C for 

30 min. TBAF (301 μL, 79.6 mg, 301 μmol, 1 M in THF) was added dropwise and the reaction 

mixture was stirred for 48 h at room temp. before being diluted with sat. NaHCO3 (30 mL). The 

aqueous phase was extracted with Et2O (3 × 30 mL) and the combined organic layers were 

dried over MgSO4. The solvent was evaporated and the crude product was purified using 

column chromatography on silica (PE / EtOAc = 5 : 1) to give a colorless solid (56.0 mg, 

160 μmol, 74 %, >95 % GC purity). 

~
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Rf = 0.41 (PE / EE = 3 : 1, phosphomolybdic acid). Rt = 24.62 min. 1H NMR (700 MHz, CDCl3): 

-H), 1.58 (s, 3H, 16-H), 1.64-1.74 (m, 2H, 13-H), 1.80-1.85 (m, 1H, 14-Ha), 

1.91-1.97 (m, 1H, 14-Hb), 2.11-2.19 (m, 3H, 5-Ha, 6-Ha, 10-Ha), 2.20-2.26 (m, 1H, 5-Hb), 

2.28-2.35 (m, 2H, 6-Hb, 10-Hb), 2.64 (dd, J = 15.7, 5.4 Hz, 1H, 2-Ha), 2.77 (dd, J = 15.7, 8.3 Hz, 

1H, 2-Hb), 3.72 (s, 3H, CO2CH3), 3.73 (s, 3H, CO2CH3), 3.98 (dd, J = 8.8, 4.5 Hz, 1H, 9-H), 

4.78-4.82 (m, 1H, 3-H), 5.02 (dt, J = 15.4, 7.7 Hz, 1H, 11-H), 5.04-5.08 (m, 1H, 7-H), 5.46 (dt, 

J = 14.8, 6.8 Hz, 1H, 12-H) ppm. 13C NMR (175 MHz, CDCl3 -16), 14.9 (C-15), 

24.4 (C-6), 26.5 (C-13), 29.9 (C-2), 32.1 (C-14), 35.8 (C-10), 38.8 (C-5), 52.5 (CO2CH3), 52.6 

(CO2CH3), 56.5 (C-1), 77.8 (C-9), 119.1 (C-3), 126.5 (C-11), 126.8 (C-7), 131.9 (C-12), 135.1 

(C-8), 137.6 (C-4), 171.8 (CO2CH3), 172.1 (CO2CH3) ppm. HRMS (ESI): calcd. for 

[C20H30O5Na]+ 373.1985, found 373.1983 [M + Na]+. FT-IR:  = 3535 (br, w) 3427 (br, w), 2951 

(m), 2920 (m), 2852 (w), 1732 (vs), 1436 (m), 1295 (w), 1271 (m), 1202 (m), 1173 (m), 1099 

(w), 1020 (w), 974 (w) cm-1.  

Dimethyl (3E,7E,11E)-5,9-dihydroxy-4,8-dimethylcyclotetradeca-3,7,11-triene-1,1-

dicarboxylate (4)  

Compound 4 was obtained from the cytochrome P450 monooxygenase-catalyzed  oxidation 

of cembranoid-ol 3d. For details see below. 

 

Rt = 26.62 min. 1H NMR (500 MHz, CDCl3 -1.55 (m, 1H, 14-Ha), 1.55-1.63 (m, 1H, 

13-Ha), 1.59 (s, 6H, 15-H, 16-H), 1.63-1.71 (m, 1H, 13-Hb), 2.03-2.16 (m, 2H, 14-Hb, 10-Ha), 

2.20-2.26 (m, 1H, 10-Hb), 2.26-2.33 (m, 1H, 6-Ha), 2.47-2.54 (m, 1H, 6-Hb), 2.54-2.59 (m, 1H, 

2-Ha), 2.89 (dd, J = 16.5, 10.4 Hz, 1H, 2-Hb), 3.70 (s, 3H, CO2CH3), 3.72 (s, 3H, CO2CH3), 3.87 

(dd, J = 10.6, 5.1 Hz, 1H, 9-H), 4.13 (dd, J = 10.6, 4.4 Hz, 1H, 5-H), 4.89-5.00 (m, 2H, 11-H, 

7-H) 5.04 (dd, J = 5.3, 2.5 Hz, 1H, 3-H), 5.41 (ddd, J = 15.1, 8.8, 4.5 Hz, 1H, 12-H) ppm. 13C 

NMR (125 MHz, CDCl3 -16), 10.5 (C-15), 26.4 (C-13), 29.6 (C-2), 31.9 (C-14), 

32.6 (C-6), 35.9 (C-10), 52.6 (CO2CH3), 52.8 (CO2CH3), 56.3 (C-1), 78.0 (C-5), 79.6 (C-9), 

~
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122.7 (C-3), 122.9 (C-7), 126.8 (C-11), 131.4 (C-12), 136.4 (C-8), 139.7 (C-4), 171.4 

(CO2CH3), 172.0 (CO2CH3) ppm. HRMS (ESI): calcd. for [C20H30O6Na]+ 389.1935, found 

389.1904 [M + Na]+. FT-IR (ATR):  = 3389 (br, m), 2922 (s), 2851 (m), 1732 (vs), 1453 (m), 

1365 (w), 1272 (m), 1239 (m), 1206 (m), 1175 (m), 1016 (m), 856 (w), 732 (w), 554 (w) cm-1. 

Mosher esters (S9) of menthol 

D-menthyl-(MTPAR)-ester [(MTPAR,D)-S9] 

Method GP 2 

D-menthol 9.00 mg (57.6 μmol) 

CH2Cl2 1 mL 

abs. pyridine 18.6 μL (18.2 mg, 230 μmol) 

(S)-MTPA-Cl 26.9 μL (36.4 mg, 144 μmol) 

DMAP 3.52 mg (28.8 μmol) 

Yield 22 mg (57.6 μmol, >99 %), slightly yellow oil 

 

Rf = 0.86 (PE : EtOAc = 3 : 1, anisaldehyde). 1H NMR (500 MHz, CDCl3

J = 6.9 a), 0.74 (d, J = 6.9 b), 0.84-0.89 (m, 1H, 1H, 4-Ha), 0.94 (d, 

J = 6.5 Hz, 3H, 3Me), 1.04 (dq, J = 39.6, 26.7, 13.7, 3.4 Hz, 1H, 5-Ha), 1.11 (q, J = 23.4, 

11.6 Hz, 1H, 2-Ha), 1.40-1.45 (m, 1H, 6-H), 1.49-1.60 (m, 2H, 3- -H), 1.64-1.72 (m, 2H, 

5-Hb, 4-Hb), 2.10-2.16 (m, 1H, 2-Hb), 3.58 (s, 3H, OCH3), 4.90 (td, J = 22.3, 11.3, 4.5 Hz, 1H, 

1-H), 7.35-7.42 (m, 3H, Ph), 7.52-7.56 (m, 2H, Ph) ppm. 13C NMR (125 MHz, CDCl3

a b), 22.0 (3Me), 22.8 (C-5), 25.3 (C- -4), 40.5 (C-2), 46.7 (C-6), 

55.5 (OCH3), 77.1 (C-1), 84,3 (q, J(19F) = 29.7 Hz, CCF3), 123.5 (q, J = 289 Hz, CF3), 127.1 

(CHAr), 128.3 (CHAr), 129.5 (CHAr), 132.7 (CAr), 166.1 (CO) ppm. HRMS (ESI): calcd. for 

[C20H27F3O3Na]+ 395.1805, found 395.1921 [M + Na]+. FT-IR:  = 2956 (br, m), 2872 (w), 1831 

(w), 1741 (s), 1497 (w), 1452 (m), 1389 (w), 1371 (w), 1260 (s), 1167 (vs), 1121 (s), 1081 (m), 

1018 (s), 994 (s), 964 (m), 909 (m), 846 (w), 819 (w), 805 (w), 764 (w), 732 (m), 719 (s), 967 

(s), 648 (m), 542 (w), 507 (w), 467 (w)cm-1. 

The spectroscopic data are in accordance with ref.[5] 

D-menthyl-(MTPAS)-ester [(MTPAS,D)-S9] 

Method GP 2 

D-menthol 9.00 mg (57.6 μmol) 

~

~
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CH2Cl2 1 mL 

abs. pyridine 18.6 μL (18.2 mg, 230 μmol) 

(R)-MTPA-Cl 26.9 μL (36.4 mg, 144 μmol) 

DMAP 3.52 mg (28.8 μmol) 

Yield 22 mg (57.6 μmol, >99 %), slightly yellow oil 

 

Rf = 0.86 (PE : EtOAc = 3 : 1, anisaldehyde). 1H NMR (700 MHz, CDCl3

J = 6.9 a), 0.86 (ddd, J = 38.4, 26.1, 12.5Hz, 1H, 4-Ha), 0.87 (d, J = 6.9 Hz, 3H, 

b), 0.91 (d, J = 6.5 Hz, 3H, 3Me), 0.98 (q, J = 23.3, 11.7 Hz, 1H, 2-Ha), 1.06 (dq, J = 39.5, 

25.9, 12.9,3.5 Hz, 1H, 5-Ha), 1.42-1.48 (m, 1H, 6-H), 1.48-1.55 (m, 1H, 3-H), 1.67-1.72 (m, 2H, 

5-Hb, 4-Hb), 1.88 (dquint, J = 28.1, 21.3, 13.8, 6.9, 2.8 -H), 2.06-2.10 (m, 1H, 2-Hb), 

3.53 (s, 3H, OCH3), 4.88 (td, J = 22.1, 11.1, 4.6 Hz, 1H, 1-H), 7.39-7.42 (m, 3H, Ph), 7.51-7.55 

(m, 2H, Ph) ppm. 13C NMR (175 MHz, CDCl3 a b), 20.9 (3Me), 21.8 

(C-5), 24.8 (C- -3), 33.0 (C-4), 39.0 (C-2), 45.6 (C-6), 54.3 (OCH3), 76.4 (C-1), 83.7 

(q, J(19F) = 27.8 Hz, CCF3), 122.4 (q, J = 291 Hz, CF3), 126.4 (CHAr), 127.3 (CHAr), 128.5 (CHAr), 

131.3 (CAr), 165.3 (CO) ppm. HRMS (ESI): calcd. for [C20H27F3O3Na]+ 395.1805, found 

395.1939 [M + Na]+. FT-IR:  = 2956 (br, m), 2872 (w), 1832 (w), 1742 (s), 1452 (m), 1371 

(w), 1261 (s), 1169 (vs), 1122 (m), 1081 (m), 1020 (s), 994 (s), 909 (m), 845 (w), 805 (w), 764 

(w), 719 (s), 967 (m), 648 (m), 508 (w), 470 (w)cm-1. 

The spectroscopic data are in accordance with ref.[5]   

L-menthyl-(MTPAR)-ester [(MTPAR,L)-S9] 

Method GP 2 

L-menthol 10.0 mg (64.0 μmol) 

CH2Cl2 1 mL 

abs. pyridine 19.80 μL (20.2 mg, 256 μmol) 

(S)-MTPA-Cl 54.6 μL (40,4 mg, 160 μmol) 

DMAP 3.91 mg (32.0 μmol) 

Yield 24 mg (64.0 μmol, >99 %), slightly yellow oil 

 

~
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Rf = 0.86 (PE : EtOAc = 3 : 1, anisaldehyde). 1H NMR (500 MHz, CDCl3

J = 6.9 a), 0.86 (ddd, J = 38.4, 26.1, 12.5Hz, 1H, 4-Ha), 0.87 (d, J = 6.9 Hz, 3H, 

b), 0.91 (d, J = 6.5 Hz, 3H, 3Me), 0.98 (q, J = 23.3, 11.7 Hz, 1H, 2-Ha), 1.06 (dq, J = 39.5, 

25.9, 12.9,3.5 Hz, 1H, 5-Ha), 1.42-1.48 (m, 1H, 6-H), 1.48-1.55 (m, 1H, 3-H), 1.67-1.72 (m, 2H, 

5-Hb, 4-Hb), 1.88 (dquint, J = 28.1, 21.3, 13.8, 6.9, 2.8 -H), 2.06-2.10 (m, 1H, 2-Hb), 

3.53 (s, 3H, OCH3), 4.88 (td, J = 22.1, 11.1, 4.6 Hz, 1H, 1-H), 7.39-7.42 (m, 3H, Ph), 7.51-7.55 

(m, 2H, Ph) ppm. 13C NMR (125 MHz, CDCl3 a b), 20.9 (3Me), 21.8 

(C-5), 24.8 (C- -3), 33.0 (C-4), 39.0 (C-2), 45.6 (C-6), 54.3 (OCH3), 76.4 (C-1), 83.7 

(q, J(19F) = 27.8 Hz, CCF3), 122.4 (q, J = 291 Hz, CF3), 126.4 (CHAr), 127.3 (CHAr), 128.5 (CHAr), 

131.3 (CAr), 165.3 (CO) ppm. HRMS (ESI): calcd. for [C20H27F3O3Na]+ 395.1805, found 

395.1776 [M + Na]+. FT-IR:  = 2956 (br, m), 2872 (w), 1832 (w), 1740 (s), 1497 (w), 1452 

(m), 1389 (w), 1372 (w), 1359 (s), 1167 (vs), 1120 (s), 1081 (m), 1017 (s), 993 (s), 964 (s), 909 

(m), 846 (w), 820 (w), 764 (w), 719 (s), 967 (s), 648 (m), 597 (w), 542 (w), 507 (w), 468 (w)cm-1. 

The spectroscopic data are in accordance with ref.[5]   

L-menthyl-(MTPAS)-ester [(MTPAS,L)-S9] 

Method GP 2 

L-menthol 10.0 mg (64.0 μmol) 

CH2Cl2 1 mL 

abs. pyridine 19.80 μL (20.2 mg, 256 μmol) 

(R)-MTPA-Cl 54.6 μL (40,4 mg, 160 μmol) 

DMAP 3.91 mg (32.0 μmol) 

Yield 24 mg (64.0 μmol, >99 %), slightly yellow oil 

 

Rf = 0.86 (PE : EtOAc = 3 : 1, anisaldehyde). 1H NMR (500 MHz, CDCl3):  = 0.67 (d, 

J = 7.1 a), 0.74 (d, J = 6.8 b), 0.84-0.89 (m, 1H, 1H, 4-Ha), 0.94 (d, 

J = 6.8 Hz, 3H, 3Me), 1.04 (dq, J = 39.8, 27.2, 14.3, 3.4 Hz, 1H, 5-Ha), 1.11 (q, J = 23.1, 

11.2 Hz, 1H, 2-Ha), 1.40-1.45 (m, 1H, 6-H), 1.49-1.60 (m, 2H, 3- -H), 1.64-1.72 (m, 2H, 

5-Hb, 4-Hb), 2.10-2.16 (m, 1H, 2-Hb), 3.58 (s, 3H, OCH3), 4.90 (td, J = 22.3, 11.3, 4.5 Hz, 1H, 

1-H), 7.35-7.42 (m, 3H, Ph), 7.52-7.56 (m, 2H, Ph) ppm. 13C-NMR (125 MHz, CDCl3):  = 15.6 

a b), 22.0 (3Me), 22.8 (C-5), 25.3 (C- -4), 40.5 (C-2), 46.7 (C-6), 

55.5 (OCH3), 77.1 (C-1), 84,3 (q, J(19F) = 29.7 Hz, CCF3), 123.5 (q, J = 289 Hz, CF3), 127.1 

(CHAr), 128.3 (CHAr), 129.5 (CHAr), 132.7 (CAr), 166.1 (CO) ppm. HRMS (ESI): calcd. for 

~
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[C20H27F3O3Na]+ 395.1805, found 395.1755 [M + Na]+. FT-IR:  = 2956 (br, m), 2872 (w), 1742 

(s), 1494 (w), 1452 (m), 1389 (w), 1371 (w), 1261 (s), 1166 (vs), 1122 (s), 1081 (m), 1020 (s), 

994 (s), 948 (m), 909 (m), 845 (w), 820 (w), 765 (w), 719 (s), 967 (m), 647 (w), 596 (w), 558 

(w), 509 (w), 466 (w)cm-1. 

The spectroscopic data are in accordance with ref.[5]   

 

Mosher esters (5) of cembranoid-ol (3d) 

(MTPAR)-Ester [(MTPAR,9R)-5], [(MTPAR,9S)-5]   

Method GP 2 

Alcohol 3d 15.0 mg (42.6 μmol) 

CH2Cl2 2 mL 

abs. pyridine 6.90 μL (6.70 mg, 85.2 μmol) 

(S)-MTPA-Cl 19.9 μL (26.9 mg, 107 μmol) 

DMAP 2.60 mg (21.3 μmol) 

Yield 24 mg (42.4 μmol, >99 %), slightly yellow oil 

Isomer ratio (9R) : (9S) = 1 : 1 

 

Rf = 0.54 (PE / EtOAc = 5 : 1, anisaldehyde). 1H NMR (700 MHz, CDCl3):  = 1.45 (s, 3H, 

16-H(9S)), 1.55 (s, 3H, 15-H(9S)), 1.56 (s, 3H, 15-H(9R)), 1.57 (s, 3H, 16-H(9R)), 1.62-1.68 (m, 2H, 

13-Ha), 1.68-1.75 (m, 4H, 13-Hb, 14-Ha), 2.01-2.06 (m, 2H, 14-Hb), 2.09-2.18 (m, 4H, 5-Ha, 6-Ha 

(9R) / (9S)), 2.18-2.27 (m, 3H, 5-Hb, 10-Ha (9R)), 2.29-2.40 (m, 5H, 6-Hb (9R) / (9S), 10-Ha (9R), 10-Hb 

(9R) / (9S)), 2.58 (d, J = 15.6 Hz, 2H, 2-Ha (9R) / (9S)), 2.82 (dd, J = 15.6, 9.6 Hz, 1H, 2-Hb (9R) / (9S)), 

3.52 (s, 3H, OCH3 (9R)), 3.56 (s, 3H, OCH3  (9S)), 3.72 (s, 6H, CO2CH3), 3.74 (s, 6H, CO2CH3), 

4.77-4.83 (m, 2H, 3-H), 4.96-5.04 (m, 2H, 11-H(9R) / (9S)), 5.17-5.20 (m, 1H, 7-H(9S)), 5.22-5.27 

(m, 3H, 7-H(9R), 9-H), 5.45-5.54 (m, 2H, 12-H(9R) / (9S)), 7.37-7.41 (m, 6H, Ph), 7.48-7.53 (m, 4H, 

Ph) ppm. 13C-NMR (175 MHz, CDCl3):  = 10.9 (C-16(9S)), 11.2 (C-16(9R)), 15.0 (C-15(9S)), 15.0 

(C-15(9R)), 24.5 (C-6(9S)), 24.6 (C-6(9R)), 26.4 (C-13), 29.8 (C-2), 31.6 (C-14), 33.0 (C-10(9R)), 

33.2 (C-10(9S)), 38.5 (C-5), 52.5 (CO2CH3), 52.6 (CO2CH3), 55.3 (OCH3), 55.4 (OCH3), 56.5 

(C-1), 82.7, 82.7 (C-9), 84.5, 84.6 (2 x q, J(19F) = 28.1 Hz, CCF3), 119.2 (C-3), 123.4 (2 x q, 

J(19F) = 288.9 Hz, CF3), 124.8 (C-11(9R)), 124.9 (C-11(9S)), 127.3, 127.5 (CHAr), 128.3, 128.4 

~
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(CHAr), 129.5, 129.5 (CHAr), 129.9 (C-8(9S)), 130.1 (C-8(9R)), 131.1 (C-7(9R) / (9S)), 132.5, 132.5 

(CAr), 133.1 (C-12(9R) / (9S)), 137.3 (C-4), 165.4, 165.6 (CO), 171.7 (CO2CH3), 172.0 (CO2CH3) 

ppm. HRMS (ESI): calcd. for [C30H37F3O7Na]+ 589.2384, found 589.2317 [M + Na]+. FT-IR:  

= 2953 (br, w), 2850 (w), 1831 (m), 1734 (s), 1496 (w), 1452 (m), 1270 (s), 1168 (vs), 1121 

(m), 1095 (s), 1081 (m), 1017 (w), 992 (m), 962 (s), 887 (w), 848 (w), 764 (w), 749 (w), 719 

(m), 698 (s), 648 (m), 543 (w), 510 (w) cm-1. 

(MTPAS)-Ester [(MTPAS,9R)-5], [(MTPAS,9S)-5]   

Method GP 2 

Alcohol 3d 15.0 mg (42.6 μmol) 

CH2Cl2 2 mL 

abs. pyridine 6.90 μL (6.70 mg, 85.2 μmol) 

(R)-MTPA-Cl 19.9 μL (26.9 mg, 107 μmol) 

DMAP 2.60 mg (21.3 μmol) 

Yield 24 mg (42.4 μmol, >99 %), slightly yellow oil 

Isomer ratio (9R) : (9S) = 1 : 1 

 

Rf = 0.54 (PE / EtOAc = 5 : 1, anisaldehyde). 1H-NMR (700 MHz, CDCl3

16-H(9R)), 1.55 (s, 3H, 15-H(9R)), 1.56 (s, 3H, 15-H(9S)), 1.57 (s, 3H, 16-H(9S)), 1.62-1.68 (m, 2H, 

13-Ha), 1.68-1.75 (m, 4H, 13-Hb, 14-Ha), 2.01-2.06 (m, 2H, 14-Hb), 2.09-2.18 (m, 4H, 5-Ha, 6-Ha 

(9R) / (9S)), 2.18-2.27 (m, 3H, 5-Hb, 10-Ha (9S)), 2.29-2.40 (m, 5H, 6-Hb (9R) / (9S), 10-Ha (9S), 10-Hb 

(9R) / (9S)), 2.58 (d, J = 15.6 Hz, 2H, 2-Ha (9R) / (9S)), 2.82 (dd, J = 15.6, 9.6 Hz, 1H, 2-Hb (9R) / (9S)), 

3.52 (s, 3H, OCH3 (9S)), 3.56 (s, 3H, OCH3 (9R)), 3.72 (s, 6H, CO2CH3), 3.74 (s, 6H, CO2CH3), 

4.77-4.83 (m, 2H, 3-H), 4.96-5.04 (m, 2H, 11-H(9R) / (9S)), 5.17-5.20 (m, 1H, 7-H(9R)), 5.22-5.27 

(m, 3H, 7-H(9S), 9-H), 5.45-5.54 (m, 2H, 12-H(9R) / (9S)), 7.37-7.41 (m, 6H, Ph), 7.48-7.53 (m, 4H, 

Ph) ppm. 13C NMR (175 MHz, CDCl3 -16(9R)), 11.2 (C-16(9S)), 15.0 (C-15(9R)), 15.0 

(C-15(9S)), 24.5 (C-6(9R)), 24.6 (C-6(9S)), 26.4 (C-13), 29.8 (C-2), 31.6 (C-14), 33.0 (C-10(9S)), 

33.2 (C-10(9R)), 38.5 (C-5), 52.5 (CO2CH3), 52.6 (CO2CH3), 55.3 (OCH3), 55.4 (OCH3), 56.5 

(C-1), 82.7, 82.7 (C-9), 84.5, 84,6 (2 x q, J(19F) = 28.1 Hz, CCF3), 119.2 (C-3), 123.4 (2 x q, 

J(19F) = 288.9 Hz, CF3), 124.8 (C-11(9S)), 124.9 (C-11(9R)), 127.3, 127.5 (CHAr), 128.3, 128.4 

(CHAr), 129.5, 129.5 (CHAr), 129.9 (C-8(9R)), 130.1 (C-8(9S)), 131.1 (C-7(9R) / (9S)), 132.5, 132.5 

(CAr), 133.1 (C-12(9R) / (9S)), 137.3 (C-4), 165.4, 165.6 (CO), 171.7 (CO2CH3), 172.0 (CO2CH3) 

~



17 

ppm. HRMS (ESI): calcd. for [C30H37F3O7Na]+ 589.2384, found 589.2340 [M + Na]+. FT-IR:  

= 2953 (br, w), 2851 (w), 1832 (m), 1735 (s), 1497 (w), 1452 (m), 1271 (s), 1171 (vs), 1121 

(m), 1096 (s), 1081 (m), 1017 (w), 992 (m), 963 (s), 850 (w), 764 (w), 749 (w), 719 (m), 699 

(m), 648 (m), 543 (w), 508 (w) cm-1. 

 

Mosher diesters (6) of cembranoid-diol (4) 

(MTPAR)-Diester [(MTPAR,5R,9R)-6], [(MTPAR,5S,9S)-6] 

Method GP 3 

Diol 4 15.0 mg (40.9 μmol) 

CH2Cl2 1 mL 

abs. pyridine 13.2 μL (13.0 mg, 163 μmol) 

(S)-MTPA-Cl 26.8 μL (36.2 mg, 143 μmol) 

DMAP 2.50 mg (20.5 μmol) 

Yield 33 mg (40.9 μmol, >99 %), slightly yellow oil 

Isomer ratio (5S,9S) : (5R,9R) = 1 : 0.75 

 

Rf = 0.57 (PE / EtOAc = 3 : 1, anisaldehyde). 1H-NMR (700 MHz, CDCl3

15-H(5S,9S)) , 1.45 (s, 3H, 16-H(5S,9S)), 1.50-1.56 (m, 2H, 14-Ha), 1.57 (s, 3H, 16-H(5R,9R)), 1.59-

1.63 (m, 2H, 13-Ha), 1.61 (s, 3H, 15-H(5R,9R)), 1.70-1.79 (m, 2H, 13-Hb), 2.11-2.18 (m, 2H, 

14-Hb), 2.22 (dt, J = 11.7, 6.6 Hz, 1H, 10-Ha (5R,9R)), 2.31 (dt, J = 11.7, 6.6 Hz, 1H, 10-Ha (5S,9S)), 

2.34-2.44 (m, 4H, 6-Ha (5S,9S) / (5R,9R), 10-Hb (5S,9S) / (5R,9R)), 2.58-2.65 (m, 2H, 2-Ha (5S,9S) / (5R,9R)), 

2.63 (dt, J = 14.8, 11.0 Hz, 1H, 6-Hb (5R,9R)), 2.69 (dt, J = 14.8, 11.0 Hz, 1H, 6-Hb (5S,9S)), 2.88 

(dd, J = 15.8, 11.1 Hz, 1H, 2-Hb(5S,9S)), 2.93 (dd, J = 15.8, 11.1 Hz, 1H, 2-Hb (5R,9R)), 3.50 (s, br, 

6H, OCH3), 3.53 (s, 3H, OCH3), 3.54 (s, 3H, OCH3), 3.71 (s, 3H, CO2CH3), 3.72 (s, 3H, 

CO2CH3), 3.78 (s, 3H, CO2CH3), 3.79 (s, 3H, CO2CH3), 4.92-4.99 (m, 1H, 11-H), 5.19-5.25 (m, 

4H, 9-H, 7-H(5S,9S) / (5R,9R)), 5.29-5.33 (m, 1H, 3-H(5S,9S)), 5.33-5.36 (m, 1H, 3-H(5R,9R)), 5.48-5.56 

(m, 4H, 5-H, 12-H(5S,9S) / (5R,9R)), 7.36-7.43 (m, 6H, Ph), 7.44-7.50 (m, 4H, Ph) ppm. 13C NMR 

(175 MHz, CDCl3 -16(5S,9S)), 10.9 (C-15(5S,9S)), 11.0 (C-16(5R,9R)), 11.3 (C-15(5R,9R)), 

26.3, 26.3 (C-13), 29.7 (C-2(5S,9S)), 29.8 (C-2(5R,9R)), 30.0 (C-6(5R,9R)), 30.2 (C-6(5S,9S)), 31.7, 31.7 

(C-14), 32.9 (C-10(5R,9R)), 33.1 (C-10(5S,9S)), 52.6, 52.6 (CO2CH3), 52.9 (CO2CH3), 55.3 (br, 

~
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OCH3), 55.4, 55.4 (OCH3), 56.2, 56.2 (C-1), 81.0, 81.1 (C-5), 82.8, 82.9 (C-9), 84.5 (4 x q, 

J(19F) = 27.9 Hz, CCF3), 123.3 (4 x q, J(19F) = 288.9 Hz, CF3), 124.6, 124.7 (C-11), 124.7 

(C-7(5R,9R)), 124.8 (C-7(5S,9S)), 127.0 (C-3(5R,9R)), 127.1 (C-3(5S,9S)), 127.2, 127.3, 127.3, 127.4 

(CHAr), 128.4 (br), 128.4, 128.4 (CHAr), 129.6, 129.6, 129.6, 129.6 (CHAr), 

132.3 (br), 132.4, 132.4 (CAr), 132.9, 132.9 (C-8), 133.1 (C-12(5R,9R)), 133.1 (C-12(5S,9S)), 

134.1, 134.3 (C-4), 165.2 (br), 165.4, 165.5 (CO), 171.2, 171.2 (CO2CH3), 171.6, 171.6 

(CO2CH3) ppm. HRMS (ESI): calcd. for [C40H44F6O10Na]+ 821.2731, found 821.2759 [M + Na]+. 

FT-IR:  = 2953 (br, w), 2850 (w), 1732 (vs), 1496 (w), 1452 (m), 1373 (w), 1270 (s), 1238 

(vs), 1165 (vs), 1121 (s), 1081 (m), 1015 (s), 990 (s), 963 (m), 912 (s), 856 (w), 828 (w), 765 

(m), 731 (vs), 719 (vs), 697 (s), 648 (m), 547 (w), 510 (w) cm-1. 

(MTPAS)-Diester [(MTPAS,5R,9R)-6], [(MTPAS,5S,9S)-6]   

Method GP 3 

Diol 4 15.0 mg (40.9 μmol) 

CH2Cl2 1 mL 

abs. pyridine 13.2 μL (13.0 mg, 163 μmol) 

(R)-MTPA-Cl 26.8 μL (36.2 mg, 143 μmol) 

DMAP 2.50 mg (20.5 μmol) 

Yield 32 mg (40.0 μmol, 98 %), slightly yellow oil 

Isomer ratio (5S,9S) : (5R,9R) = 1 : 0.75 

 

Rf = 0.57 (PE / EtOAc = 3 : 1, anisaldehyde). 1H-NMR (700 MHz, CDCl3

15-H(5R,9R)) , 1.45 (s, 3H, 16-H(5R,9R)), 1.50-1.56 (m, 2H, 14-Ha), 1.57 (s, 3H, 16-H(5S,9S)), 1.59-

1.63 (m, 2H, 13-Ha), 1.61 (s, 3H, 15-H(5S,9S)), 1.70-1.79 (m, 2H, 13-Hb), 2.11-2.18 (m, 2H, 

14-Hb), 2.22 (dt, J = 11.7, 6.6 Hz, 1H, 10-Ha (5S,9S)), 2.31 (dt, J = 11.7, 6.6 Hz, 1H, 10-Ha (5R,9R)), 

2.34-2.44 (m, 4H, 6-Ha (5S,9S) / (5R,9R), 10-Hb (5S,9S) / (5R,9R)), 2.58-2.65 (m, 2H, 2-Ha (5S,9S) / (5R,9R)), 

2.63 (dt, J = 14.8, 11.0 Hz, 1H, 6-Hb (5S,9S)), 2.69 (dt, J = 14.8, 11.0 Hz, 1H, 6-Hb (5R,9R)), 2.88 

(dd, J = 15.8, 11.1 Hz, 1H, 2-Hb(5R,9R)), 2.93 (dd, J = 15.8, 11.1 Hz, 1H, 2-Hb (5S,9S)), 3.50 (s, br, 

6H, OCH3), 3.53 (s, 3H, OCH3), 3.54 (s, 3H, OCH3), 3.71 (s, 3H, CO2CH3), 3.72 (s, 3H, 

CO2CH3), 3.78 (s, 3H, CO2CH3), 3.79 (s, 3H, CO2CH3), 4.92-4.99 (m, 1H, 11-H), 5.19-5.25 (m, 

4H, 9-H, 7-H(5S,9S) / (5R,9R)), 5.29-5.33 (m, 1H, 3-H(5R,9R)), 5.33-5.36 (m, 1H, 3-H(5S,9S)), 5.48-5.56 

~



19 

(m, 4H, 5-H, 12-H(5S,9S) / (5R,9R)), 7.36-7.43 (m, 6H, Ph), 7.44-7.50 (m, 4H, Ph) ppm. 13C NMR 

(125 MHz, CDCl3) -16(5R,9R)), 10.9 (C-15(5R,9R)), 11.0 (C-16(5S,9S)), 11.3 (C-15(5S,9S)), 

26.3, 26.3 (C-13), 29.7 (C-2(5R,9R)), 29.8 (C-2(5S,9S)), 30.0 (C-6(5S,9S)), 30.2 (C-6(5R,9R)), 31.7, 31.7 

(C-14), 32.9 (C-10(5S,9S)), 33.1 (C-10(5R,9R)), 52.6, 52.6 (CO2CH3), 52.9 (CO2CH3), 55.3 (br, 

OCH3), 55.4, 55.4 (OCH3), 56.2, 56.2 (C-1), 81.0, 81.1 (C-5), 82.8, 82.9 (C-9), 84.5 (4 x q, 

J(19F) = 27.9 Hz, CCF3), 123.3 (4 x q, J(19F) = 288.9 Hz, CF3), 124.6, 124.7 (C-11), 124.7 

(C-7(5S,9S)), 124.8 (C-7(5R,9R)), 127.0 (C-3(5S,9S)), 127.1 (C-3(5R,9R)), 127.2, 127.3, 127.3, 127.4 

(CHAr), 128.4 (br), 128.4, 128.4 (CHAr), 129.6, 129.6, 129.6, 129.6 (CHAr), 

132.3 (br), 132.4, 132.4 (CAr), 132.9, 132.9 (C-8), 133.1 (C-12(5S,9S)), 133.1 (C-12(5R,9R)), 

134.1, 134.3 (C-4), 165.2, 165.4 (br), 165.5 (CO), 171.2, 171.2 (CO2CH3), 171.6, 171.6 

(CO2CH3) ppm. HRMS (ESI): calcd. for [C40H44F6O10Na]+ 821.2731, found 821.2716 [M + Na]+. 

FT-IR:  = 2953 (br, w), 2850 (w), 1733 (vs), 1496 (w), 1452 (m), 1373 (w), 1270 (s), 1239 

(vs), 1167 (vs), 1122 (s), 1082 (m), 1016 (s), 991 (s), 964 (m), 919 (m), 857 (w), 827 (w), 765 

(w), 720 (s), 698 (m), 649 (w), 548 (w), 510 (w) cm-1. 

 

~
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Supporting results 

Substrate screening 

 

Figure S1. LC/MS chromatograms of P450 BM3 F87G catalyzed oxidations of macrocycles 
1a (a), 1b (b), 1c (c), and 1d (d). Reaction time was set to 23 h with 1a and 1d, and 0.5 h with 
1b and 1c. S: corresponding substrates; IS: internal standard. Products were identified by MS-
analysis, with mass differences to the respective substrates of +14 m/z (C), +16 m/z (D), +30 
m/z (E), +32 m/z (F), +34 m/z (G), +48 m/z (H), +62 m/z (I), +64 (K). Products (D) marked with 
an asterisk (*) could be identified by comparison with reference compounds as (11,12)-
epoxides of the respective substrates. ** Products of 1a could be determined by mass, but 
their separation was not possible. 
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Figure S2. LC/MS chromatograms of the P450 BM3 F87G catalyzed oxidations of 
macrocycles 2d (a), 3c (b), and 3d (c). Reaction time was set to 0.5 h with 2d and 23 h with 
3c and 3d. S: corresponding substrates; IS: internal standard. Products were identified by MS-
analysis, with mass differences to the respective substrates of +14 m/z (C) and +16 m/z (D)  
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NMR studies with menthol 

As described in the manuscript enantiomerically pure L- and D-menthol and a (1 : 0.75) mixture 

of L- and D-menthol were treated with (R)- and (S)-MTPA-Cl in parallel experiments. The 

starting materials and the corresponding products are shown in Scheme S1. In order to simplify 

the spectral assignment no racemic mixtures of L- and D-menthol were used. 

 

Scheme S1. L- and D-menthol and the corresponding (MTPAR)- and (MTPAS)-Mosher esters.  

1H NMR spectra of the Mosher esters S9 could be fully assigned based on literature 

precedence.[3, 5, 6] As shown in Figure S3 the 1H NMR spectra of Mosher ester (MTPAR,L)-S9 

derived from L-menthol and (S)-MTPA-Cl (Figure S3a) und Mosher ester (MTPAS,D)-S9  derived 

from D-menthol and (R)-MTPA-Cl (Figure S3b) are identical. Accordingly, the 1H NMR spectra 

of (MTPAS,L)-S9 derived from L-menthol and (R)-MTPA-Cl (Figure S3c), and  (MTPAR,D)-S9 

derived from D-menthol and (S)-MTPA-Cl (Figure S4d) are identical as well. 

The chemical shifts  [ppm] of the signals shown in Figure 34 are listed in Table S1. 

Comparison of the chemical shift difference SR = ( S- R) [Hz] of L- and D-menthol revealed 

a sign inversion, which can be explained by the Mosher theory (Scheme S2).[7] JThe phenyl 

group results in an upfield shift, while the methylester leads to a downfield shift.[7]  Protons 

which are located below the plane of the Mosher ester, i.e. protons of R2 display values 
SR < 0, whereas protons located above the the plane of the Mosher ester, i.e. protons of R1 

display values SR > 0 (Table S1). 
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Figure S3. Characteristic section of the 1H NMR spectra (700 MHz, CDCl3) of the Mosher 
esters S9 derived from the reactions of D- and L-menthol with (R)- and (S)-MTPA-Cl 
respectively.  

 

 

Scheme S2. Schematic drawing of the plane dissecting the Mosher ester with substitutents R1 
located above and R2 located below the plane. Positive and negative values SR for the 
chemical shift differences can be explained by the relative orientation of the phenyl and 
methoxy units with respect to R1, R2. When H signals with positive SR value belong to R1 and 
H signals with negative SR belong to R2, the absolute configuration according to the CIP 
nomenclature can be assigned. 
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Table S1 Chemical shifts  [ppm] of characteristic H signals of the Mosher esters S9 and their 

difference SR [Hz]. 

1H NMR L-Menthol [ppm] SR = ( S- R) D-Menthol [ppm] SR = ( S- R) 

signal  (MTPAS)  (MTPAR) [Hz]  (MTPAS)  (MTPAR) [Hz] 

a 0.67 0.77 -  50 0.77 0.67 + 50 

b 0.74 0.87 -  61 0.87 0.74 + 61 

 1.56 1.88 -162 1.88 1.56 +162 

2a 1.11 0.98 + 67 0.98 1.11 -  67 

2b 2.14 2.08 + 30 2.08 2.14 -  30 

3Me 0.94 0.91 + 14 0.91 0.94 -  14 

 

Treatment of a (1 : 0.75) mixture of L- and D-menthol with (R)- and (S)-MTPA-Cl in parallel 

runs revealed NMR spectra with identical chemical shifts, but different intensities 

(Figure S4a,b). The relative signal intensities correlate with the ratio of L- and D-menthol in the 

mixture as can be seen most obviously for methyl groups -Mea a -Meb (green frame) as 

well as 3-Me (red frame). For comparison the 1H NMR spectra of the Mosher ester 

(MTPAR,D)-S9 derived from D-menthol and (R)-MTPA-Cl and the Mosher ester (MTPAS,L)-S9 

derived from L-menthol and (S)-MTPA-Cl respectively are shown in Figure S4c,d respectively. 
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Figure S4 Characteristic section of the 1H NMR spectra of the Mosher esters S9 derived from the 
reaction of a) a (1 : 0.75) mixture of L- and D-menthol with (S)-MTPA-Cl, b) a (1 : 0.75) mixture of L- and 
D-menthol with (R)-MTPA-Cl, c) D-menthol with (R)-MTPA-Cl and d) D-menthol with (S)-MTPA-Cl.  

 

In case of menthol a complete assignment of all NMR signals for the respective menthyl-MTPA 

ester is possible via HSQC and COSY NMR. Thus configurational assignment should be also 

possible in a racemic mixture (displaying equal signal intensities). 
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2D-NMR assignment of the H signals of the (MTPAS)-Mosher-diester (MTPAS)-6 

 

 

 

 

Figure S5. a) Section of the HSQC NMR spectrum (700 MHz, CDCl3) of the (MTPAS)-Mosher 
diester (MTPAS)-6 showing the methyl signals 15-H, 16-H; b) Section of the COSY NMR 
spectrum (700 MHz, CDCl3) of the (MTPAS)-Mosher diester (MTPAS)-6 showing the coupling 
pattern of 3-H / 15-H and 7-H / 16-H; c) the coupling pattern of 3-H / 2-H of major and minor 
isomer; d) the coupling pattern of 5-H / 6-H. 

a 

c 

d 

b 

3-H / 2-Ha (minor) 

3-H / 2-Hb (minor) 

3-H / 2-Ha (major) 

3-H / 2-Hb (major) 

5-H / 6-Ha (major) 

5-H / 6-Hb (major) 

5-H / 6-Ha (minor) 

5-H / 6-Hb (minor) 

3-H / 15-H (major) 
7-H / 16-H (major) 

7-H / 16-H (minor) 3-H / 15-H (minor) 
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1H,1 1H,13C-HSQC, and 1H,13C-HMBC spectra

 

1H NMR Cembranol 3d 

 

 

13C NMR Cembranol 3d 
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1H,1H COSY NMR Cembranol 3d 

 

 

 

1H,13C HSQC NMR Cembranol 3d 
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1H NMR Diol 4 

 

 

13C NMR Diol 4 
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1H,1H COSY NMR Diol 4 

 

 

 

1H,13C HSQC NMR Diol 4 
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1H NMR (MTPAR)-Ester 5 

 

 

13C NMR (MTPAR)-Ester 5 
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1H,1H COSY NMR (MTPAR)-Ester 5 

 

 

 

1H,13C HSQC NMR (MTPAR)-Ester 5 

 



33 

 

 

1H,13C HMBC NMR (MTPAR)-Ester 5 

 

 

 

1H,1H NOESY NMR (MTPAR)-Ester 5 
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1H NMR (MTPAS)-Ester 5 

 

 

13C NMR (MTPAS)-Ester 5 
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1H,1H COSY NMR (MTPAS)-Ester 5 

 

 

 

1H,13C HSQC NMR (MTPAS)-Ester 5 
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1H,13C HMBC NMR (MTPAS)-Ester 5 

 

 

 

1H,1H NOESY NMR (MTPAS)-Ester 5 
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1H NMR NMR (5-MTPAR,9-MTPAR)-Ester 6 

 

 

13C NMR NMR (5-MTPAR,9-MTPAR)-Ester 6 
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1H,1H COSY NMR (5-MTPAR,9-MTPAR)-Ester 6 

 

 

 

1H,13C HSQC NMR (5-MTPAR,9-MTPAR)-Ester 6 
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1H,13C HMBC NMR (5-MTPAR,9-MTPAR)-Ester 6 

 

 

 

1H,1H NOESY NMR (5-MTPAR,9-MTPAR)-Ester 6 
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1H NMR (5-MTPAS,9-MTPAS)-Ester 6 

 

 

13C NMR (5-MTPAS,9-MTPAS)-Ester 6 
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1H,1H COSY NMR (5-MTPAS,9-MTPAS)-Ester 6 

 

 

 

1H,13C HSQC NMR (5-MTPAS,9-MTPAS)-Ester 6 
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1H,13C HMBC NMR (5-MTPAS,9-MTPAS)-Ester 6 

 

 

 

1H,1H NOESY NMR (5-MTPAS,9-MTPAS)-Ester 6 
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1H NMR D-menthyl-(MTPAR)-ester S9 

 

 

13C NMR D-menthyl-(MTPAR)-ester S9 
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1H,1H COSY NMR D-menthyl-(MTPAR)-ester S9 

 

 

 

1H,13C HSQC NMR D-menthyl-(MTPAR)-ester S9 
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1H,13C HMBC NMR D-menthyl-(MTPAR)-ester S9 

 

 

 

1H,1H NOESY NMR D-menthyl-(MTPAR)-ester S9 
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1H NMR D-menthyl-(MTPAS)-ester S9 

 

 

13C NMR D-menthyl-(MTPAS)-ester S9 
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1H,1H COSY NMR D-menthyl-(MTPAS)-ester S9 

 

 

 

1H,13C HSQC NMR D-menthyl-(MTPAS)-ester S9 
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1H,13C HMBC NMR D-menthyl-(MTPAS)-ester S9 

 

 

 

1H,1H NOESY NMR D-menthyl-(MTPAS)-ester S9  
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1H NMR L-menthyl-(MTPAR)-ester S9 

 

 

13C NMR L-menthyl-(MTPAR)-ester S9 
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1H,1H COSY NMR L-menthyl-(MTPAR)-ester S9 

 

 

 

1H,13C HSQC NMR L-menthyl-(MTPAR)-ester S9 
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1H,13C HMBC NMR L-menthyl-(MTPAR)-ester S9 

 

 

 

1H,1H NOESY NMR L-menthyl-(MTPAR)-ester S9 
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1H NMR L-menthyl-(MTPAS)-ester S9 

 

 

13C NMR L-menthyl-(MTPAS)-ester S9 
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1H,1H COSY NMR L-menthyl-(MTPAS)-ester S9 

 

 

 

1H,13C HSQC NMR L-menthyl-(MTPAS)-ester S9 
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1H,13C HMBC NMR L-menthyl-(MTPAS)-ester S9 

 

 

 

1H,1H NOESY NMR L-menthyl-(MTPAS)-ester S9 
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