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Engineering terpenoid oxidation by cytochrome P450BM3 for fine chemical synthesis 

Wenyu Chen                                                                                             D Phil. Thesis abstract 

Wolfson College                                                                                                      Trinity, 2020 

P450BM3 (CYP102A1) has a unique structure of having the electron-transfer reductase domain 

fused to the haem monooxygenase domain. The intramolecular electron transfer process makes 

P450BM3 catalytically self-sufficient and promotes high turnover rates. P450 enzymes activate 

C−H bonds via the insertion of an oxygen atom from atmospheric dioxygen and play key roles 

in the biosynthesis of endogenous compounds (terpenes, alkaloids and steroids).  

Oxygenated terpenoid compounds have desirable properties such as aromas, flavours and 

medicinal effects. The initial oxygenation step in terpenoid biosynthesis from the terpene 

precursors is invariably catalysed by a P450 enzyme. Chapter 3 describes the engineering and 

application of P450BM3 variants to develop efficient, two-step chemo-enzymatic synthesis 

routes to high value the norisoprenoid and isoprenoid aroma compounds -damascenone, 

tabanone isomers, and rose oxide by late-stage C−H activation.  

The generation of diverse metabolites of common steroids via P450-catalysed direct C−H 

activation has important applications in the synthesis of steroidal agents for drug screening and 

development. Chapter 4 describes the engineering of P450BM3 for the mono- and di-

hydroxylation of androstenedione (AD), dehydroepiandrosterone (DHEA) and testosterone 

(TST). To design altered steroid binding orientations to broaden the regioselectivity, the 

structures of wild type P450BM3 and the steroid aromatase CYP19A1 are overlaid to identify 

key regions for scanning glycine mutagenesis which greatly expanded the product range of AD, 

DHEA and TST. In Chapter 5, more steroidal compounds are screened to show hydroxylation 
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at multiple sites with high regio- and stereo-selectivity for androsterone (AN), epi-androsterone 

(EAN), progesterone (PROG) and pregnenolone (PREG). 
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1  Introduction 

1.1 C−H activation and functionalisation  

As the most fundamental building block of organic compounds, C−H bonds are chemically 

inert due to the high bond dissociation energy. The activation and functionalisation of C−H 

bonds has been recognised as one of the biggest challenges in organic synthesis that a number 

of catalysts or synthetic methods have been explored for C−H bond cleavage, such as the use 

of transitional metal complexes, radical C−H activation, and enzymatic C−H oxidation, etc.1-6 

Iron-catalysed C−H arylation was discovered during the investigation of a cross-coupling 

reaction. The side product, 2-biphenylpyridine, was formed in 8% yield during the synthesis of 

2-phenylpyridine by cross-coupling between 2-bromopyridine and a phenylzinc reagent (Figure 

1.1−A). It was found that air leaked into the reaction vessel was the oxidant that triggered the 

reaction,7 and 1,2-dichloroisobutane (DCIB) was later discovered to be an optimum oxidant to 

carry out this reaction.8 Figure 1.1−B shows an example of iron-catalysed arylation of C−H 

bonds through directed C−H activation of benzoquinoline with DCIB as oxidant.8   

 

Figure 1.1 Iron-catalysed C−C bond formation through C−H bond activation.7,8 
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Non-haem iron complexes along with H2O2 have been investigated and improved for C−H 

hydroxylation.9,10 White and co-workers reported an iron-based small molecule catalyst that 

selectively oxidised a broad range of substrates on the basis of the electronic and steric 

properties of the C−H bonds (Figure 1.2).10 It appeared that for insertion pathways the reactivity 

trend of oxidation was typically: tertiary > secondary > primary.11 Since most C−H activation 

reagents are electrophilic, the more electron rich a C−H bond is, the more easily it is oxidised. 

Apart from the electronic property of C−H bonds, steric hindrance is another factor, which 

explains the selectivity of oxidation sites in Figure 1.2 by an Fe-(S,S)-PDP catalyst.10  

 

Figure 1.2 Fe-(S,S)-PDP catalysed C−H oxidation.10 

In the past decade, palladium-catalysed C−H activation/C−C bond formation has been widely 

applied in many industrial processes.6,12-16 Pd(0)/Pd(II) complexes catalyse the formation of 

C−C and C−O bonds with the aid of an oxidant. Tsukano et al. employed Pd(0)-catalysed 

C(sp3)−H activation of carbamoyl chlorides for chemoselective lactam formation to synthesise 

various oxindoles via intramolecular cyclisation (Figure 1.3).17 The Cramer group also 

performed the Pd(0)-catalysed C(sp3)−H activation of trifluoacetimidoyl chlorides to form a 

range of 2-(trifluoromethyl)indoles (Figure 1.3).18 The palladium (0) species is reformed by 
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reductive elimination of the palladium (II) compound by carbonates in the catalytic cycle. These 

reactions are relatively environmentally friendly and atom efficient.  

 

Figure 1.3 Pd(0)/Pd(II)-catalysed intramolecular cyclisation of benzylic C(sp3)−H bonds.17,18 

Radical C−H activation/cross-coupling chemistry has also stimulated great interest in industrial 

synthesis.19-21 These reactions provide unconventional, efficient methods to connect molecular 

fragments with the help of photocatalysis and first-row transition metal catalysis together with 

peroxide added as radical initiators.4,19 In 2011, McNally and co-workers performed a radical-

radical cross-coupling reaction for the synthesis of benzylic amines via the photoredox-

catalysed C−H arylation of amines. In this reaction, Ir(ppy)3 was used as the photocatalyst under 

a light source (Figure 1.4).22 Later, Hoshikawa and Inoue employed a photochemical 4-

pyridination of C(sp3)−H bonds without the use of transition metal complexes (Figure 1.4).23 

Although the mechanism remained to be clarified, a radical-based pathway was proposed. In 

this reaction, the key step was the H-atom abstraction of benzophenone by the photochemically 

generated oxy radical, producing the alkyl radical and the -hydroxy radical. This electron-rich 

-hydroxy radical rejointed with the electron-deficient 4-cyanopyridine substrate and produced 

the stable arene radical anion which led to the formation of the final product.23 Other than C−H 
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activation, Lei and co-workers also demonstrated the radical-radical oxidative coupling for the 

C(sp3)−N bond formation with the use of Ni catalyst (Figure 1.4).19    

 

Figure 1.4 Examples of radical C−H and C−N activation/radical cross-coupling reactions using photochemistry and transition 

metal catalysis.19,22,23 

Although the radical and transition-metal catalysed C−H bond activation play important roles 

in synthesis research, these methods suffer from several critical drawbacks, such as low regio- 

and enantio-selectivity over products, low total turnover number of reactions, narrow substrate 

scope and functional group compatibility.24,25 A general pathway for C−H functionalisation is 

selective oxidation to an alcohol or carbonyl compound which can be converted readily to other 

functional groups. Therefore, C−H oxy-functionalisation under milder conditions with high 

regio- and enantio-selectivity along with high turnover number is highly desirable. It is well 

established that enzymes are capable of C−H functionalisation with high efficiency under 

ambient conditions.  
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1.2 Enzymatic reactions   

Enzymes are classified in six groups: hydrolases (hydrolysis), oxidoreductases (transfer of 

electrons), lyases (breaking chemical bonds while forming new double bond), transferases 

(transfer of functional groups), ligases (bond formation accompanied with hydrolysis of bonds) 

and isomerases (isomerisation reaction). Of these enzymes, hydrolases such as lipases and 

amidases are most commonly used in organic synthesis since they often exhibit high levels of 

enantioselectivity.26-28 For instance, dynamic kinetic resolution (DKR) of racemic alcohols with 

Pseudomonas cepacia lipase and a Ru catalyst has demonstrated the formation of the 

corresponding ester with 96% ee (Figure 1.5).29  

 

Figure 1.5 Examples of DKR of racemic alcohol and amine catalysed by lipases and transition-metal complexes.29,33  

As with alcohols, enantiomerically pure amines could also be obtained by the use of lipases.30,31 

The first DKR of an amine was reported by Reetz and Schimossek, employing a lipase and a 

palladium catalyst to convert the racemic phenylethylamine to enantiomerically pure acetate 

with 99% ee, but with long reaction time and moderate conversion.32 To improve this reaction, 

Backvall and co-workers found Ru complexes that can be used as an efficient racemisation 
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catalyst to form primary amines (Figure 1.5).33,34 A transferase is a class of enzymes that 

transfer the specific functional groups, such as methyl or glycosyl groups, from one molecule 

(the donor) to another (the acceptor). One example of using transferase is in the discovery of 

the mechanism of the biodegradation of dopamine via the catechol-O-methyltransferase to form 

homovanillic acid (HVA) (Figure 1.6).35,36  

 

Figure 1.6 Biodegradation of dopamine via catechol-O-methyltransferase (along with other enzymes).36 

Isomerases play important roles in human disease because deficiencies of this enzyme can cause 

disorders in human.37,38 3-Oxosteroid-Δ5-Δ4-isomerase catalyses the interconversion of a 3-

oxo-Δ5-steroid to a 3-oxo-Δ4-steroid (Figure 1.7) in C. testosteroni and P. putida.39  

 

Figure 1.7 A schematic description of the isomerisation catalysed by C.testosteroni steroid delta-isomerase.39 
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1.3 Cytochrome P450 enzymes: direct C−H activation 

Cytochrome P450 enzymes (CYPs) are a class of haem monooxygenase that catalyse the 

cleavage of molecular oxygen and introduce one of the oxygen atoms into C−H bonds to form 

alcohols; the other oxygen atom is reduced to water.40-42  

 

Cytochrome P450s were discovered from their characteristic spectral properties, displaying a 

unique absorption peak at 450 nm with the reduced CO-bound form; cytochrome stands for a 

hemoprotein and P for pigment.43 Later, this pigment was identified as a hemoprotein, 

specifically a haem b-dependant monooxygenase. The property of the reduced form of this 

enzyme showing a absorption peak at 450 nm with CO binding is still used for the calculation 

of P450 content.44 Individual cytochrome P450 follow the nomenclature based on sequence 

homology: CYP, followed by a number indicating “family”, then a letter indicates “subfamily”, 

and another number indicates “specific protein”; for instance, CYP102A1 is the first protein 

identified in family 102, subfamily A.45 Proteins sharing >40% identity in sequence are 

classified as a family, e.g. CYP3, CYP260, while subfamily members share >55% identity in 

sequence, e.g. CYP3A, CYP11B. 

More than 300,000 CYP genes have been identified across the kingdoms of life. CYP enzymes 

catalyse essential reactions such as carbon source assimilation, synthesis of hormones and 

secondary metabolites, and degradation of xenobiotics. Due to their ability of selective 

hydroxylation of a broad range of substrates, there is great potential to use these enzymes in 

synthesis. The expression and purification of these enzymes at large scale are difficult, 

especially the eukaryotic P450s; thus, the heterologous production of these enzymes is 
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intensively explored.46,47 The bacteria Escherichia coli, devoid of P450 enzymes, can be grown 

and cultured easily and inexpensively in a laboratory setting, which could be used as microbial 

cell factories for the production of various P450s.46,48,49 P450 catalyses a wide variety of 

oxidation reactions including olefin epoxidation,50-53 aromatic hydroxylation,54-56 N-

oxidation,57 deamination58,59 and dehalogenation,60 as well as N-57,61, O- and S-dealkylation.57 

Other activity types include C−C and C−O phenol coupling,62 C−C bonds cleavage,63 Baeyer-

Villiger oxidation64,65 and rearrangement reactions (Figure 1.8).41,64,66,67 

 

Figure 1.8 Examples of unusual oxidations catalysed by various P450s.65,68-70 
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1.3.1 Electron transfer in P450 oxidation  

P450s catalyse region- and stereo-specific oxidations of non-activated C−H bonds under mild 

conditions. Most P450s are external monooxygenases that utilise electrons derived from the 

pyridine cofactors NADH or NADPH to activate dioxygen. Therefore, P450s must be 

associated with redox partner proteins or domains that transfer electrons from NAD (P) H to 

the P450 haem domain. Based on types of redox proteins, P450s can be classified as two major 

classes (class I and class II) (Figure 1.9). Class I enzymes comprise a redox 2Fe-2S iron-sulphur 

ferredoxin (Fdx) and a ferredoxin reductase (FdR). FdR contains flavin adenine dinucleotide 

(FAD) or flavin mononucleotide (FMN) dependant enzymes that accept the hydride from 

NAD(P)H and transfer the two electrons to the ferredoxin domain one-at-a-time. The prototype 

bacterial class I P450s system is P450cam from Pseudomonas putida, which catalyses 

stereoselective 5-exo hydroxylation of d-camphor.71-73 In human mitochondrial P450s, 

adrenoxin reductase (AdR)/adrenodoxin (Adx) combination is the most well-known FdR/Fdx 

electron transfer chain that catalyse several steps in the biosynthesis of steroid hormones.74 The 

classic example is CYP11A1, also known as P450scc, which catalyses the cleavage of the 

cholesterol side-chain leading to the formation of pregnenolone.74,75 Another subfamily 

member, CYP11B1, is responsible for the biosynthesis of corticosterone and cortisol via the 

11-hydroxylation of their corresponding precursors.76,77 

Class II cytochromes P450 adopt a different system that electrons are delivered via the 

cytochrome P450 reductase (CPR) which contains separate FAD and FMN domains (Figure 

1.9).78-81 Class II P450s are the most common enzymes in eukaryotes and are responsible for 

the oxidative metabolism of both endogenous and exogenous compounds such as fatty acids, 

steroids and therapeutic drugs.43,82 As the number of characterised P450s increase, other novel 
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electron transfer chains have been identified that belong neither to class I nor class II systems 

(Figure 1.9).72,83-86  

Class III shares the characteristic three-component P450 system as class I, and the electrons are 

delivered via the redox partners FAD and FMN (Flavodoxin) which belong to separate proteins. 

CYP176A1 (P450cin) is the prototype of class III bacterial systems.87,88  

Class IV is the first discovered thermophilic cytochrome P450 that contains a ferrodoxin and 

its corresponding partner, 2-oxo-acid:ferredoxin oxidoreductase to constitute redox chain.89,90 

The soluble CYP119 has been identified in this category and intensely studied due to its extreme 

stability to temperature (TM = 91 °C) and pressure (up to 200 MPa).91,92  

Class V consists of two separate protein components: a NAD(P)H-dependant reductase and a 

cytochrome P450-ferredoxin-fusion protein. The sterol 14-demethylase CYP51 is an example 

of this system, with a [3Fe−4S] type ferredoxin domain fused to the P450 haem domain.93  

Similar to class V systems, the class VI P450s also contain two separate proteins: a NAD(P)H-

dependant reductase and a different P450-flavodoxin-fusion protein. FAD, FMN and haem are 

used as redox centres in this structure, which somewhat resembles the P450BM3 and P450cin 

systems.94 95 

Class VII P450 systems are fused enzymes. CYP116B2 (P450RhF) is the first reported class VII 

P450.96 A P450 domain is C-terminally fused to a reductase domain and a phthalate 

dioxygenase reductase domain (PFOR), which shows three distinct functional parts: a FMN-

binding domain (accepts electrons from NAD(P)H), a NADH-binding domain and a [2Fe−2S] 

ferredoxin domain.97 
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Figure 1.9 The ten classes of redox proteins in P450s.71-104 

Class VIII contains a eukaryotic-like diflavin reductase, cytochrome P450 reductase (CPR), 

that is fused to the P450 domain in a single polypeptide chain, which make it catalytically self-

sufficient as monooxygenases. The most well-studied member in this class is the CYP102A1 

(P450BM3) which is composed of a P450 domain connected via a short protein linker to the 
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reductase domain that contains 1 equivalent each of the cofactors FAD and FMN.98,99 The 

electrons are transferred one-at-a-time from FAD to FMN and further on to the P450 haem 

domain.100,101 

Class IX and X are special cases of a cytochrome P450. CYP55 (P450nor), an example of a 

class IX system, uses NADH as electron donor and catalyses reaction independent of other 

electron transfer proteins.102,103 P450s in class X catalyse substrate conversion using an 

independent intramolecular transfer system, such as the allene oxide synthase and fatty acid 

hydroperoxide synthase.104   

1.3.1 The P450 catalytic cycle 

The catalytic cycle of P450-mediated reaction has been well studied (Figure 1.10).105 In the 

resting state (I), the ferric iron atom is six-coordinated, bonded with the four equatorial nitrogen 

ligands in the porphyrin ring; a water molecule and a cysteine thiolate group are axially trans-

coordinated to the ferric iron atom. The arrival of a substrate causes the loss of the water 

molecule from the ferric iron which becomes penta-coordinated (II) and the ferric spin state 

changes from low spin (S = 1/2) in I to high spin (S = 5/2) in II. These changes could be 

observed spectrophotometrically that the absorption maximum peak shifted from ca. 418 nm to 

ca. 390 nm. The first electron provided by NAD(P)H is shuttled to the ferric iron centre and 

reduces it to the Fe2+ form (III). Binding of dioxygen yields the oxy complex IV which is 

converted to the ferric peroxy complex V with the transfer of the second electron. Protonation 

of the distal oxygen gives a hydroperoxy complex VI, also called “Compound 0”. A second 

protonation at the distal oxygen causes the loss of a water molecule via the heterolytic cleave 

of the O−O bond and gives Compound I (VII), a ferryl oxo species which has been captured 

and characterised.106,107 VII is the active intermediate responsible for C−H bond activation. In 
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hydroxylation reactions, a hydrogen atom is abstracted from the substrate by the ferryl oxo 

species VII to give a substrate radical and the FeIV−OH complex VIII (Compound II).108 

Finally, the “radical rebound” of the substrate radical with the OH• gives an alcohol product 

R−OH loosely bound to a ferric haem which returns to I or II depending on whether a water 

molecule re-coordinates with the ferric iron to generate the resting state I or another substrate 

displaces the product and starts another cycle of reaction from complex II. This oxygen or 

radical rebound mechanism of the C−H activation reaction gives the impression that an oxygen 

atom has been directly inserted into the C−H bond of substrates.42  

 

Figure 1.10 The catalytic cycle of P450-mediated reaction.107,110 

In the catalytic cycle, NAD(P)H consumption is not always fully coupled to product formation 

due to three major uncoupling reactions.109,110 In the first reaction, if dioxygen binding is 

hindered, slow transfer of the second electron to complex IV may result in the loss of 

superoxide and return of IV to the resting state (superoxide uncoupling). This may occur if 
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oxygen binding could not be stabilised by the correct conformation of enzymes or the binding 

is sterically interfered by substrates. In the second reaction, hydrogen peroxide may be formed 

if VI is protonated at the iron-bound oxygen instead of the distal oxygen due to the loosely 

fitting substrates. In this reaction the P450 enzyme displays peroxygenase activity. Finally, the 

ferryl-oxo species may be reduced back to the ferric form (II) if the substrate is bound too far 

away or no C−H is available to be abstracted from the substrate. Thus, the binding between 

enzymes and substrates may have to be improved to promote the correct substrate binding 

conformations for higher monooxygenase activity.  

1.4 P450BM3  

CYP102A1, the first catalytically self-sufficient P450 enzyme, was discovered by Fulco et al. 

to act on medium chain fatty acids.99,111-113 As the third P450 to be isolated from Bacillus 

megaterium, CYP102A1 was originally designated as P450BM3; it has 1046 amino acid residues 

with a molecular weight of 120 kDa and comprises a 55 kDa P450 haem domain fused at its C-

terminus to a 65 kDa reductase domain.114,115 This reductase domain contains two flavin 

prosthetic groups, FAD and FMN, in an equimolar ratio.116 This fused structure provides for 

intramolecular electron transfer from the flavin domain to the haem domain without the 

complications that arise from the protein-protein recognition and binding steps required for the 

eukaryotic P450s.117,118  

Another unusual feature of P450BM3 is that it dimerises in solution (Figure 1.11).117,119 The 

dimer is the predominant form at higher concentration under most conditions and it is the only 

form with significant activity.120 Detailed investigation revealed that the electron-transfer (ET) 

pathway in P450BM3 passes through both protein molecules; from the FAD domain of one 

molecule to the FMN domain of the other molecule (intermolecular ET) before passing to either 
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haem domain.120 It was observed that the activity dropped when the dimer irreversibly 

dissociates to inactive monomers at low ionic strengths, suggesting at least one of the electron 

transfer steps, i.e. FAD-FMN or FMN-to-haem, occurs across the dimer interface.  

 

Figure 1.11 3D model of dimeric P450BM3 showing the close view of the dimerization.121 The crystal structure of the BMP 

(PDB: 4KEW) and the BMR homology model were constructed using Chimera. BMP molecule (haem domain) is shown in 

magenta, and the FMN, FAD, and nucleotide-binding domains of the BMR are shown in green, blue and cyan, respectively. 

The haem and cofactors FMN, FAD is shown in red, orange and yellow, respectively.  

This unusual fused structure of FAD-FMN domains makes P450BM3 catalytically self-sufficient 

and facilitates the intramolecular electron transfer process in the reaction, hence promoting high 

turnover rate (up to 4,000 min−1) for the oxidation of medium-chain (C12−C20) fatty acids−the 

natural substrates for P450BM3.
41,122 For example, the oxidation of lauric acid by P450BM3 gives 

oxidation at sub-terminal positions, with −1, −2 and −3 hydroxylation in approximately 

equal proportions (Figure 1.12).41 

 

Figure 1.12 Product distributions in the oxidation of lauric acid by P450BM3.41 
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1.5 Crystal structure of P450BM3  

1.5.1 Substrate-bound and substrate-free forms of P450BM3 

The crystal structure of the functional dimer form of P450BM3 has not been reported but the 

separately expressed haem domains of both the substrate-free (SF) and substrate-bound (SB) 

have been crystallised. The SF-form of P450BM3 structure is shown in Figure 1.13−A with 

helices labelled in different colours. The haem iron sits nearly in the centre of the structure, 

with the I-helix (yellow) above the haem centre and the L-helix (red) underneath the haem 

porphyrin ring. The F-helix is positioned over and is at right angles to the I-helix.  

 

Figure 1.13 (A) 3D structure of P450BM3 with helices shown in different colours (PDB: 1BU7);118 A-helix: Lys24−Gly37 in 

blue; B-helix: Ser 54−Cys62 in slate; B’-helix: Ser72−Gly83 in cyan; C-helix: Glu93−Ile102 in sky-blue; D-helix: 

Tyr115−Arg132 in split-tea; E-helix: Pro142−Asn159 in pale green; F-helix: His171−Arg190 in green; G-helix: 

Ala197−Ser226 in forest; H-helix: Asp232−Asn239 in limo green; I-helix: Asp250−Leu298 in yellow; J’-helix: 

Ser304−Gln310 in dark yellow; K-helix: Leu311−Trp325 in orange; K’-helix: Leu356−Gly368 in salmon; L-helix: 

Gly402−Lys419 in red. (B) Six SRSs regions; SRS1: Lys69−His92 in teal; SRS2: Leu181−Leu188 in green; SRS3: 

Glu200−Asp208 in forest; SRS4: Asn253−Gly271 in yellow; SRS5: Trp325−Ala335 in purple; SRS6: Lys434−Pro441 in blue. 

The alignment of P450BM3 with 14 other sub-family members of A1 suggests a few most 

variable regions−the flexible substrate recognition regions (SRS)−which enable P450s to be the 

most versatile biological catalyst.41,123 All the reported point mutations that significantly affect 
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the substrate specificities of the parental CYP102 enzymes fell within or overlapped some of 

these SRSs.123,124 There are six regions identified as substrate recognition sites (SRS1−6) across 

the P450 superfamily (Figure 1.13−B).41,125,126 The alignment shows that there is relatively 

small deviation in SRS6 (residues 434−441) while SRS4 (residues 253−271) is almost fully 

conserved. SRS1 (69−92) shows half conserved/half abnormal property, especially at residues 

72−74. SRS2 (181−188) and SRS5 (325−335) each present interesting deviations. SRS3 

(200−208), on the other hand, is almost completely different across the 15 sub-family 

enzymes.127  

 

Figure 1.14 The active site structure of N-palmitoylglycine-bound P450BM3 (PDB: 1JPZ) and key amino acid residues. 

The active site structure of P450BM3 and some key residues that contact the bound N-

palmitoylglycine (NPG) substrate are shown in Figure 1.14.128 Fatty acid substrates are bound 

in an extended conformation with the carboxylate group located at the entrance to the substrate 

access channel where the carboxylate oxygens interact with Arg47 and Tyr 51.41 The aliphatic 
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side of the molecule reaches over and beyond the haem iron, containing residues V78 and A82 

deep into the substrate pocket (Figure 1.14). 

The oxidation of N-palmitoylglycine by P450BM3 showed −1, −2, and −3 hydroxylation. 

Surprisingly, in the SB crystal structure, the bound N-palmitoylglycine was far away from the 

haem iron centre that none of the carbon atoms were within 7 Å of the haem iron. This suggested 

that conformational changes or significant substrate motion must occur during the catalytic 

cycle for the oxidation of N-palmitoylglycine. Even though the SB structure of the haem domain 

is not representative, this structure has revealed residues that are in contact with the substrate 

and provided basis for mutagenesis and molecular dynamics simulation studies.  

Other conformational changes are observed between the SF and SB structures such as a 

displacement of the F and G helices to make space for the fatty acid aliphatic chain.129 In the 

SF form, the axial water molecule bound to the haem iron forms a hydrogen bond with the 

carbonyl oxygen of A264 in the I helix. With the introduction of substrate (SB form), this water 

molecule is removed and the I helix moves away from the haem iron compared with the SF 

form, notably the I263 and A264 residues.128 The extended aliphatic chain of N-

palmitoylglycine also induces the rotation of the aromatic ring of F87 by ~90°.130 In general, 

the SB structure is much more compact compared with the SF form, therefore, if the enzyme 

could be engineered towards a SB-like conformation, the oxidation of unnatural substrates may 

be improved.  

1.5.2 Key residues of P450BM3  

The entrance of substrate access channel has two key residues, Arg47 and Tyr51, which are 

proposed to be involved in fatty acid recognition; hence, the R47/Y51 couplet was an early 

target for mutagenesis. It was found that the R47A mutation131,132 reduced fatty acid oxidation 
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activity while the R47E mutant accepted alkyl trimethyl ammonium as a new substrate.133 The 

hydrophobic substitutions R47L and Y51F were combined to promote the entry and binding of 

hydrophobic compounds such as polycyclic aromatic hydrocarbon (PAH).134 The R47L/Y51F 

combination was then used as the base mutant for further engineering of P450BM3.
69,134,135  

Phe87 is close to the haem iron and strongly influences P450BM3 substrate specificity and 

product selectivity.136,137 It has been proposed that the rotation of the benzene ring in the SB 

form is responsible for the displacement of the distal axial water ligand.128 It is the most 

commonly mutated residue; F87V and F87A being the most useful substitutions as they create 

space for sterically demanding substrates to approach the haem.137-139 Ala264 is hydrogen-

bonded to the axial water ligand. The combination of F87A and A264G mutations greatly 

improved the oxidation of PAHs such as pyrene.140 

In the SB form of WT P450BM3 (Figure 1.14), the end of the aliphatic chain reaches over the 

haem iron and contacts Ala82. It was hypothesised that the side chain of A82 created a hole 

that may isolate the substrate from the haem iron, therefore, a bulky substitution at A82 would 

fill in this hole and increase the oxidation activity.141 The smaller active site generated by A82F 

and A82W mutations showed increased oxidation activity for N-palmitoylglycine and 

omeprazole.124 Other than Ala82, Peterson also identified another residue that should influence 

substrate binding, Ala328, which resides directly above the haem cofactor and is closest to the 

proximal side of the haem iron.142 The substitution of a hydrophobic valine onto A328 showed 

dramatic shift in the regioselectivity of hydroxylation on longer alkanes such as octane and 

nonane.143  
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1.6 Protein engineering 

1.6.1 Rational protein design and directed evolution 

In order to develop P450BM3 variants suitable for oxidation of diverse range of substrates, a 

variety of techniques of enzyme engineering are currently applied to P450BM3 to explore its 

catalytic potential. There are two general strategies for protein engineering: rational protein 

design and directed evolution. Rational design of protein requires detailed knowledge of the 

structure and function of a protein to mark targeted regions and residues for mutagenesis. With 

clear and defined targets, rational design mutagenesis is relatively inexpensive and technically 

easy to perform. However, the major drawback is that the detailed structural knowledge of a 

protein is not always available, even with the proteins that have been purified and crystallised, 

the actual transition state of the reaction remains impossible to be captured. Therefore, it would 

be difficult to predict the effects of various mutations and combinations. Directed evolution 

requires no prior knowledge of a protein and little prediction of effects of mutations. In directed 

evolution, random mutagenesis methods such as error-prone PCR (ep-PCR) and DNA shuffling 

could generate a large number of mutants with random mutations at random residues. For 

instance, the introduction of 20 amino acid substitutions in a protein of 500 amino acids would 

generate a maximum of 20500 mutants. Site-saturation mutagenesis is another common 

technique in directed evolution where all possible substitutions are introduced at amino acids 

residues.144 Even saturation only at 2 sites would generate 202 mutants for screening. This large 

number of variants often require expensive robotic equipment to automate the process and high-

throughput screening for data analysis. 
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1.6.2 Combination of rational protein design and directed evolution 

These two methods are not mutually exclusive, the combination of these methods has been 

widely applied in protein engineering. A method called rational evolution, is applied to engineer 

P450BM3 variants for fatty acid oxidation.145 Eight residues were selected from computational 

simulation for site-saturation mutagenesis. Some variants were found to produce the blue 

pigment indigo from indole oxidation.145,146 With further site-saturation and random 

mutagenesis, a triple mutant A74G/F87V/L188Q (GVQ) was identified to hydroxylate indole, 

leading to the formation of indigo and indirubin.145,147 The GVQ variant also showed activity 

on a broader range of substrates than the WT, including alkanes, alicyclic, aromatic, and 

heterocylic compounds.147 Thus, it validates the use of indole oxidation as an indicator for 

active mutants in the screening. 

 Similarly, Wong and co-workers used indigo formation from indole oxidation as a preliminary 

activity screen and then sub-screening in vivo for selectivity as well as activity.148 ep-PCR was 

carried out on the haem domain-coding regions of the WT P450BM3 gene and mutant F87A. 

Variants showing the most intensive indigo formation were selected for DNA shuffling and a 

second round of indigo screening. Of ~800 colonies, ~130 were picked for whole-cell oxidation 

of two substrates, naphthalene and propylbenzene. Four of the most promising variants were 

identified with much enhanced activity: A330P; A191T/N239H/I259V/A276T/L353I (KT2); 

F87A/H171L/Q307H/N319Y (KSK19); F87A/A330P/E377A/D425N (KT5), which were used 

as base variants for further mutagenesis.69,135,149,150 WT, the F87A variant, and the highly active 

GVQ variant developed by Schmid and co-workers, were tested together with these four new 

variants. GVQ showed higher product formation rate (PFR) comparing with WT (1015 min−1 

vs. 606 min−1), but these new variants showed even higher activity by at least an order of 
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magnitude over WT; the highest activity for propylbenzene was 2688 min−1 catalysed by 

R47L/Y51F/KT2 compared to 606 min−1 for WT.  

Of these four variants, only F87A is close to the haem centre. Ala330 is in a loop between two 

-strands, His171 is in the E/F loop, Ala191 is in the F/G loop, Asn239 is in the H/I loop, Ile259 

and Ala276 are in the I helix and Leu353 is near the substrate channel. Other residues such as 

Gln307, Asn319, Glu377 and Asp425 are on the surface of the haem protein. It is unusual to 

have a single mutation to have such high activity, variants A330P and I401P were crystallised 

for detailed analysis (Figures 1.15 and 1.16).151 In Figure 1.15, compared with the WT structure, 

the proline mutation on Ala330 leads to the relocation of the adjacent P329 residue towards the 

haem centre which was closer to the F87 side chain (5.9 Å instead of 9 Å). The substrate pocket 

was reshaped dramatically, and the more constrained active site abolished fatty acid oxidation 

while enhancing activity for smaller molecules, such as naphthalene and propylbenzene.  

 

Figure 1.15 Overlay structure of the active-site residues of variant A330P (in blue, PDB: 3M4V)151 and WT (in yellow, PDB: 

1BU7)118 showing the relocation of the Pro329 residue in A330P into the substrate pocket above the haem centre, and the 

distance between this Pro329 residue and the side chain of Phe87 is only 5.9 Å compared to 9 Å in WT. 
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The I401P mutant showed unexpectedly high activity for non-natural substrates.152 The overlaid 

crystal structures of I401P and SF WT showed a number of unexpected features (Figure 1.16). 

The I401P mutation, adjacent to the proximal Cys400 residue, caused the proximal loop to drop, 

taking the haem iron down slightly from the substrate pocket, resulting in lengthening of the 

iron-axial water distance from 2.6 Å to 3.6 Å. In this respect, the structure resembled that of 

the SB form of the WT. Two I-helix residues, Gly265 and His266, were reorientated, and 

prevented the formation of several intrahelical hydrogen bonds. Overall, the I401P mutation 

induces conformational changes that facilitates the initiation of the catalytic cycle, hence, 

increases the oxidation activity for non-natural substrates.  

 

Figure 1.16 The overlay structure of active site in I401P variant (in yellow, PDB: 3HF2)151 with SF WT (in grey, PDB: 

1BU7)118 showing the iron atom, the porphyrin and the proximal loop residues of I401P dropping away from the substrate 

pocket comparing with the WT. 

The KT2 variant also showed unexpected high activity for non-natural substrates. Because the 

mutations in KT2 (A191T/N239H/I259V/A276T/L353I) are at residues of no obvious 

structural importance, it was not immediately clear how these mutations effected the increased 

activity. The crystal structure of SF KT2 showed that the I helix adopted a different structure 
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from SF WT (Figure 1.17−A).153 A number of interhelix hydrogen bonds and salt bridges were 

broken (black dashes), and the hydrogen bond between the haem iron-bound water and the 

Ala264 carbonyl was broken (blue spheres). These conformational changes resulted in the 

retreat of the I helix of KT2 which surprisingly resembled the I helix structure of SB WT118 

(Figure 1.17−B). The overlay between SF KT2 and SB WT was good, and a newly formed 

hydrogen bond between the carbonyl of I263 and amide of E267 stabilised the structure. The 

KT2 mutant was thus described as being in a “catalytic ready” conformation. 

 

Figure 1.17 Crystal structure of I-helix of SF KT2 (PDB: 3PSX);153 (A) Overlay structure of I-helix of SF KT2 (yellow, with 

hydrogen bonds in red and water molecules as red spheres) with SF WT (in grey, with hydrogen bonds in black and water 

molecules as blue spheres). (B) Overlay structure of I-helix of SF KT2 (yellow, with hydrogen bonds in red and water molecules 

as red spheres) with SB WT118 (in green, with hydrogen bonds in blue and water molecules as green spheres). 
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Arnold and co-workers used combinational mutagenesis strategies to improve the 

hydroxylation of alkanes by P450BM3.
154 Five rounds of random mutagenesis targeted to the 

haem domain, together with recombination of beneficial mutations, led to the variant 139-3 

with greatly improved octane oxidation activity (TTN~1000).155 This variant, with 11 mutations 

(V78A/H138Y/T175I/V178I/A184I/H236Q/E252G/R255S/A295T/L353V), not only 

improved octane oxidation, but also enhanced propane oxidation (TTN~500).143,155 After 

further rounds of random mutagenesis followed by site-saturation mutagenesis, thousands of 

variants were generated and screened using dimethyl ether as surrogate and detecting the 

formaldehyde formed via demethylation. Variant 35E11 was found to have greatly increased 

propane oxidation activity to 2-propanol (TTN~6000).156 Out of the 17 mutations accumulated 

in variant 35E11, only two were at active site residues, highlighting the power of directed 

evolution in tracking beneficial mutations through the great effort of high-throughput screening. 

Finally, in order to further evolve variant 35E11, a “domain engineering strategy” was 

proposed. Based on the previously identified beneficial mutations within the P450 domain, 

random and site-saturation mutagenesis were also performed separately in the FMN and FAD 

reductase domains. The combination of these beneficial mutations on three domains evolved a 

proficient propane monooxygenase, name P450PMO, possessing high catalytic efficiency and 

coupling efficiency for this reaction (up to 45,000 TTN).157-159  

 

Figure 1.18 Examples of human drug metabolites catalysed by the engineered P45BM3 variants; oxidation sites are indicated 

by arrows.160,161 
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Other than propane oxidation, these mutants were also found to oxidise numerous drug 

molecules,160 ranging from smaller molecules such as ibuprofen to larger ones such as 

buspirone160 and verapamil (Figure 1.18).161  

Vermeulen and co-workers rationally designed a triple mutant R47L/F87V/L188Q that was 

found to have enhanced activity for the oxidation of drug molecules like testosterone (TST), 

amodiaquine, dextromethorphan, and 3,4-methylenedioxymethylamphetamine (MDMA).162,163 

Based on this variant, further random mutagenesis was conducted to improve its activity. Three 

generations of ep-PCR gave more than 1,000 mutants, from which 

R47L/F87V/L188Q/E267V/G415S & R47L/E64G/F81I/F87V/E143G/L188Q/E267V/G415S 

(M01 & M11) were identified as the most active mutants that gave the highest activity for 

MDMA and dextromethorphan.164 It was found that increasing the size of the active site residue 

at position 82 (A82W and A82F) in M01 and M11 variants improved the oxidation of 

testosterone at the 16 position,165 while the extra S72I mutation inverted the selectivity 

towards 16-hydroxylation, both with moderate selectivity and conversion (Figure 1.19).166 

However, multiple rounds of random and site-saturation mutagenesis may be required to 

improve the selectivity for targeted products.  

 

Figure 1.19 Oxidation sites of testosterone by engineered P450BM3 variants developed by Vermeulen and co-

workers.162,163,165,166 
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1.6.3 Combinatorial active-site saturation test (CAST) and iterative 

saturation mutagenesis (ISM) 

In order to narrow down the target list of mutants and reduce the size of mutant library, Reetz 

and co-workers developed two methods, Combinatorial Active-site Saturation Test (CAST)167 

and Iterative Saturation Mutagenesis (ISM),168 to generate a more active-site-focused variant 

library guided by structural information on the enzyme. CAST involves randomisation of amino 

acids at several sets of spatially close positions around the active site. For instance, on the basis 

of the secondary structure of an enzyme, if one member of the pair occurs in a protein sequence 

at position n, then the second one is found at a sequence of (n+1) in a loop, (n+2) in a  sheet, 

(n+3) in a 310 helix, and (n+4) in an  helix. Randomisation on these spatially close pairs of 

residues will generate a number of sub-libraries, also called focus libraries, for activity 

screening. This method is always combined with ISM for further rounds of mutagenesis. In 

ISM, the beneficial mutant gene from a given sub-library is used as the template for another 

round of saturation mutagenesis at other sites; multiple rounds may be required until reaching 

a desired level of activity. These two approaches significantly reduce the time required to obtain 

hits, especially when a high throughput screen is not available. Reetz and co-workers have 

demonstrated directed evolution of P450BM3 for testosterone oxidation at 2 and 15 positions 

using iterative CAST.169 The F87A mutant was selected as template, it gave a roughly 1:1 ratio 

of 2 and 15 alcohols of testosterone. Twenty active site residues were grouped into nine sites, 

A (A47, T49, Y51), B (V78, A82), C (M185, L188), D (S72, A74, L75), E (L181, A184), F 

(T260, I263); G (A328, A330), H (L437, T438) and I (V26, T29). Three residues, S72, A328 

and A330, were selected for saturation mutagenesis while site B residues (V78, A82) were 

randomised using NNK codon degeneracy and sites A and C (A47, T49, Y51, M185, L188) 

were subjected to NDC mutagenesis. The NDC codon degeneracy encodes only 12 amino acids 
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which are mostly hydrophobic amino acids substitutions. Up to 18,000 variants were generated 

for testosterone oxidation screening and high regio- and stereo-selectivity for 2- and 15-

hydroxylation were observed, with F87A/A330W giving 97% of 2-hydroxy-TST at 79% 

conversion and R47Y/T49F/V78L/A82M/F87A giving 96% of 15-hydroxy-TST at 85% 

conversion (Figure 1.20).169  

 

Figure 1.20 Oxidation sites of testosterone by engineered P450BM3 variants developed by Reetz and co-workers (2, 7, 15, 

16, and 16-hydroxylation in black) and Wong and co-workers (2 and 15-hydroxylation in red).135,169-172 

Later, using similar ISM-CAST approach but with a broader coverage of residues and more 

site-saturation mutagenesis, also taking into account beneficial mutations discovered by 

Vermeulen and co-workers (A82W and S72I), Reetz and co-workers developed P450BM3 

mutants for 16- and 16-hydroxylation for testosterone and 4 other steroidal substrates with 

high selectivity and conversion (Figure 1.20).170 More recently, a larger library (more than 

30,000) was generated using similar approach by randomisation of 2 amino acids across 15 

residues with the aim of 7-hydroxylation of testosterone and 5 other steroids, which were 

obtained at medium to high selectivity and conversion (Figure 1.20).171 However, testosterone 

oxidation showed low diversity of products even screening >50,000 mutants across different 

efforts.  
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1.6.4 Rational designed focused libraries 

To obtain high regio- and stereo-selectivity of testosterone metabolites, even though with the 

development of ISM and CAST approaches to reduce the size of variant library, huge efforts 

are required to mutate large collection of recombinant DNA and high-throughput screening. 

Wong and co-workers developed a panel of ~100 P450BM3 variants by rational protein design. 

This library was constructed from five base variants, K19 (H171L/Q307H/N319Y), R19 

(R47L/Y51F/K19), RP (R47L/Y51F/I401P), RT2 (R47L/Y51F/KT2), and GVQ 

(A74G/F87V/L188Q).148,152 Additional mutations at two or more active site residues (R47, 

Y51, S72, V78, F81, A82, F87, A184, I263, A264, E267, A328, A330 and L437) were 

introduced to these base variants to generate diverse substrate pocket shape and size for 

accepting unnatural substrate.69,135,149,150 Variants in this library were broadly divided into three 

groups. One group contained F87A or F87V mutations to create space close to the haem, which 

were crucial for large molecule oxidation such as sesquiterpenes and steroids. Another group 

included A330P and A330W mutations which restricted and reshaped the substrate pocket; the 

third contained wild type-like variants. Screening with this small library of engineered mutants, 

diverse range of substrates have shown high selectivity and TTN. For example, testosterone 

oxidation with this focused library achieved high regioselectivity for 15-hydroxylation (96%) 

with excellent substrate conversion (83%); C2 oxidation of testosterone was also observed with 

80% selectivity and 20% conversion (Figure 1.20).135 The screening of drug molecules such as 

diclofenac, naproxen, chlorzoxazone, amitriptyline and lidocaine; smaller drug core motifs 

quinolines and tetrahydroquinoline; and diterpene eleuthoside not only showed high selectivity 

and TTN, but also gave corresponding alcohol precursors for valuable drugs synthesis.  

Seifert et al. also constructed a P450BM3 library by combining five hydrophobic amino acids 

(A, V, F, L, and I) in two positions, F87 in SRS1 and A328 in SRS5.173 F87 has been shown to 
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be significant in creating space when mutated to smaller amino acids for oxidation reaction 

while mutations at A328 has been predicted to systematically alter the substrate pocket shape 

by changing the size of side chains. Twenty-four variants were generated and tested for 

oxidation of geranylacetone, nerylacetone, (4R)-limonene and (+)-valencene. The oxidation of 

geranylacetone showed improved selectivity for the 9,10-epoxide (97%) comparing with WT 

(54%); new oxidation sites at C11 and C12 were also observed with 37% and 80% selectivity. 

Oxidation of nerylacetone and limonene largely improved the selectivity for their 

corresponding epoxides (up to 94%). Valencene was oxidised preferentially at allylic C2 

position to produce nootkatol and small amounts of the grapefruit nootkatone. 

Fasan and co-workers developed a larger library of ~500 mutants from the base variants in 

Arnold’s work and a variety of mutants derived from random mutagenesis studies. This library 

was also called “training set” that was used to screen for residues with high selectivity. For 

example, 20 out of the 500 variants showed activity for artemisinin oxidation. Variant 

V78A/F81S/A82V/F87A/F142S/T175I/A180T/A184V/A197V/F205C/S226R/H236G/R255S

/A290V/L353V (FL#62) gave 83% selectivity towards 7 hydroxylation with 10% of 7-

hydroxy-artemisinin. C7 oxidation of artemisinin remains inaccessible by chemical oxidation 

via iron-based catalysts, which favour the more electronically activated C−H bond in C6. 

Therefore, the preferential C7 oxidation of artemisinin by engineered P450BM3 provided an 

ideal precursor for the synthesis of 7(R)-fluoroartemether, a fluorinated derivative of the 

antimalarial drug artemether, which is the major metabolite in human (Figure 1.21).174,175  
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Figure 1.21 Chemoenzymatic synthesis of 7(R)-fluoroartemether from artemisinin via the catalyst of P450BM3.174,175 

To improve the activity of this variant, a series of active site libraries were constructed via site-

saturation (NNK) mutagenesis across 7 residues (74, 78, 81, 82, 87, 181, 184). After screening 

of 12,500 variants, selectivity for the 7-alcohol was improved to 100% with a TTN of 360. 

This synthetic route via late-stage functionalisation has been applied to a range of drug-like 

molecules.176   

1.7 Application of mutant P450BM3 

Over the past decade, P450BM3 has been engineered for the oxidation of alkanes, terpenes, 

heteroaromatics, alkaloids, steroids and other classes of compounds.41,42,154,177-179 Engineering 

biocatalysts for the production of fine chemicals through biosynthetic pathways is becoming 

attractive as an alternative to synthetic chemistry. Keasling and co-workers developed a novel 

semi-biosynthetic route for the production of artemisinin using engineered P450BM3 variants, 

with the aid of computational study.180 Both WT and mutated active sites of P450BM3 were 

constructed and cross-compared using Rosetta algorithm. It was found that the F87A181 

mutation greatly relieved the steric hindrance imposed upon substrate amorphadiene and 

allowed more substrate-haem interaction in the active site. Mutation A328L appeared to restrict 

the mobility of amorphadiene in the active site and promote more epoxidation. Incorporating 
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these mutations into P450BM3 together with R47L/Y51F couplet enabled the in vivo selective 

oxidation of amorphadiene to the epoxide at titres of 250 mg/L in E. coli (Figure 1.22).  

 

Figure 1.22 Semi-synthesis strategies for production of artemisinin.180 

The sesquiterpenoids are a large diverse class of naturally occurring compounds with biological 

or medicinal properties or found as flavourings and aroma compounds. The oxidation sites of 

oxygenated sesquiterpenes are often chemically inert, which make these compounds interesting 

and challenging targets for enzymatic reaction.175,182,183 (+)-Nootkatone, a sesquiterpenoid 

isolated from grapefruit, is a highly valued aroma compound. The extraction of (+)-nootkatone 

from nature suffers from low yields and chemical synthesis requires environmentally harmful 

reagents and solvents. (+)-Valencene, found in orange oil, is the biological precursor to (+)-

nootkatone. Chemical oxidation of (+)-valencene to (+)-nootkatone has been studied, ranging 

from hydroperoxide oxidation to transition metal catalysis.184-188  

 

Figure 1.23 Oxidation products of valencene with P450BM3 variant.183 
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Biological oxidation is an alternative possibility, but microbial oxidation to (+)-nootkatone 

commonly suffers from product inhibition and low yields. Wong and co-workers designed 

P450BM3 mutants that exert higher activity for (+)-valencene oxidation (Figure 1.23).183 The 

most successful mutant gave 42% conversion of (+)-valencene. 

1.8 Thesis objectives 

1.8.1 Chemoenzymatic semi-synthesis of aroma compounds 

Terpenes and terpenoids have huge potential in the fine chemical industry and in drug 

discovery. Norisoprenoids are classified as one class of terpenes and possess biological activity 

and are valuable products in the flavour, fragrance and pharmaceutical industries. Fine 

chemicals such as -irone, -damascenone, tabanone isomers and rose oxide possess very 

different aromas which have found varied applications. Due to their low concentration in nature, 

chemical or enzymatic synthesis would be attractive alternatives for large scale production. -

Ionone, -ionone, -damascone, and (−)--citronellol are readily available and inexpensive, 

and thus, would be ideal starting materials for the synthesis of -irone, -damascenone, 

tabanone isomers and rose oxide (Figure 1.24).  

 

Figure 1.24 The proposed semi-synthesis of valuable norisoprenoids and isoprenoids compounds in this project. 
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Chapter 3 describes the development of potential synthesis routes for these compounds via late-

stage C−H bond oxidation of the precursors. The initial screening and variant selection for the 

production of precursor alcohols with high selectivity and turnover number, followed by 

chemical functionalisation and optimisation to achieve high product yield are reported. 

Moreover, the engineered mutants shifted the oxidation regioselectivity away from allylic 

alcohol and epoxide to diverse oxidation products, such as tertiary alcohols, and aldehydes. The 

roles of selected key residues on the activity and selectivity were also studied in this work.  

1.8.2 Oxidation of steroids 

Previous work in the Wong group focused on generating a small but active library of mutants 

in order to functionalise diverse range of natural and non-natural substrates. After screening 

with the initial library, effective mutations were combined to generate sub-libraries (rational 

design) for specific classes of substrates, such as steroid molecules. Previously, high regio- and 

stereo-selectivity for 2- and 15-hydroxy-testosterone were obtained with the initial library; 

however, oxidation at other sites was not observed with any significant selectivity. Oxidation 

of other steroid molecules such as androstenedione and dehydroepiandrosterone, especially at 

remote, non-activated sites remains challenging for all P450s. The second aim in this thesis was 

to demonstrate rational protein design of P450BM3 variants for the C−H functionalisation of 

these steroidal compounds at previously inaccessible regions. The roles of the key residues were 

explored with the help of molecular dynamic simulation and docking studies. Chapter 4 

describes the initial screening of androstenedione, dehydroepiandrosterone, and testosterone 

followed by a nature-inspired design of second-generation library that altered steroid binding 

orientation and gave a broader range of products (Figure 1.25).  
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Progesterone oxidation has been thoroughly studied by various recombinant P450s, with high 

regio- and stereo-selectivity found whereas pregnenolone oxidation remains challenging. Also, 

it would be interesting to compare the activity for progesterone and pregnenolone oxidation due 

to the different structures of the A and B ring, likewise for androstenedione and 

dehydroepiandrosterone. Similarly, androsterone and epi-androsterone are a pair of 

diastereomers that differ by the C3 stereochemistry. The oxidation of these molecules is more 

challenging due to the saturated C−H bonds and lack of directing functional groups. Therefore, 

these molecules are interesting and challenging candidates for testing the activity of P450BM3 

variants. 

 

Figure 1.25 Steroidal molecules to be studied in this project. 

Chapter 5 describes the oxidation of progesterone, pregnenolone, androsterone, and epi-

androsterone by engineered P450BM3 variants (Figure 1.25). Oxidation products favoured by 

different effective mutations were compared and molecular docking study was performed to 

provide insights on substrate binding. 
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2 Materials and methods 

2.1 Materials, chemicals and equipment 

General reagents, chemicals and HPLC grade solvents were purchased from Alfa-Aesar, Fisher 

Scientific, Fluorochem, and Sigma-Aldrich, UK. Norisoprenoids and steroidal substrates were 

purchased from Sigma-Aldrich, Acros, and Fluka, UK. Media components, kanamycin and 

IPTG were supplied by Melford Laboratories, UK. Hen egg white lysozyme was from Sigma-

Aldrich. NADP+ was from Prozomix, UK; glucose dehydrogenase (GDH) was from Codexis, 

California, USA. Oligonucleotides were supplied by Eurofins Genetic Service, UK.  

Sonication was carried out using a Misonix 3000 sonicator and Fisher Scientific FB-505 

ultrasonic processor. Mutagenesis and PCR reactions were carried out in a Techne thermocycler 

or a Cetus thermocycler from Perkin-Elmer. UV-vis spectra were acquired on a Varian 

CARY50 spectrophotometer at 30C using 1 cm pathlength quartz cuvettes. Oxidation products 

were purified by flash silica gel column chromatography using Geduran Silica 60, 40–63 m 

(Fisher Scientific, UK) or preparative scale supercritical fluid chromatography (SFC) on a 

Waters Prep-15 instrument using a 2-ethylpyridine (2-EP) column (5 m, 10 mm  150 mm) 

and eluting with methanol as a modifier of the liquid CO2 mobile phase. Analytical thin-layer 

chromatography was performed on petroleum ether/ethyl acetate solvent system and bands 

were either visualised under ultraviolet light or with permanganate or phosphomolybdic acid 

staining reagents. 1H, 13C, COSY, HSQC, HMBC, NOESY, and 1D nOe NMR spectra were 

acquired on Bruker AVIII-500 (500/125 MHz), Bruker AVIII-400 (400/100 MHz), or Bruker 

AV-400 (400/100 MHz) spectrometers. High resolution mass spectra (HRMS) were obtained 

on a Bruker microTOF spectrometer. 
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Table 2.1 Growth media and buffer components. 

Media/buffer Components, per litre water 

LB 10 g tryptone, 5 g yeast extract, 10 g NaCl 

LBagar 10 g tryptone, 5 g yeast extract, 10 g NaCl, 15 g bacto-agar 

2YT 16 g tryptone, 10 g yeast extract, 5 g NaCl 

FBglycerol 14.7 g K2HPO4, 3.6 g NaH2PO4, 2.5 g (NH4)2SO4, 2.0 g Na2SO4, 1.2 g 

Na3citrate.2H2O, 0.5 g NH4Cl, 5 mL glycerol (after autoclaving, add 2.0 mL 

1 M MgSO4.7H2O, 3.0 mL trace elements solution, 1.0 mL 10% w/v 

thiamine.HCl) 

Trace elements 20.1 g Na2EDTA, 0.74 g CaCl2.H2O, 0.25 g CoCl2.6H2O, 0.10 g CuSO4.5H2O, 

16.7 g FeCl3.6H2O, 0.132 g MnSO4.4H2O, 0.18 g ZnSO4.7H2O 

SOC 20 g tryptone, 5 g yeast extract, 0.5 g NaCl (after autoclaving, add 10 mL 1 M 

MgCl2, 10 mL 1 M MgSO4, 2 mL 20% w/v glucose) 

Innoculation 

solution 

15 mg kanamycin, 250 mg MgSO4·7H2O, 50 mg thiamine·HCl, add trace 

elements soluion to 1.5 mL 

Induction 

solution/40 mL 

380 mg IPTG, 672 mg -ALA·HCl, 112 mg FeSO4·7H2O, 600 mg 

kanamycin in 40 ml H2O  

Buffer G 4.9 g K2HPO4, 1.6 g KH2PO4, 0.15 g DTT 

50mM Tris-HCl 50 mL 1 M Tris-HCl, 950 mL H2O 

200 mM KPi  2.4 g KH2PO4, 31.7 g K2HPO4, 1000 mL H2O 

 

Water used for bacterial growth and buffers was from a Milipore ELIX-5 system (resistivity ≥8 

MΩ cm−1). The components of media are shown in Table 2.1. All media were sterilised prior 

to use. Kanamycin (30 mg L–1) was added after the media had cooled to room temperature. The 

buffer pH was adjusted using either concentrated HCl (Tris buffer) or orthophosphoric acid 

(phosphate buffer).  
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2.2 DNA manipulations 

2.2.1 PCR site-directed mutagenesis 

Oligos used in this project are listed in Appendix 2, Table 1.4. Solutions of both the forward 

and reverse primers, each at 10 μM concentration, were prepared in ultrapure water. To a 200-

μL autoclaved PCR microcentrifuge tube the following components were added: 29 μL water, 

5 μL dNTP, 5 μL 10× KOD polymerase buffer, 1−2 μL parent DNA, 4 μL MgSO4, 2 μL DMSO, 

1.5 μL forward primer, 1.5 μL reverse primer and 1 μL polymerase to make a total volume of 

50 μL. After being gently pipette-mixed and centrifuged for 5 s at 2,900 g, the microcentrifuge 

tube was placed in the thermocycler and the following temperature program was run: 94 °C for 

20 s for strand separation; 55−65 °C for 20 s for annealing; 72 °C for 160 s for extension; cycle 

repeated 30 times. The temperature was then kept at 72 °C for 10 min before being reduced to 

and maintained at 4 °C. The PCR reactions were then analysed by agarose gel electrophoresis. 

2.2.2 Agarose gel electrophoresis  

A suspension of agarose powder (0.5 g) in 50 mL 1× TAE (Tris-acetate-EDTA) buffer in a 

conical flask was heated to form a clear solution in a microwave (2 × 30 s). RedSafeTM staining 

solution (5 L) was added into the solution which was poured into the gel tray with a comb to 

form sample wells and left to set. The gel was then placed in the electrophoresis apparatus and 

extra 1× TAE buffer was poured into the tray until the gel was immersed in the buffer. 2 μL of 

loading dye was mixed with 10 μL of the PCR mixture and then carefully pipetted into a well 

in the gel; 5 μL of a DNA size ladder was added to an adjacent well in the gel to provide a size 

scale. A voltage difference of 100 V was applied across the gel for 20 min and a long 

wavelength UV lamp was used to irradiate the gel and the bands were compared with the DNA 
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ladder standard. A strong band with the same mobility as a linearised 8500 bp fragment 

suggested a successful PCR step. 1 μL of DpnI, was then added to digest the template DNA for 

2 h at 37 °C. 

2.2.3 Post-mutagenesis transformation 

Escherichia coli (E. coli) DH5α competent cells were stored as 120-μL aliquots in 

microcentrifuge tubes at −80 °C. One aliquot of cells was defrosted on ice, 10 μL of the 

DpnI−digested PCR mixture was added into 40 μL of competent cells which were incubated 

for 45 min on ice. The cells were heat-shocked at 42 °C for 45 s and then placed back on ice 

for 2 min. 600 μL of filter-sterilised SOC media was added to the mixture which was then 

incubated for 2 h in a shaker at 180 rpm, 37 °C. The cells were spread onto a LBKAN agar plate 

and placed in a 37 °C oven to grow overnight.  

2.2.4 DNA purification and transformation 

One single colony was picked from the plate and inoculated into 5 mL LBKAN media in a 15-

mL centrifuge tube at 180 rpm, 37 °C for 16 h. The culture was centrifuged at 9,000 g and 4 °C 

for 10 min. Plasmid DNA was then purified using a GeneJET plasmid miniprep kit from 

ThermoFisher Scientific. The purified DNA was recovered in 50 μL of deionised H2O. The 

DNA concentration (μg/μL) was determined from 5× A260 of a 1:100 diluted sample (5 μL 

solution in 495 μL H2O) and the purity was assessed by the ratio A260/A280. If the purity ratio 

was between 1.5 and 1.8 and concentration greater than 0.1 μg μL−1, then 15 μL of the DNA 

stock was sent for DNA sequencing by Geneservice, UK using two primers, T7F and BM3FP2 

(see Table 2.2), to ensure the presence of the desired mutation(s). If the correct sequence was 

obtained, the plasmid DNA (0.25 μL) was transformed into 40 μL of competent E. coli BL21 

(DE3) as described in section 2.2.3.  
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Table 2.2 Nucleotide sequences of the T7F and BM3FP2 primers. 

Primers Sequence 

T7F TAATACGACTCACTATAGG 

BM3FP2 CTGCAGCGAGCAAATCCAGACGAC 

2.3 Protein expression and purification 

One colony of transformed E. coli BL21 (DE3) from a LBKAN plate was inoculated into 500 

mL FBgly media with addition of 1.5 mL of inoculation solution (Table 2.1) containing 30 mg/L 

kanamycin in a 2-litre flask and shaken at 160 rpm for 24 h at 37 °C. A 5 mL aliquot of the 

culture was mixed with 5 mL sterile 50% glycerol in a 15-mL centrifuge tube to prepare a cell 

bank which was then stored as 1-mL aliquots at −80 °C. The incubator temperature for the 

overnight culture was then lowered to 20 °C and the culture left to shake for 1 h. Protein 

production was induced by adding 1 mL of induction solution (Table 2.1) into each 2 L flask.  

The culture was grown for a further 48−72 h, shaking at 120 rpm, 20 °C. Cells were harvested 

by centrifugation at 9000 g, 4 °C for 10 min.  

The cell pellet was re-suspended in 30 mL buffer P per 500 mL culture, transferred to a beaker 

on ice and the cells were lysed by sonication with a 5-min programme of 15-s pulses and 30-s 

cooling, at 45% amplitude. The lysate was centrifuged for 15 min at 9,000 g, 4 °C to pellet the 

cell debris. The P450 enzyme was recovered from the supernatant by ammonium sulfate 

fractionation. The amount of ammonium sulphate required to take the concentration to 40% 

saturation was calculated (http://www.encorbio.com/protocols/AM-SO4.htm) and added as the 

solid to the solution at 4 °C and the mixture stirred until all the solids had dissolved. The 

solution was centrifuged at 9,000 g, 4 °C for 20 min. To the retained supernatant was added the 

amount of ammonium sulfate to take the solution from 40% to 60% saturation to precipitate the 

http://www.encorbio.com/protocols/AM-SO4.htm
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P450 enzyme. The pellet was retained after centrifugation at 9,000 g for 30 min at 4 °C and 

then dissolved in 5 ml buffer P. The protein was aliquoted into 1.5-mL tubes and stored at −20 

°C.  

2.4 Quantification of cytochrome P450 

Before the P450 enzyme was stored at −20 °C, 50 μL of enzyme was added into 950 μL of 

buffer P and the UV-Vis spectrum (200−500 nm) was recorded. A few crystals of sodium 

dithionite were added to reduce the protein and the UV-Vis spectrum was recorded of the 

reduced protein which was then used to obtain the baseline. 10~15 bubbles of CO were gently 

bubbled through the reduced protein; and the difference spectrum was recorded. More CO was 

bubbled through the solution and the spectrum recorded or until the characteristic 450 nm peak 

height was maximised. The concentration of the protein was determined from:  

[𝑷𝟒𝟓𝟎]𝝁𝑴 =  
𝟐𝟎(𝑨𝟒𝟓𝟎 − 𝑨𝟒𝟗𝟎)

𝟗𝟏𝟎𝟎𝟎
 × 𝟏𝟎𝟔 

where ε450−490 = 91,000 M−1 cm−1 is the extinction coefficient.44 

2.5 Compound screening and characterisation 

2.5.1 Activity screening in 24-well plates  

-Damascone (1), -ionone (5), -ionol (7), ms-citronellol (14), ts-citronellol (15), and 

citronellol (16) were screened against the P450BM3 library at a ratio of 2500:1 of substrate to 

enzyme (Table 2.3). Norisoprenoid substrates were dissolved in MeOH and added as a stock, 

typically at 200 mM concentration. 100 L of each enzyme, previously diluted to 10 M, was 

added into the 24-well plates. The screening was carried out in 200 mM phosphate buffer (pH 



43 

 

7.9) in a volume of 0.5 mL in these 24-well plates. In this reaction system, the final 

concentration of P450BM3 variants was 2 M and the substrates was at 5 mM. GDH (20 U/mL) 

and glucose (100 mM) was used to regenerate the NADPH cofactor. NADP+ (40 M) was 

added to initiate the reaction. Methyl--cyclodextrin in 200 mM stock was added to solubilise 

substrates at such high concentration. Screening plates were shaken at 120 rpm for 16 h at 20 

ºC and then extracted with 300 L of ethyl acetate. After centrifugation at 14300 g to separate 

the phases, the organic extracts were analysed by GC; the oven temperature was held at 140 ºC 

for 1 min, then raised at 15 ºC/min to 240 ºC and held at this temperature for 1 min.  

Table 2.3 Reaction components for screening of -damascone (1), -ionone (5), -ionol (7), ms-citronellol (14), ts-citronellol 

(15) and citronellol (16).  

Substance Stock concentration Volume/μL Final concentration 

Glucose 1 M 50 100 mM 

Substrate 200 mM 12.5 5 mM 

GDH 200 U/mL 10 2 U/mL 

NADP+ 1 M 10 80 μM 

Enzyme 10 μM 100 2 μM 

Methyl-cyclodextrin 200 mM 12.5 5 mM 

200 mM KPi buffer 200 mM 305 N/A 

Androstenedione (AD, 19), dehydroepiandrosterone (DHEA, 20), testosterone (TST, 21) were 

screened against the P450BM3 library at a ratio of 1000:1 of substrate to enzyme (Table 2.4). 

These steroidal substrates were dissolved in MeOH and added as a stock, typically at 100 mM 

concentration in the screening reaction. GDH (20 U/mL) and glucose (100 mM) was used to 

regenerate the NADPH cofactor. NADP+ (40 M) was added to initiate the reaction. Screening 

plates were shaken at 120 rpm for 16 h at 20 ºC and then extracted with 300 L of ethyl acetate. 

After centrifugation at 14300 g to separate the phases, the organic extracts were analysed by 

GC: the oven temperature was held at 220 ºC for 1 min, then raised at 20 ºC/min to 300 ºC and 

held at this temperature for 3.5 min. 
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Table 2.4 Reaction components for screening of androstenedione (AD, 19), dehydroepiandrosterone (DHEA, 20), testosterone 

(TST, 21). 

Substance Stock concentration Volume/μL Final concentration 

Glucose 1 M 50 100 mM 

Substrate 100 mM 10 2 mM 

GDH 200 U/mL 10 2 U/mL 

NADP+ 1 M 10 80 μM 

Enzyme 10 μM 100 2 μM 

200 mM KPi buffer 200 mM 320 N/A 

Androsterone (AN, 22), epi-androsterone (EAN, 23), progesterone (PROG, 24) and 

pregnenolone (PREG, 25) were screened against the P450BM3 library at a ratio of 500:1 of 

substrate to enzyme due to their lower solubility in aqueous reactions (Table 2.5). 200 mM of 

methyl--cyclodextrin was added in the reaction to solubilise these steroidal substrates. AN, 

EAN and PROG were dissolved in MeOH while PREG, the least soluble substrate, was 

dissolved in DMSO; these steroids were added as a stock at 100 mM concentration in the 

screening reaction.  

Table 2.5 Reaction components for screening of androsterone (AN, 22), epi-androsterone (EAN, 23), progesterone (PROG, 

24) and pregnenolone (PREG, 25) 

Substance Stock concentration Volume/μL Final concentration 

Glucose 1 M 50 100 mM 

Substrate 100 mM 5 1 mM 

GDH 200 U/mL 10 2 U/mL 

NADP+ 1 M 10 80 μM 

Enzyme 10 μM 100 2 μM 

Methyl--cyclodextrin 200 mM 5 5 mM 

200 mM KPi buffer 200 mM 320 N/A 

After shaking for 16 h, the reaction mixtures were transferred to a microcentrifuge tube and 

extracted with 300 L of ethyl acetate by vortexing for 1 min, and centrifuged at 14,800 g for 

1 min, which were analysed by GC with program stated above.  
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2.5.2 Preparative scale reactions 

Preparative scale reactions (20 mL − 200 mL) were carried out overnight with the same 

concentrations as in the initial screening. Progress of the reactions was monitored by GC 

analysis of organic extracts of 0.5 mL aliquots. Once no further product formation was detected, 

the reaction mixture was extracted with 30 mL of ethyl acetate at least three times. The 

combined extracts were dried with Na2SO4 before being filtered under suction with a sinter 

glass funnel and finally evaporated on a rotary evaporator.  

2.5.3 Product purification and characterisation 

The residue after solvent evaporation was re-dissolved in the ethyl acetate and transferred to a 

glass vial. The mixture was then tested with thin-layer chromatography (TLC) to select the 

solvent or combination of solvents that could separate the substrate and products. Flash column 

chromatography purification was carried out with Geduran Silica 60, 40−63 μm. Fractions were 

analysed by TLC, staining with a solution of potassium permanganate or phosphomolybdic 

acid; selected fractions were then analysed by GC. Fractions containing the same compounds 

were combined and solvents were removed with a rotary evaporator. The purified compound 

was characterised by NMR and MS. 

2.6 Molecular dynamics simulations and steroid docking 

MD simulations were performed on wild type CYP102A1 and variants that showed high 

selectivity for the observed steroid oxidation products. All structures were relaxed via MD 

simulations performed in GROMACS 2018.6.189 Structures of variants were prepared by 

addition of mutations to the WT CYP102A1 crystal structure (PDB code: 1jpz)128 via Pymol. 

N-Palmitoylglycine, which was crystallised within the structure, was removed. The protein was 
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prepared using the Amber 99SB*-ILDN force field190 with TIP3P water.191 The haem moiety 

was simulated in the Compound I state, using parameters from Shahrokh, et al.192 The protein 

was placed into the centre of a truncated octahedral box, with a minimum distance of 10 nm to 

any box edge. The protein was then solvated with ca. 17500 water molecules and the net charge 

neutralised by addition of Na+ ions. Steepest-descent energy minimisation was performed until 

the maximum force was <500 kJ mol–1 nm–2. Periodic boundary conditions were then used to 

model the system, with electrostatic interactions treated by the particle mesh Ewald method193 

and bond lengths involving H-atoms constrained with the LINCS algorithm.194 Short-range 

non-bonded interactions were calculated within a 1 nm cut-off and a timestep of 2 fs was used. 

For equilibration steps, all protein backbone Cα atoms were restrained with a positional restraint 

force constant of 1000 kJ mol–1 nm–2. A NVT equilibration step was performed at 298 K for 

100 ps, using the modified Berendsen thermostat.195 This was followed by an NPT equilibration 

step for 1250 ps utilising the Berendsen barostat with a time constant of 1 ps.196 All positional 

restraints were then removed and 100 ns of production MD was performed in triplicate using 

the Parrinello-Rahman barostat197 with a time constant of 5 ps. Structures were recorded every 

10 ps. Stability of the simulations was confirmed by monitoring the RMSD of the backbone Cα 

atoms before the individual trajectories were clustered using the Daura algorithm198 with a cut-

off of 1.2 nm. The three most populated clusters were used as receptor structures for docking 

studies, which were performed in Autodock Vina.199 All water molecules were removed from 

the structure prior to the docking calculation and both receptor and substrate were treated as 

rigid entities. The docking site was defined as a 30  30  30 Å box, centred on the ferryl 

oxygen, and poses were ranked using the Autodock Vina scoring function. 
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3 Chemoenzymatic routes to norisoprenoid and isoprenoid 

aroma compounds 

3.1 Introduction  

Terpenes are a diverse group of organic compounds that are hydrocarbons mainly produced by 

plants and insects. Terpenoids are modified terpenes with different functional groups that 

mostly contain oxygen. Terpenes and terpenoids with strong aromas and flavour are 

constituents of plant essential oils that have been widely used in perfumery and food industries. 

Norisoprenoids are classified as one class of terpenes and possess desirable fragrance and 

medicinal properties (Figure 3.1). For instance, besides boosting the fruity aroma, -damascone 

also shows a variety of biological activities such as cancer chemopreventive potential and 

repellent properties towards specific species of mosquitoes. -Irone, found in iris oil, has a 

sweet floral, iris and woody odor and is one of the major odorants in Chanel No.19, the last 

fragrance to be formulated by Coco Chanel. -Damascenone, extracted from Bulgarian roses, 

is a minor component of rose oil but a major contributor to the aroma with a very low odour 

threshold of 0.002 ppb, and is widely used in food and wines. Tabanone is found in trace 

quantities in nature and imparts a tobacco aroma that has found application in electronic tobacco 

liquids.  

These products are valuable but difficult to extract from nature due to the low concentration 

and high expense. The most common norisoprenoids are the ionones and damascones that are 

readily available and inexpensive, therefore the usage of these compounds as starting material 

to synthesise valuable products would be plausible. The subject of this chapter is to explore and 

develop chemoenzymatic routes to -damascenone, tabanone and rose oxide from different 

precursors with the use of P450s to shorten the synthesis pathways.  
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Figure 3.1 A selection of terpenes, terpenoids and norisoprenoids compounds. 

3.2 -Damascenone synthesis  

-Damascenone, first isolated from the Bulgarian rose, has an extremely low odour threshold 

of 0.002 ppb. It belongs to a family of chemicals known as the rose ketones which also include 

damascones and ionones, the components of variety of essential oils. Rose ketones have a 

flowery and sweet aroma, especially -damascenone which has been widely used in perfumery 

and foods. The demands for -damascenone is growing yearly due to the fast-developing 

cosmetics and perfumery industries. In nature, -damascenone is biosynthesised via the 

degradation of carotenoids which are converted to neoxanthin, the proposed precursor to -

damascenone, by various oxidases.200 The synthesis of -damascenone from 9-cis-neoxanthin 

in a model system by peroxyacid oxidation and two-phase thermal degradation without the 

involvement of enzymatic activity is shown in Figure 3.2.201,202 Oxidation of neoxanthin by 

hydroperoxide leads to the formation of an epoxide a1, which is hydrolysed to the vicinal diol 

a2. Heating a2 above 90 C leads to thermolysis of the C9−C10 bond with subsequent 

disproportionation to yield the allenic triol a3, which is converted to -damascenone via a 
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Meyer-Schuster rearrangement under mildly acidic conditions. Skouroumounis et al. suggested 

that compound a3 is a key intermediate in the formation of -damascenone and the 3-hydroxy-

-damascone is the major precursor of -damascenone (5% yield).203  

 

Figure 3.2 Hypothetical biosynthesis of -damascenone from neoxanthin. 

Because of its limited availability from natural sources, numerous chemical synthesis of -

damascenone has been developed. Two examples are shown in Figure 3.3. Route A shows the 

final step of -damascenone synthesis starting from -ionone, which undergoes a ketone shift 

via an allylsilane derivative to give -damascone. Allylic bromination at C4 followed by 

dehydrohalogenation under vacuum at 80 C in the presence of DABCO/DMAP gives -

damascenone.204 Route B utilises cobalt-catalysed oxidative esterification of the allylic C−H 

bond at higher temperature, which once again indicates the difficulty of C–H bond activation, 

followed by acid-catalysed elimination of benzoic acid.205 
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Figure 3.3 Two synthetic routes of -damascenone from -damascone. 

Biotransformation routes with P450s provides a greener method for late-stage C–H activation 

under milder conditions to generate “natural grade” compounds. The proposed route involves 

formation of the precursor, 4-hydroxy--damascone, by utilising P450BM3 variants followed by 

acid-catalysed dehydration (Figure 3.4).  

 

Figure 3.4 Proposed chemoenzymatic route to -damascenone from -damascone by P450BM3. 

3.2.1 Oxidation of -damascone by P450BM3 

A library of 96 CYP102A1 variants was screened for the oxidation of -damascone (5 mM 

substrate and 2 M enzyme). Full activity and selectivity data are given in Appendix 3, Table 

1.5. -Damascone (1) was a good substrate for the variant library, as 66 out of the 96 variants 
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showed >50% conversion (total turnover number, TTN >1250) to a collection of 5 major 

products. These were purified and characterised as 2-hydroxy--damascone (1a), 3-hydroxy-

-damascone (1b),206 4-hydroxy--damascone (1c),206 4-oxo--damascone (1d),207 and 10-

hydroxy--damascone (1e) (Figure 3.5). The NMR data for products 1b, 1c and 1d (Appendix 

3) are consistent with literature. Products 1a and 1e are new metabolites of -damascone; their 

full characterisation data are collected in Appendix 3.  

 

Figure 3.5 Gas chromatography analysis of selected variants giving -damascone oxidation products 1a−1e: (i) 97% of 4-

hydroxy--damascone 1c by GV/A184I/A264G; (ii) 13% of 4-oxo--damascone 1d by R19/F87A/A184I/A264G; (iii) 21% of 

2-hydroxy--damascone 1a by R19/F87A/A328F; (iv) 34% of 3-hydroxy--damascone 1b by R19/F87A/A328L; (v) 46% of 

10-hydroxy--damascone 1e by RT2/S72G/A330W/L437LA. 

The MS data of 10-hydroxy--damascone (1e) showed that it was a mono-oxygenation product 

(M+16). The allylic C10 methyl resonance of -damascone was missing from the 1H NMR 

spectrum of 1e, indicating that this methyl group had been oxidised. This was consistent with 

the two-proton allylic alcohol resonance at 4.38 ppm. Both the resonances at 6.78 and 6.37 ppm 
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that corresponded to H9 and H8 changed from doublets of quartets in -damascone to doublets 

of triplets, which was entirely consistent with C10 hydroxylation (Figure 3.6). 

 

Figure 3.6 The 1H NMR spectrum of a new metabolite of -damascone, 10-hydroxy--damascone (1e) in CDCl3. 

2-Hydroxy--damascone (1a) could not be isolated free of 1e by flash silica chromatography 

(Figure 3.7). The MS data (M+16) of the mixture of 1a and 1e showed that both were mono-

hydroxylation products. In the COSY and HSQC spectra, the doublet of doublet resonance at 

3.57 ppm only showed coupling to one pair of CH2 group, indicating the oxidation was at C2.  

Of the library of 96 variants, 82 gave 4-hydroxy--damascone (1c) as the major product 

(selectivity >50%), probably due to the allylic nature of C4. Variant R47L/Y51F/I263R (95% 

1c, 91% conversion) showed the highest turnover number (TON = 2160, Entry 7).  
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Figure 3.7 1H NMR spectrum of mixture of new metabolites, 2-hydroxy- 1a and 10-hydroxy--damascone 1e (red star). 

Further oxidation of 1c to the ketone 1d was promoted by variants containing the F87A 

mutation. For instance, R19/F87A/A184I gave 66% of 1c and 15% of 1d, and 

R19/F87A/A184I/A264G gave 87% of 1c and 13% of 1d (Entries 11 & 12), although full 

conversion to 1d was not observed.  

Addition of bulky substitutions at A328 to F87A-based variants shifted oxidation from C4 

towards C2 to form 2-hydroxy--damascone, 1a (R19/F87A/A328I: 7%, R19/F87A/A328F: 

21%, Entries 1 & 4). Introduction of V78I or S72H mutations to R19/F87A/A328I also slightly 

increased the proportion of 1a to 13% (Entries 2 & 3). In sharp contrast, the A328L mutation 

promoted a different product, 3-hydroxy--damascone, 1b (R19/F87A/A328L: 34%, Entry 5). 

The extra mutation E267F on variant R19/F87A/A328I also gave 32% 1b (Entry 6).  
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Table 3.1 Substrate conversion and product selectivity of selected variants for the oxidation of -damascone, 1.a 

 

Entry Variants 1a 1b 1c 1d 1e Others Conv. TONb 

1 R19/F87A/A328I 7% 3% 77%   13% 85% 149 

2 R19/F87A/A328I/S72H 13% 3% 79% 3%  2% 89% 290 

3 R19/F87A/A328I/V78I 14%  67%   19% 36% 126 

4 R19/F87A/A328F 21% 5% 50%  14% 10% 79% 415 

5 R19/F87A/A328L 17% 34% 38%   10% 100% 850 

6 R19/F87A/A328I/E267F 11% 32% 40%   17% 97% 776 

7 R47L/Y51F/I263R   95%   5% 91% 2161 

8 GV/A184I/A264G   97%   3% 81% 1965 

9 K19/F87V/A264G   98%   2% 80% 1960 

10 RP/HL/I263G/S72G   98%   2% 84% 2058 

11 R19/F87A/A184I   66% 15%  19% 87% 327 

12 R19/F87A/A184I/A264G   87% 13%   88% 286 

13 RT2/S72H/A330W   88%  10% 2% 85% 213 

14 RT2/S72G/A330W   87%  12% 1% 88% 264 

15 RT2/S72Y/A330W   83%  15% 2% 90% 338 

16 KU3/A330P   53%  31% 16% 40% 310 

17 RT2/S72W/A330W   50%  35% 15% 45% 394 

18 KU3/A330P/S72W   39%  45% 16% 43% 484 

19 RT2/S72G/A330W/L437LAc   52%  46% 2% 83% 955 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 5 mM -damascone, 40 M NADP+, 100 mM glucose, 

and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. b TON refers to the turnover number for the formation of 

the product in bold in each reaction. c L437LA denotes the insertion of an alanine residue after Leu437. 

10-Hydroxy--damascone (1e) was favoured by retention of F87 and bulky substitutions at 

A330 (A330P and A330W). Comparison between variants RT2/S72(H,Y,G)/A330W and 

RT2/S72W/A330W showed that only the S72W mutation favoured the formation of 1e (Entries 
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13−15 and 17). The importance of S72W was also demonstrated by A330P-based variants 

(Entries 16 & 18). The L437LA insertion mutation (insertion of an alanine residue after 

Leu437) improved the selectivity for 1e (46%, TON = 960, Entry 19) when added to the 

RT2/S72G/A330W variant (12% 1e). 

3.2.2 Scalability of 4-hydroxy--damascone formation − Step 1 

For large scale production of -damascenone (2), the generation of the precursor, 4-hydroxy-

-damascone (1c), with high selectivity and turnover number was the crucial first step. The 

screening reactions were at 0.5 mL scale which contained -damascone (1) and enzymes in a 

ratio of 2500:1 (5 mM of 1). In order to demonstrate the scalability of -damascone oxidation 

by P450BM3, preparative scale reactions of  with R19/F87A/A328I were conducted at the 

higher ratios of 5000:1, 10000:1 and 20000:1 (Figure 3.8).  

 

Figure 3.8 Preparative scale reactions of -damascone (1) with R19/F87A/A328I in various conditions. (i) Reaction (0.96 g) 

was conducted at 500 mL scale in 200 mM phosphate, pH 8.0, containing 2 M R19/F87A/A328I, 10 mM of , 40 M NADP+, 

100 mM glucose, and 20 U/mL GDH for 16 h. (ii) Reaction (1.92 g) was conducted at 500 mL scale containing 2 M 

R19/F87A/A328I and 20 mM of 1 for 16 h. (iii) Reaction (3.84 g) was conducted at 500 mL scale containing 2 M 

R19/F87A/A328I and 40 mM of  for 16 h. 
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Gram-scale reactions with 10 mM (5000:1 ratio, 0.96 g) and 20 mM (10000:1 ratio, 1.92 g) of 

 achieved >95% conversion after 16 h, showing 77% and 75% selectivity for 4-hydroxy--

damascone (1c). The reaction with 40 mM -damascone (20000:1 ratio, 3.84 g) only gave 21% 

conversion after 16 h, suggesting the substrate was inhibitory to the enzyme at higher 

concentration, reducing both the rate of reaction and the TON. An alternative way to achieve 

40 mM scale up reaction would be adding substrate 1 as 20 mM aliquot in the reaction for 8-16 

h and then a second aliquot. Removal of products using selective resins before adding more 

aliquot of substrate may also help to increase the total reaction titre.208  

3.2.3 Synthesis of -damascenone from 4-hydroxy--damascone – Step 2 

Following the gram-scale generation of 4-hydroxy--damascone (1c), the second step would 

be acid/base-catalysed elimination reaction of 1c. Five synthesis routes for -damascenone 2 

with various agents and conditions were tested (Figure 3.9−3.13).  

Route i: The first route was to convert the allylic alcohol in 1c to a good leaving group such as 

TsO− or MsO−, followed by base treatment (Figure 3.9). However, the secondary alcohol on the 

ring was too hindered to be protected, therefore, direct protonation of 1c was then attempted, 

on the expectation that the stabilised allyl cation would readily generate -damascenone (2), 

driven by conjugation.  

 

Figure 3.9 Protection of 1c followed by base treatment. 
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Route ii: Heating 1c with dilute H2SO4 (pH = 1) at 45 C did not trigger any reaction; when the 

temperature was raised to 70 C for 16 h, 1c was fully converted to -damascenone (2) as well 

as three other uncharacterised products (Figure 3.10). Despite the total conversion, not only 

was the selectivity for 2 low but the use of mineral acid is unacceptable for “natural” grade 

product labelling. The use of organic acids was therefore explored.  

 

Figure 3.10 Time-course of treatment of 4-hydroxy--damascone (1c) with dilute H2SO4. (i) 20 mg of 1c in 2 mL of chloroform 

was stirred at 45 C for 16 h. (ii) Reaction was stirred at 70 C for 16 h, giving a mixture of 4 products which contained 22% 

of -damascenone 2. (iii) Commercial sample of 2 as reference. * denotes uncharacterised products. 

Route iii: With organic acids the reaction proceeds via the ester intermediate which eliminates 

the free acid on heating. In route iii, acetic acid (pKa = 4.75) and acetic anhydride were firstly 

studied with 4-hydroxy--damascone (1c) at room temperature (RT); no reaction was observed. 
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The temperature was raised to 65 C for 24 h and 40% of 1c was converted to the ester 3. Total 

conversion to 3 was achieved at 85 C; however, no formation of -damascenone (10) from the 

ester was observed (Figure 3.11).  

 

Figure 3.11 Time-course reaction of 4-hydroxy--damascone (1c) with acetic acid. (i) 20 mg of 1c in 2 mL of toluene was 

stirred at RT for 16 h. (ii) Reaction was stirred at 65 C for 24 h, 40% of 1c was converted to the ester 3. (iii) Reaction was 

stirred at 85 C for 24 h, 1c was fully converted to the ester 3. (iv) Commercial sample of -damascenone 2 as reference. 

Route iv: A much stronger acid, trifluoroacetic acid (pKa = 0.23) partially converted 4-hydroxy-

-damascone (1c) to the corresponding ester 4 at 45 C in 48 h but no elimination was observed 

after 5 d. When the reaction temperature was raised to 90 C, fast elimination occurred to give 

 (Figure 3.12). Activated molecular sieves were added to shift the equilibrium further by 
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removing water. Although this demonstrated the synthesis of 2 from 1c with the use of 

trifluoroacetic acid, the process was less desirable due to the harsh reaction conditions and long 

reaction time.  

 

Figure 3.12 Time course reaction of 4-hydroxy--damascone (1c) with trifluroacetic acid. (i) 20 mg of 1c in 2 mL of toluene 

was stirred at RT for 1 d. (ii) Reaction was stirred at 45 C for 1 d, 25% of 1c was slowly converted to the ester 4.  (iii) Reaction 

was stirred at 45 C for another 3 d, 1c was fully converted to the ester 4. (iv) Reaction was stirred at 90 C for 1 d, 68% of 1c 

was converted to -damascenone 2. (v) 1c was totally converted to -damascenone 2. 

Route v: The pKa of oxalic acid (1.25) is between those of acetic acid and trifluoracetic acid. 

The reaction of 20 mg of 1c with 10 mg of oxalic acid (1c: oxalic acid = 1:1) was carried out at 

65 C for 16 h in the presence of activated molecular sieves; 1c was fully converted to -

damascenone (2) with no evidence of any intermediate (Figure 3.13). Oxalic acid converted the 
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allylic alcohol into a better leaving group, leading to accelerated elimination to give 2, which 

was isolated and fully characterised by NMR and MS (Appendix 3).  

 

Figure 3.13 Time course reaction of 4-hydroxy--damascone (1c) with oxalic acid. (i) 20 mg of 1c in 2 mL of toluene was 

stirred at RT for 16 h. (ii) The reaction was stirred at 65 C for 16 h; 1c was fully converted to -damascenone 2. 

In order to test the scalability of the acid treatment, a 265-mg reaction of 1c with 200 mg of 

oxalic acid was performed, heating at 65 C in toluene (10 mL). The reaction was completed in 

16 h with full conversion and the isolated yield was 66%.  
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3.2.4 -Damascenone synthesis summary 

The chemoenzymatic synthesis of -damascenone (2) from -damascone (1) has been 

established using a P450BM3 variant for the generation of the 4-hydroxy precursor 1c and oxalic 

acid for the dehydration of 1c to 2 (Figure 3.14). The purified -damascenone has a very 

powerful floral fruity note that was rose-like with hints of ripe plum. The 1H NMR spectrum of 

2 is shown in Figure 3.15.  

 

Figure 3.14 Scalability of -damascenone synthesis. 

 

Figure 3.15 The 1H NMR spectrum of chemoenzymatically synthesised -damascenone, 2 in CDCl3. 



63 

 

3.3 Tabanone synthesis 

Tobacco is one of the richest sources for degraded carotenoids with almost 100 norisoprenoids 

and derivatives having been identified. Four major carotenoids are found in green tabacco that 

are transformed to a large number of metabolites including ionones, damascones and tabanones. 

Tabanones, also known as megastigmatrienones (Figure 3.16), are the most important 

components of electronic cigarette cartridges that impart the aroma of tabacoo notes.  

 

Figure 3.16 Five isomers of the megastigmatrienones. 

The 95% pure synthetic tabanone used in aromas and flavourings retails for approximately 

£1500 per kilo; the price of the pure samples of specific isomers marketed by specialists is up 

to 60 times higher. Due to difficulties in controlling the selectivity, only a few synthetic 

methods for these megastigmane derivatives have been reported. In one synthesis, tabanone 

isomers with a ratio of Z/Z : Z/E : E/Z: E/E = 3 : 10 : 1 : 6, were obtained in 50% yield from 3-

oxo--damascol which was synthesised in three steps from isophorone with an overall yield of 

27% (Figure 3.17).209 In spite of the successful synthesis of tabanone, the long pathways 

resulted in low yield and required the use of hazardous substances. On the other hand, 

biocatalytic routes could provide alternative pathways to tabanone which not only minimise the 

amount of organic solvents and hazardous chemicals but also reduce the energy input in the 

reaction. 
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Figure 3.17 Synthesis of a mixture of tabanone isomers from isophorone. 

Three biocatalytic routes to tabanone via the oxidation of -ionone, -ionone and -ionol were 

proposed (Figure 3.18). Both ionones are cheap and commercially available, -ionol could be 

easily obtained by reduction of -ionone with sodium borohydride.  

The first pathway involves the oxidation of -ionone to 3-hydroxy--ionone by P450BM3 

variants, followed by further oxidation to 3-oxo--ionone either by P450BM3 or an alcohol 

dehydrogenase. CYP101B1, from Novosphingobium aromaticivorans DSM12444, catalyses 

C3 oxidation of -ionol and -ionone as well as C3/C4 oxidation of -ionol and -ionone.210 

Further oxidation of 3-hydroxy--ionone to the ketone product, however, showed lower 

conversion. Classical chemical synthesis routes could also give this ketone product from -

ionone, e.g. by using t-butyl hydroperoxide and catalytic amount of Co(acac)2 in acetone at 

room temperature for 15 h in 75% yield,211 and oxidation using chromium trioxide in acetic 

acid for 6 h.212 

In the second route, the reduction of -ionone to the E/E megastigmatriene by sodium 

dimethylaminoborohydride followed by toluene-4-sulfonic acid has been reported.213 

Oxidation of megastigmatriene to the alcohol and then ketone would lead directly to tabanone.  
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The third pathway involves the oxidation of -ionol to 3-hydroxy--ionol followed by the 

selective oxidation of the C3-alcohol to the ketone. Chemical oxidising agents would 

preferentially attack the less hindered C9-alcohol; therefore, the use of CYP102A1 or an 

alcohol dehydrogenase would be required. 

 

Figure 3.18 Three proposed synthetic routes of tabanone from i) -ionone; ii) -ionone; iii) -ionol.  

3.3.1 Route i – -ionone oxidation by P450BM3 

A library of 144 P450BM3 variants was screened against -ionone 5 (5 mM substrate and 2 M 

enzyme). Full activity and selectivity data are given in the Appendix 4. 71 out of 144 variants 

showed >50% conversion and led to five major products which were purified and characterised 

(Figure 3.19) as the 4,5-epoxide (5a),214 cis-3-hydroxy--ionone (5b),210 trans-3-hydroxy--

ionone (5c),210 3-oxo--ionone (5d)210 and a ring cyclisation product (5e). The NMR data of 

compounds 5a, 5b, 5c and 5d are in agreement with literature data and shown in Appendix 4. 
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Compound 5e is a new metabolite of -ionone. The full characterisation data for 5e is collected 

in Appendix 4. 

 

Figure 3.19 GC profile of -ionone (5) oxidation products. (i) 62% of 4,5-epoxide 5a by KU3/A330P/I263G; (ii) 50% of the 

cis-3-hydroxy--ionone 5b by R19/A82M/T260G; (iii) 33% of the trans-3-hydroxy--ionone 5c and 39% of 3-oxo--ionone 

5d by R19/F87A/A328I/S72H; (iv) 24% of the furan product 5e by R19/A82M/I263G/A264G/A328G. 

The epoxide 5a was the predominant product for variants without a mutation of F87; 29 variants 

based on RP, RT2 and KU3 gave >50% of 5a. Mutations of the I-helix residue I263 increased 

this further (Table 3.2, Entries 1−3).  

Variants based on F87A/V/I favoured allylic oxidation, with the cis-3-alcohol 5b being the 

major product. R19/F87A gave 44% of 5b; addition of A328 mutations increased this to 70% 

for R19/F87A/A328L (Entry 10). The F87A/I263A combination also preferred the cis alcohol; 

K19/F87A/I263A and K19/F87A/A328I/I263A showed 62% and 56% of 5b (Entries 8 & 7). 

The trans-3-alcohol 5c, was favoured by variants without F87 mutations, with 
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R19/A184I/T260G giving the highest selectivity (Entry 13). The A328I mutation also favoured 

the formation of 5c in variants K19/F87A/A184I/A328I and RT2/F81W/A328I (Entries 11 & 

12).  

Table 3.2 Substrate conversion and product selectivity of selected variants for the oxidation of -ionone, 5.a 

 

Entry Variants 5a 5b 5c 5d 5e Others Conv. TONb 

1 KU3/A330P/I263G 62%  17%   21% 81% 1256 

2 RP/H171L/I263G 65%  27%   8% 44% 715 

3 RT2/I263A/A330W 76% 2% 9%  3% 10% 50% 950 

4 R19/F87A  44% 22%  27%  7% 80% 880 

5 R19/F87A/A328I  42% 38% 13%  6% 73% 767 

6 R19/F87A/A328F  53% 32% 4%  11% 43% 570 

7 K19/F87A/I263A  62% 24% 6%  8% 34% 527 

8 K19/F87A/A328I/I263A  56% 29% 8%  7% 85% 1190 

9 R19/F87A/A328I/E267F  69% 15% 8%  8% 92% 1587 

10 R19/F87A/A328L 14% 70% 14%   2% 91% 1593 

11 K19/F87A/A328I/A184I  25% 46% 26%  3% 92% 1058 

12 RT2/F81W/A328I 9% 22% 58%   11% 37% 537 

13 R19/A184I/T260G 3% 19% 58% 13%  7% 46% 667 

14 F87A  35% 21% 37%  7% 90% 833 

15 R19/F87A/A328I/S72H  17% 33% 39%  11% 99% 966 

16 R19/F87A/A328I/S72A  4% 23% 39%  34% 100% 975 

17 R19/I263G/A264G/A328G 26% 2% 8%  16% 48% 77% 308 

18 R19/A82M/I263G/A263G/A328G 10%  6%  24% 60% 70% 420 

19 R19/A82M/I263G/A328G 4%  8%  28% 60%  45% 315 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 5 mM -ionone 5, 40 M NADP+, 100 mM glucose, and 

20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. b TON refers to the turnover number for the formation of the 

product in bold.  
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Further oxidation of 5b and 5c to the 3-oxo product 5d was favoured by F87A-based variants. 

The single mutation variant F87A gave 37% of 5d with 90% conversion, and the variants 

R19/F87A/A328I/S72H and R19/F87A/A328I/S72A both gave 39% selectivity for 5d with full 

conversion (Entries 14−16). 5d was the main target product in the oxidation of -ionone; 

therefore, variants giving high selectivity for C3 oxidation (cis- 5b and trans- 5c) were selected 

for the subsequent oxidation to 5d by KREDs.  

The furan product 5e, was a minor metabolite that was likely formed via the proposed 

mechanism in Figure 3.20 whereby the allylic C13-alcohol undergoes a Michael addition on 

the ,-unsaturated ketone. The proposed precursor, 13-hydroxy--ionone, was not observed 

in the reaction, indicating the rapid ring closure. Combinations of space-creating mutations, 

especially to Gly mutation, gave highest selectivity for 5e (Entries 17−19).  

 

Figure 3.20 Proposed mechanism of formation of product 5e. 

3.3.2 Route i – Ketoreductase (KRED) 

The proposed precursor of tabanone in route i, 3-oxo--ionone (5d), was a minor product in 

the reaction with the highest selectivity of 39%. This could be improved for the subsequent 

selective reduction and acidification steps by further engineering of the CYP102A1 enzymes 

such as K19/F87A/A328I/A184I which gave 97% C3 oxidation, of which 26% was 5d. In an 

attemptive approach, three different ketoreductase (KRED) 231, 641 and 771 from Almac, were 

tested for the oxidation of alcohols 5b and 5c to this ketone.  



69 

 

 

Figure 3.21 Mechanism of the oxidation of alcohol to ketone/aldehyde by the use of FAD-dependent KRED with the aid of 

P450BM3. 

Ketoreductases (KRED) catalyse the oxidation of an alcohol on a target substrate by using 

NAD(P)+ as a hydride acceptor. The mechanism of FAD-dependent KREDs is shown in Figure 

3.21. The hydride is transferred to the FAD prosthetic group to give the FAD-H2 form, which 

passes the hydride onto NAD(P)+ to give NADPH. This reaction is reversible, and the 

equilibrium position depends on the relative binding strengths of substrate and product, 

temperature and the pH of the reaction. For alcohol oxidation the equilibrium can be shifted to 

the ketone by recycling of the NADP+ cofactor. Moreover, this can be achieved by using the 

reductase domain of P450BM3 which oxidises NADPH and transfers the two electrons to reduce 

oxygen to hydrogen peroxide.  

The three keto-reductases were screened using 5 mM of product mixture (trans-3-ol 5c, cis-3-

ol 5b and 3-oxo--ionone 5d) with the R19/F87A variant in 1 mL of phosphate buffer (200 

mM, pH 8.5). The reaction containing 5 mM NADP+ and 1 mg of KRED was stirred at 37 C 

for 2 h. GC analysis showed that KRED 231 selectively oxidised the trans-3-ol 5c to the ketone 

5d while KRED 641 selectively oxidised the cis-3-ol 5b to the ketone, and KRED 771 did not 

show any activity (Figure 3.22). Therefore, the substrates were tested with a mixture of KRED 

231 and 641 on a larger scale; a 125 mL reaction (30 mM product mixture, 10 mg KRED 231, 
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10 mg KRED 641, 5 mg of NADP+, 0.4 M P450BM3) was performed at 37 C for 16 h to give 

>90% conversion of the two alcohols to the ketone which constituted 75% of the products in 

the final reaction mixture. 

 

Figure 3.22 The test trials of starting material, including mixture of trans-3-hydroxy--ionone 5c, cis-3-hydroxy--ionone 5b 

and 3-oxo--ionone 5d, with different kinds of KRED performed at 37°C. 

3.3.3 Route ii - (E/E)-megastigmatriene oxidation by P450BM3  

These experiments were carried out by another member of the group, Rory Woodhouse, and 

the results are simply noted here. 250 mg of -ionone was dissolved in 20 mL THF with 20 mg 

of NaBH4 and stirred for 30 min; the preparation of (E/E)-megastigmatriene (6) was completed 

after the addition of 5 mL of 1 M HCl and stirring for 3 h (99% conversion, 84% yield). The 

structure of 6 was assigned by comparison with literature NMR data, and the E/E geometry was 

established by the NOESY spectrum (Figure 3.23), which showed coupling of H8 with H11/12 

and of H7 with H13.215 
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Figure 3.23 The NOESY spectrum of 6 establishing the E/E geometry. 

 

Figure 3.24 GC profile of (E/E)-megastigmatriene 6 oxidation products and the commercial tabanone from Symrise. 
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Due to its low aqueous solubility, (E/E)-megastigmatriene (6) was screened with 24 variants at 

1 mM substrate and 2 M enzyme (500:1 ratio), with acetone used as a co-solvent (2.5% v/v) 

and 14 variants showed >20% conversion (Figure 3.24).  

The product profiles were compared with a commercial sample of tabanone from Symrise 

which contained 17% E/E-, 43% Z/E-, 5% E/Z-, and 12% Z/Z-tabanone (Figure 3.24).216 No 

product peak matched any of the tabanone isomers. Preparative scale reactions (40 mg of 6) 

were also conducted but no product could be eluted by silica gel chromatography. Therefore, 

this route was not pursued further.  

3.3.4 Route iii − -ionol oxidation by P450BM3 

120 P450BM3 variants were screened for oxidation of racemic -ionol (5 mM substrate and 2 

M enzyme). The enzymes were selected from a large library (around 600 mutants) based on 

expression levels (>60 mg protein per L of culture) and turnover numbers (>20% conversion) 

towards norisoprenoid substrates. Full activity and selectivity data are given in the Appendix 

5. -Ionol (7) was a good substrate with 61 enzymes showing >50% conversion; the variant 

library gave 8 major products including the 4,5-epoxide (7a),217 cis-3-hydroxy--ionol (7b),218 

trans-3-hydroxy--ionol (7c),218,219 13-hydroxy--ionol (7d), 3-oxo--ionol (7e),219 3-oxo-13-

hydroxy--ionol (7f),220 3-oxo--ionone (7g)210 and a cyclisation product (7h) (Figure 3.25). 

The NMR data of compounds 7a, 7b, 7c, 7e, 7f and 7g are in agreement with literature and 

shown in Appendix 6. Compounds 7d and 7h are new metabolites of -ionol. 

The screening results showed that the mutations on F87V and I263G favoured the epoxide 7a 

(Table 3.3, Entries 1−7). Few variants showed high selectivity at high conversion for the cis- 

and trans-3-hydroxy--ionols 7b and 7c. Those showing moderate selectivity (Table 3.3, 
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Entries 8−16), tended to be less active, with low conversion. However, the main target product 

was 3-oxo--ionol (7e), the precursor to tabanone. Given that the 3-hydroxy--ionol isomers 

7b and 7c could be converted to the ketone 7e by the action of KREDs, the most relevant 

selectivity trait was the total C3 selectivity, i.e. the total percentage of the C3 alcohols and the 

3-oxo compound 7e. However, this compound co-eluted with its oxidation product 3-oxo--

ionone (5d/7g) on GC which made it difficult to establish the selectivity for its formation. 

Variants with the highest C3 selectivity (>93%) contained mutations at I-helix residues (T260G 

and S270G) (Entries 23−25), also showing high conversion.  

 

Figure 3.25 GC profile of -ionol 7 oxidation products. (i) 54% of 4,5-epoxide 7a by RP/H171L/I263G; (ii) 31% of the cis-

3-hydroxy--ionol 7b, and 17% of 3-oxo--ionol 7e/3-oxo--ionone 7g by R19/F87A/A328I/S72A; (iii) 62% of the trans-3-

hydroxy--ionol 7c by R19/F87I; (iv) 70% of 13-hydroxy--ionol 7d by variant R19/A82M/I263G/A264G/A328G; (v) 30% 

of 7a, 27% of 7b, 26% of 7d and 5% of the furan product 7h by RP/H171L/I263G/A82M. 
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Table 3.3  Substrate conversion and product selectivity of selected variants for the oxidation of -ionol, 7.a 

 

Entry Variants 7a 7b 7c 7d 7f 7e/7g A B C 

1 GV/A184I 11%  6%  20%  56% 100%  

2 K19/F87V 15% 4% 26%  16% 14% 25% 100%  

3 GV/A184I/A264G 47% 26% 16%   5% 6% 71% 834 

4 GV/A184I/I263G/A328G/A264G 47% 14%  6%   33% 75% 881 

5 K19/F87V/A264G 51% 9% 16%   10% 14% 88% 1122 

6 RP/HL/I263G 54% 19%     27% 97% 1310 

7 RP/HL/I263G/S72G 54% 20%     26% 99% 1337 

8 R19/F87A/A328I/S72A 4% 31% 28% 3% 17% 8% 9% 100% 775 

9 K19/F87A/A82M/I263G/A264G 7% 45% 33% 7%  5% 3% 29% 326 

10 K19/F87A/A82M/I263G/A328G  32% 32% 7%  7% 22% 48% 384 

11 K19/F87A/A82M/I263G/A264G/A328G  41% 25% 7%  7% 20% 26% 267 

12 R19/F87A/A328I/S72W  45% 24%  4% 16% 11% 47% 529 

13 GV/A184I/A328G/T260G 14% 19% 52%    25% 22% 286 

14 R19/F87A/A328G/T260G  33% 55% 6%  6%  29% 399 

15 K19/F87I 17% 10% 57%  6%  10% 44% 627 

16 R19/F87I 13%  62% 3%   22% 40% 620 

17 R19/I263G/A264G/A328G 18% 9%  45%   28% 94% 1058 

18 R19/I263G/A328G 7% 7%  52%  5% 29% 100% 1300 

19 R19/A82M/I263G/A328G 5% 9%  63%  8% 15% 47% 740 

20 R19/A82M/I263G/A264G/A328G 6% 7%  70%  2% 15% 76% 1330 

21 K19/F87A/A82M/A330W  20% 45%  23%  12% 96% 552 

22 R19/F87A/A184I  17% 35% 3% 34% 4% 7% 100% 850 

23 R19/F87A/A328G/S270G  28% 28%   38% 6% 89% 949 

24 R19/F87A/A184I/T260G  26% 28%   39% 7% 95% 926 

25 R19/F87A/A184I/S270G  5% 3%   48% 44% 100% 1200 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 5 mM -ionol 7, 40 M NADP+, 100 mM glucose, and 

20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. A denotes “Others” that consists of uncharacterised products. 

B denotes “Conversion” that refers to the % of substrate converted to products. C denotes “TON” that refers to the turnover 

number for the formation of the product in bold.  

13-Hydroxy--ionol, 7d, from oxidation of an allylic methyl group, was favoured by variants 

without F87 mutations. For example, the variant R19/A82M/I263G/A264G/A328G gave 70% 
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of 7d (Entry 20) while the F87A-containing K19/A82M/F87A/I263G/A264G/A328G showed 

66% of 7b and 7c, with only 7% of 7d (Entry 11); K19/A82M/F87A/I263G/A328G (7% of 7d, 

Entry 10) and R19/A82M/I263G/A328G (63%, Entry 19). Comparison of Entries 17 and 20 

also illustrated the importance of A82M for giving 7d. The cyclisation product 7h was formed 

from a similar Michael addition mechanism for the formation of 5e (Figure 3.26). Either the 

13-hydroxy compound 7f or 3-oxo--ionone 7g could be the precursor; 7f could be oxidised at 

C9 to the ketone which rapidly cyclised, or 7g could be hydroxylated at C13 followed by ring 

closure. The 13-hydroxy-9-ketone intermediate for both pathways was not observed.  

 

Figure 3.26 Proposed mechanism of formation of the furan product, 7h, from -ionol, 7. 

3.3.5 Route iii − Tabanone synthesis from -ionol 

The second step for the tabanone synthesis trial was the dehydration of 3-oxo--ionol 7e 

catalysed either by acids or bases (Figure 3.27−3.30). 

Base-catalysed elimination: 3-Oxo--ionol 7e was heated with TsCl in pyridine at 55 °C. No 

reaction was observed until the addition of DMAP which led to full conversion of 7e to the 

chloride 8 after 4 h (Figure 3.27 & Figure 3.28-iii). Product 8 was then treated with 20% NaOH 

in MeOH for 10 min at RT to give a mixture of 2 tabanone isomers, Z/E (MEG1) 9 and E/E 

(MEG3) 10 (Figure 3.28-iv) which were identified by NMR data. Under alkaline conditions, 

elimination of Cl− from 8 occurred by abstraction of the most acidic proton H6, leading to a 

mixture of the 9 and 10 isomers via an E2 mechanism.  
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Figure 3.27 The base treatment of 3-oxo--ionol 7e giving a mixture of tabanone isomers 9 and 10. 

 

Figure 3.28 The base treatment of 3-oxo--ionol 7e generated a mixture of tabanone isomers 9 and 10. 

Acid-catalysed elimination: The reaction of 7e with oxalic acid did not show any conversion 

until the temperature was raised to 80 °C for 1 h (Figure 3.29-A); 7e was fully converted to the 

terminal dehydration product 11, the tabanone isomer MEG2 (Figure 3.30-iii). However, the 

other MEG isomers like 9 or 13 (Figure 3.29-C), with a C6=C7 double bond and a terminal 

C10 methyl group, were not formed. The reaction of 7e with p-toluenesulfonic acid (p-TsOH) 

gave a ring cyclisation product 12 when heated at 110 °C for 10 min (Figure 3.30-iv), most 

likely via the terminal alkene 11 followed by acid-catalysed cyclisation (Figure 3.29-B). Other 
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acids such as trifluoracetic acid and sulfuric acid were also tested at different temperatures but 

only the terminal alkene product MEG2 (11) was formed. 

 

Figure 3.29 The acid treatment of 3-oxo--ionol 7e to isomers 11 and 12. 

 

Figure 3.30 Acid treatment of 3-oxo--ionol 7e giving products 11 or 12 at different conditions. 
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3.3.6 Combinatorial treatments for the synthesis of tabanone 

In order to assess the best way to synthesise tabanone, two routes were provided in Figure 3.31 

starting from -ionone 5.  

 

Figure 3.31 The established synthesis route of tabanone isomers 9 and 10 from -ionone 5. 

In route 1 (pink panel in Figure 3.31), a preparative scale oxidation of -ionone 5 (500 mg, 

ratio 5000:1) with R19/F87I was performed for 16 h and gave a mixture of 3-hydroxy--

ionones 5b and 5c as major products. The pH of the reaction mixture was adjusted to 8.5 and 

the mixture was stirred at 37 ºC for 2 h with the addition of 100 mg of a mixture of KRED 231 

and KRED 641. 5b and 5c were fully converted to 3-oxo--ionone 5d (61% in the crude extract) 

(Figure 3.32-i). Compounds 5d and 7e co-eluted on the GC but could be separated on TLC, 

with Rf values of 0.88 and 0.75, respectively. Reduction of 5d using NaBH4 in MeOH was 

tested with various conditions. With an excess amount of NaBH4, 5d was fully converted to a 
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mixture of 3-hydroxy--ionol 7b and 7c within 1 min (Figure 3.32-ii). When 1:1 ratio of NaBH4 

was added, the crude extract 5d was fully converted to 7e together with small amounts of 7c 

formed (Figure 3.32-iii). Finally, the most appropriate concentration of NaBH4 and 5d was 

found to be 1:0.5, which gave total conversion to 7e as well as suppressed the formation of 7c 

(Figure 3.32-iv).  

 

Figure 3.32 The GC profile of synthesis of tabanone from -ionone in route 1.  

The subsequent tosylation of 7e was conducted in pyridine at 55 ºC (Figure 3.32-v) followed 

by base treatment of 8 with 20% NaOH, which gave 34% of the terminal alkene MEG2 11, 
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13% of MEG1 9 and 27% of MEG3 10 (Figure 3.32-vi). Higher concentration of NaOH (50%) 

was then added to the mixture; 11 was fully converted to 9 and 10, which constituted 28% and 

45% (by GC) of the crude mixture (Figure 3.32-vii). This suggested that the terminal alkene 11 

could generate 9 and 10 under alkaline conditions.  

 

Figure 3.33 The GC profile of synthesis of tabanone isomers 9 and 10 from -ionone 5 in route 2. The * indicates a retention 

time shift due to the change of column. 

In route 2 (green panel in Figure 3.31), -ionone 5 was reduced to -ionol 7 by NaBH4. A 

preparative scale oxidation of -ionol 7 (194 mg, 3000:1) with K19/F87A/A82M was 

performed. 7 was fully converted to a mixture of 3-hydroxy--ionol 7b and 7c after 4 h, which 

were then further oxidised to the 3-oxo--ionol 7e for another 4 h, which was monitored using 

GC and TLC (Figure 3.33-i). The subsequent acid treatment of 7e was conducted with oxalic 

acid for 6 h stirring at 75 ºC with the addition of molecular sieves, leading to a single product 

MEG2 11 (Figure 3.33-ii). After work up, compound 11 was treated with 50% NaOH and 55% 

of 11 was converted to a mixture of tabanone isomers with MEG3 10 being the major product 
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(55% selectivity, Figure 3.33-iii). This acid treatment only promoted one single product 11 with 

relatively clean background but gave lower conversion to tabanone isomers compared with 

route 1 (Figure 3.33-iv).  

3.3.7 Tabanone synthesis summary 

The chemoenzymatic synthesis of tabanone isomers 9 (MEG1-Z/E), 10 (MEG3-E/E) and 11 

(terminal alkene MEG2) from -ionone and -ionol has been established either using a 

P450BM3 variant or an alcohol dehydrogenase to produce the desired precursor ketone, followed 

by dehydration by acids or bases. The reaction conditions remain to be optimised for large scale 

production of tabanone with high yield.  

 

Figure 3.34 Comparison between the 1H NMR spectra of the commercial and chemoenzymatic synthesised tabanone isomers 

9 and 10; the E/E (MEG3) 10 is in purple and the Z/E (MEG1) 9 is in green. 
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The pure isomer 11 possesses a sweet and herbal note while the mixture of 9 and 10 isomers 

has a herbal, earthy and tabacco like aroma. The aroma of the synthesised tabanone mixture 9 

and 10 is different from the commercial sample from Symrise, probably due to different 

percentage of ingredients. Purer fractions of 9 and 10 were purified from a column of Symrise 

tabanone sample and were compared with the mixture of isomers 9 and 10 obtained from this 

work (Figure 3.34). 

3.4 Rose oxide synthesis 

Rose oxide is found in small amounts in some essential oils, such as Bulgarian rose oil and 

geranium oil. It contributes to the unique rose aroma and is one of the most important fragrance 

materials in perfumery. Rose oxide has four stereo isomers, the cis- and trans-rose oxide each 

with a (+)- and (−)-enantiomer (Figure 3.35). The (−)-cis isomer is responsible for the floral 

green and strong diffusive rose scent with an odor threshold of 0.5 ppb. Its enantiomer, (+)-cis-

rose oxide has a herbal, green floral and earthy odor with a threshold of 50 ppb. The trans 

isomers are less rose-like; (+)-trans-rose oxide is described as having a herbal green, citrus 

scent with an odor threshold of 80 ppb, while (−)-trans-rose oxide displays floral green and 

minty notes with an odor threshold of 160 ppb.  

 

Figure 3.35 The four isomers of rose oxide. 

Rose oil was originally obtained by careful steam distillation of freshly picked flowers of Rosa 

damascene. Due to the low concentrations, it required 3–4 tonnes of flowers to produce 1 kg of 
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rose oil. Therefore, it is one of the most expensive essential oil that is widely used in perfumes 

and household products. Synthetic racemic rose oxide is often used to impart a diffusive effect 

for its characteristic scent of roses. Considering its low concentration in nature, rose oxide is 

almost never isolated from the essential oils. Instead, pure rose oxide is only produced by 

chemical synthesis. A four-step synthesis of rose oxide from crotonaldehyde by a Grignard 

reaction followed by Claisen rearrangement, reduction and cyclisation was reported (Figure 

3.36).221 When the precursor alcohol a3 was exposed to iodine, a mixture of products containing 

42% racemic rose oxide and 25% of the iso-propenyl isomer was formed; the latter may be 

equilibrated to provide more rose oxide by stronger acids at higher temperature.  

 

Figure 3.36 Total synthesis of rose oxide from crotonaldehyde by Grignard reaction. 

The high cost and high impact of rose oxide has stimulated interest in its synthesis from 

citronellol, the direct biological precursor to rose oxide. The Dragoco (now Symrise) process 

utilised bengal rose-photosensitised oxidation of citronellol in methanol followed by sodium 

sulfite reduction, which gave a mixture of two allyl alcohols p1 and p2 in a ratio of 40:60 

(Figure 3.37).222 Alcohol p2 underwent acid catalysed cyclisation to a mixture of cis- and trans- 

rose oxide in a ratio of 9:1.  
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Figure 3.37 Synthesis of (−)-rose oxide (cis- and trans-) through photooxygenation of citronellol (Dragoco Patent). 

This process depended on the selection of appropriate citronellols, (−)-citronellol gave the (−)-

rose oxides, while racemic citronellol gave racemic products. Compound p1 is a by-product 

that formed the iso-propenyl isomer in Figure 3.36, leading to low overall yield. 

In order to optimise the Dragoco protocol, different conditions and reagents were used in the 

oxidation step to improve the percentage of p2 in the synthesis (Figure 3.38).223 In route 2, the 

Schenck ene oxygenation step was carried out in a microreactor equipped with LEDs.224-226 The 

application of microreactors for photooxygenation reactions diminished the hazard related to 

the use of highly explosive chemicals and provided wider range of emission wavelength light 

sources for various reactants.227 However, the long average irradiation time of 65 h gave the 

same ratio of p1 and p2 in the second step.  
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Figure 3.38 Selected routes for the synthesis of rose oxides. 

Other than photooxygenation, the alternative approach (route 3) to generate the ‘dark’ singlet 

oxygen was via molybdate-catalysed disproportionation of hydrogen peroxide.228 Singlet 

oxygen was generated in 71% yield and used for the oxygenation of citronellol, giving an 

equimolar mixture of p1 and p2. Routes 4 and 5 provided alternative reagents to generate singlet 

oxygen involving t-butyl hydroperoxide and Pb3O4 with acetic acid as solvent.229 The overall 

yield for these routes were lower due to the lack of selectivity for p2.  

A biocatalyst such as a P450 enzyme offers a green alternative to these chemical synthesis 

routes. Enzymes also have the potential advantages of high selectivity via protein engineering. 

Two proposed routes for the synthesis of rose oxide are shown in Figure 3.39. In route A, the 

primary alcohol in (−)--citronellol is protected followed by screening with P450BM3 variants 

for the C5 hydroxylation product, which would be treated with base to form rose oxide. In route 

B, (−)--citronellol is directly screened against P450BM3 variants for C5 hydroxylation, 

followed by acid treatment for the cyclisation to (−)-rose oxide. 
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Figure 3.39 Proposed synthesis routes of cis- and trans- (−)-rose oxide from (−)--citronellol. 

3.4.1 Route A – Protection of citronellol and oxidation by P450BM3 

Mesylation: The protection of citronellol by methanesulfonyl chloride (MsCl) was conducted 

following the protocol in Appendix 7 and the NMR data of product 14 was in agreement with 

literature data.230 A panel of 48 CYP102A1 variants (Appendix 7) were screened against the 

mesylated citronellol (5 mM substrate and 2 M enzyme); 37 variants showed >50% 

conversion. The variants gave 6 major products, 4 of which were purified and characterised as 

the 6,7-epoxide (14a), 3-hydroxy-mesylated citronellol (14b), a ring product (14c), and 3,9-

dihydroxy-mesylated citronellol (14d) (Figure 3.40). Products 14a−14d are new metabolites 

for mesylated citronellol 14 and the full characterisation data is collected in Appendix 7. The 

longer retention times of the two uncharacterised products u1 and u2 suggested these to be di-

hydroxylation products of 14.  

Epoxidation of citronellol was the predominant reaction in the screening, with 42 variants 

giving >50% selectivity for 14a. A few variants giving high selectivity and turnover number 

for 14a are shown in Table 3.4 (Entries 1−3). The C3-hydroxylation product 14b was another 

major product, which was also the precursor of products 14c and 14d. Comparing with the 
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template variant RP/H171L which mainly gave the epoxide 14a, the additional I263G mutation 

shifted the selectivity towards 14b (Entry 5). K19/F87A/A328I/A184I also gave small amounts 

of 14b, but more of 14c, the cyclisation product originating from 14b in a proposed mechanism 

shown in Figure 3.41. Product 14c was favoured by variants which contained the F87A/A328I 

combination (Entries 6−8). 

 

Figure 3.40 Gas chromatographic analysis of selected variants giving mesylated citronellol oxidation products. (i) 97% of the 

6,7-epoxide 14a by RP; (ii) 30% of 3-hydroxy-mesylated citronellol 14b by RP/H171L/I263G; (iii) 43% of the cyclisation 

product 14c by K19/F87A/A328I/V78I; (iv) ) 36% of 3,9-dihydroxy-mesylated citronellol 14d by RT2/S72W/A330W; (v) 

34% of u1 by RP/F87V/E267V/V78F; (vi) 51% of u2 by RT2/F81W/A328I. 

 

Figure 3.41 Proposed mechanism for the formation of product 14c. 
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Table 3.4 Substrate conversion and product selectivity of selected variants for the oxidation of the mesylated citronellol, 14.a 

 

Entry Variants 14a 14b 14c 14d u1 u2 Others Conv. TONb 

1 RP 97%      3% 100% 2425 

2 GVQ 96%      4% 100% 2400 

3 RP/H171L 96%      4% 100% 2400 

4 K19/F87A/A184I/A328I 45% 11% 25% 8% 5% 5% 1% 100% 275 

5 RP/H171L/I263G 53% 30%    5% 12% 96% 720 

6 R19/F87A/A328I 51%  33% 9%   7% 94% 776 

7 K19/F87A/A328I/Y51L 51%  35% 8% 4%  2% 78% 683 

8 K19/F87A/A328I/V78I 54%  43% 3%    58% 624 

9 RT2/A330W 34%   30% 12% 18% 6% 99% 743 

10 RT2/S72W/A330W 45%   36%  15% 4% 92% 828 

11 K19/F87V/A32I 56%   14% 25%  5% 100% 625 

12 RP/FV/EV/V78F 53%   9% 34%  4% 100% 850 

13 RT2/A330P/A82M 43%   23% 6% 24% 4% 89% 534 

14 RT2/F81W/A328I 12%   32%  51% 5% 93% 1186 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 5 mM mesylated citronellol 14, 40 M NADP+, 100 mM 

glucose, and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. b TON refers to the turnover number for the 

formation of the product in bold.  

The 3,9-dihydroxy-mesylated citronellol 14d was another further oxidation product of 14b. 

RT2/A330W gave 30% of 14d while the template variant RT2 showed 94% selectivity for 14a, 

with no indication of C3-hydroxylation (Entry 9). The additional S72W mutation slightly 

improved the selectivity and turnover number for 14d (Entry 10). Mesylated citronellol was a 

good substrate for P450BM3 variants; C3, C6, C7 and C9 oxidation occurred with high turnover 

number. However, the C5-alcohol, the precursor to rose oxide, was not observed.  

Tosylation: Protection of citronellol by 4-toluenesulfonyl chloride was conducted following 

the protocol in Appendix 8.231 Tosylated citronellol (15) was screened with the same set of 48 

P450BM3 variants (5 mM of substrate and 2 M enzyme) and only 17 showed >50% conversion. 
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The full activity and selectivity data are given in Appendix 8.  The lower reactivity of 15 may 

be due to the aromatic ring that resulted in lower aqueous solubility. The screening showed 5 

major products which were characterised as the 6,7-epoxide (15a), 9-hydroxy-tosylated 

citronellol (15b), 9-oxo-tosylated citronellol (15c), 8/9-hydroxy-dihydro-tosylated citronellol 

(15d) and the dihydro aldehyde 15e (Figure 3.42). Products 15a−15e are new metabolites of 

tosylated citronellol 15 and the full characterisation data are collected in Appendix 8.  

 

Figure 3.42 Gas Chromatographic analysis of selected variants giving tosylated citronellol oxidation products 15a-15e. (i) 

72% of the 6,7-epoxide 15a by RT2/P329V/A330P; (ii) preparative scale reaction with R19/F87A/A328I gave 22% of 9-

hydroxy-tosylated citronellol 15b and 51% of the 8/9-hydroxy-dihydro tosylated citronellol 15d; (iii) preparative scale reaction 

with K19/F87V/A328I gave 36% of the 9-oxo-tosylated citronellol 15c and 9% of the 8/9-oxo-dihydro tosylated citronellol 

15e. 

As observed with mesylated citronellol, the epoxide of tosylated citronellol 15a was one of the 

predominant products, with 23 variants showing >50% selectivity. Variants giving high 

selectivity and turnover number of 15a are shown in Table 3.5 (Entries 1−4). Another major 

product was the C9 allylic alcohol 15b, which was favoured by the A328I mutation (Entries 
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5−9). The further oxidation product of 15b, the C9 aldehyde 15c, was a minor product (Entries 

10 & 11). The reduction of the double bond in 15b and 15c gave products 15d and 15e, most 

likely by the reductase domain of P450BM3. Since non-conjugated double bonds are difficult to 

reduce enzymatically, the ,-unsaturated aldehyde 15c could be the precursor to 15e, likewise 

for 15b and 15d. The mechanism by which these compounds is formed is not known. 

Table 3.5 Substrate conversion and product selectivity of selected variants for the oxidation of the tosylated citronellol, 15.a 

 

Entry Variants 15a 15b 15c 15d 15e Others Conv. TONb 

1 R47L/Y51F 72% 5%   11% 12% 79% 1422 

2 RT2/P329V/A330P 72% 6%   10% 12% 91% 1638 

3 K19/F87V/Q403P 73% 12%    15% 82% 1497 

4 R19/F87A 77%     23% 70% 1348 

5 K19/F87A/I263A/A328I 21% 57%   5% 17% 26% 371 

6 K19/F87A/A184I/A328I  65% 5%  8% 22% 77% 1252 

7 R19/F87A/A328I  68%    32% 86% 1462 

8 K19/F87V/A328I 4% 72% 13%   11% 93% 1674 

9 K19/F87A/Y51L/A328I 5% 84%    11% 78% 1638 

10 RT2/F81W/A328I 5% 69% 15% 7%  4% 26% 98 

11 RP/F87V/E267V 28% 36% 15%   21% 68% 850 

12 RT2/F81W 47% 15% 5%  13% 20% 81% 264 

13 RT2 70% 5%   12% 13% 94% 282 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 5 mM tosylated citronellol 15, 40 M NADP+, 100 mM 

glucose, and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. b TON refers to the turnover number for the 

formation of the product in bold.  

The 48-variant library oxidised mesylated citronellol to the epoxide and C3-alcohol as major 

products while tosylated citronellol gave the C9-alcohol and epoxide as the predominant 



91 

 

products. Neither of these two protected citronellol gave the C5 oxidation product, the precursor 

to rose oxide.  

3.4.2 Route B – Direct oxidation of citronellol by P450BM3 

A library of 48 variants was screened against (–)--citronellol (16, 5 mM substrate and 2 M 

enzyme). Full data are given in Appendix 9. Citronellol was oxidised to a similar range of 

products to those observed with the protected derivatives, including the epoxide 16a, the 

cyclisation product 16b, and the C9 and C8 oxidation products 16d and 16e.232 However, the 

C5 alcohol 16c, the precursor to rose oxide, was formed (Figure 3.43). 16a, 16b and 16c are 

new metabolites of citronellol and the full characterisation data are provided in Appendix 9. 

The NMR data for 16d and 16e are congruent with literature data.  

 

Figure 3.43 Gas chromatographic analysis of selected variants giving citronellol oxidation products 16a−16e. (i) 

RP/A82M/I263A gave 44% of the 6,7-epoxide 16a, 10% of the ring cyclisation product 16b, and 20% of 5-hydroxy-citronellol 

16c; (ii) RT2/F81W/A328I gave 25% of 9-hydroxy-citronellol 16d and 57% of the 8-hydroxy-citronellol 16e. The * indicates 

product that has not been fully characterised, the crude NMR suggested it is the diastereoisomer of 5-hydroxy-citronellol. 

Of the enzyme panel, 36 out of 48 variants showed >50% selectivity for the epoxide 16a (Table 

3.6). Even though the C3 alcohol was not observed, the cyclisation product 16b was likely 
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formed via the mechanism in Figure 3.41. The I263G mutation promoted the ring closure 

product 16b (up to 57%) (Entries 7 & 8). Oxidation at the allylic positions C8 and C9 were 

observed, with C8 oxidation being more favoured (Entries 13−16). The C5 alcohol 16c was 

formed in low selectivity. Among the few variants that gave 16c, the A82M mutation was 

crucial (Entries 9−12), with the A82M/I263A and A82M/T260G combinations giving 20% and 

21% selectivity for 16c, respectively (Entries 10 & 11). These two enzymes would be good 

templates for further engineering to increase selectivity for 16c.  

Table 3.6 Substrate conversion and product selectivity of selected variants for the oxidation of citronellol, 16.a 

 

Entry Variants 16a 16b 16c 16d 16e Others Conv. TONb 

1 R19/F87A 91% 5%    4% 88% 2002 

2 K19/F87V/Q403P 92% 3%    5% 84% 1932 

3 GVQ 92% 3%    5% 88% 2024 

4 RP/F87V 93% 3%    4% 98% 2279 

5 RT2/A184I/A330P 21% 17% 6% 26% 19% 11% 44% 187 

6 RP/I263A/E267V 18% 40% 4% 7% 6% 25% 26% 260 

7 RP/HL/I263G 3% 42%  12% 5% 38% 63% 662 

8 R19/I263G  57%    43% 96% 1368 

9 R19/A82M/A184I/T260G 70% 2% 16%   12% 99% 396 

10 RP/A82M/I263A 44% 10% 20% 6% 7% 13% 84% 420 

11 R19/A82M/T260G 67%  21%   12% 97% 510 

12 R19/A82M/I263G/A264G/A328G 56%  25%   19% 21% 132 

13 RT2/A330P/A184I 21% 17% 6% 26% 19% 11% 44% 286 

14 RT2/A330P/A82M 22%  6% 29% 27% 16% 33% 240 

15 RT2/A330P/V78I/A184I 34% 11% 5% 12% 31% 7% 56% 434 

16 RT2/F81W/A328I 11%   25% 57% 7% 51% 727 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 5 mM citronellol 16, 40 M NADP+, 100 mM glucose, 

and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. b TON refers to the turnover number for the formation of 

the product in bold.  
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3.4.3 Route B – Synthesis of rose oxide from citronellol 

The second step of the synthesis was the cyclisation of 5-hydroxy-citronellol 16c, leading to 

the formation of rose oxide. The first approach was to convert the primary alcohol group at C1 

to a better leaving group using methanesulfonyl chloride and 4-toluenesulfonyl chloride 

followed by base treatment (Figure 3.44−A). However, selective protection of the primary 

alcohol was difficult to control, therefore, 16c was treated directly with acid (Figure 3.44−B). 

 

Figure 3.44 Two synthetic routes from the 5-hydroxy-citronellol (16c) to the mixture of rose oxide 17 and 18. 

A preparative scale oxidation of 16 (192 mg, 15000:1) with RP/A82M/I263A was performed. 

From 157 mg of crude extract, 5-hydroxy-citronellol (16c) was isolated and purified by the 

flash silica column chromatography (Figure 3.46−ii). 7 mg of 16c was treated with 10% H2SO4 

at room temperature for 1 h to give a mixture of (–)-cis-rose oxide 17 and (–)-trans-rose oxide 

18 in a ratio of 7.5:2.5 (54% yield, Figure 3.46−iii).  

In order to test the possibility of one-pot synthesis of rose oxide without work up, 50 mL of the 

reaction mixture was treated directly with 10% H2SO4 at room temperature for 3 h. The reaction 

crude contained 44% of 16a, 10% of 16b, and 20% of 16c (Figure 3.46−iv). Acid treatment 

gave a mixture of 17 and 18 (3.4 mg, 20% yield) in a ratio of 17 to 18 of 9:1 (Figure 3.46−v). 
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The acidification of epoxide 16a firstly gave two products 16a.1 and 16a.2 by epoxide ring 

opening via nucleophilic attack by the C1−OH (Figure 3.45). It appeared that these were turned 

into water soluble products after 3 h, leaving the mixture of rose oxides which were extracted 

into ethyl acetate. Further work will be required to understand why different ratios of cis- and 

trans-rose oxide 17 and 18 (by GC) were obtained (Figure 3.46−iii & v) under the different 

conditions. 

 

Figure 3.45 Acid treatment of the citronellol epoxide 16a. 

 

Figure 3.46 Gas chromatographic analysis of rose oxide formation. (i) Commercial sample of rose oxide, a mixture of the (–

)-cis-rose oxide 17 and (–)-trans-rose oxide 18 in 72:28 ratio; (ii) 95% pure 5-hydroxy-citronellol 16c separated from flash 

silica column chromatography. The * indicates product that has not been fully characterised due to insufficient material, the 

crude NMR spectrum suggested it is the diastereoisomer of 16c. (iii) Pure 16c was treated with 10% H2SO4 and gave a mixture 

of 17 and 18 in 75: 25 ratio. (iv) 17.2 mg of a mixture of the epoxide 16a and 5-hydroxy-citronellol 16c. (v) The reaction 

mixture in (iv) was treated with 10% H2SO4 for 2 h at RT, giving a mixture of 17 and 18 in 9:1 ratio; (vi) pure epoxide 16a; 

(vii) 16a was treated with 3% H2SO4 for 0.5 h and gave products 16a.1 and 16a.2.  
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3.4.4 Rose oxide synthesis summary 

The synthesis of (−)-cis-rose oxide from citronellol has been demonstrated on a small scale (< 

200 mg). The low yield (17%) for the first step was due to the low selectivity for the production 

of the precursor 5-hydroxy-citronellol 16c (20%). Further protein engineering will be needed 

to improve the selectivity for 16c for larger scale generation of rose oxide. Acid treatment of 

16c was well established and the isolated yield was 54% from purified 16c, together with some 

unknown products. Further investigation is needed to establish the reasons for the difference 

cis/trans ratio of the two methods.  

 
Figure 3.47 Scalability of rose oxide synthesis. 

 

Figure 3.48 Comparison of the 1H NMR spectra of commercial and chemoenzymatically synthesised rose oxide. 
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4  Oxidation of androgens 

4.1 Introduction of steroids 

Steroids are important biological molecules which play important roles in human physiology 

as signalling molecules. Steroidal drugs are some of the most prescribed medicines that more 

than 100 FDA-approved steroidal drugs are used for treatment of a variety of conditions 

including inflammation, heart disease and cancer (Figure 4.1). The biological activity of 

steroids is differentiated by the oxygenation level and substituents of the four rings of the 

steroidal core and the nature of the side chain at C17.233,234 Hydroxylation and general oxy-

functionalisation of steroids increase their solubility and introduce diversity to their biological 

effects.  

 

Figure 4.1 Examples of FDA-approved steroidal drugs. 
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For example, testosterone undecanoate is an anabolic, androgenic steroid that is used mainly in 

the treatment of low testosterone levels in men. Ethinylestradiol is an estrogen medication that 

is widely used in birth control pills in combination with progestin. Prednisone is a 

glucocorticoid medication that is mostly used to suppress the immune system and decrease 

inflammation. Dexamethasone and hydrocortisone are both glucocorticoids that have been 

hailed as a ground-breaking treatment for patients seriously ill with Covid-19.  

 

Figure 4.2 The mevalonate pathway and biosynthesis of cholesterol. CoA = Coenzyme A; HMG = 3-hydroxy-3-

methylglutaryl; PP = pyrophosphate. 

There has been a huge amount of research in the biosynthesis and function of steroids due to 

their crucial roles in human health. In humans, the biosynthesis of steroids follows the 

mevalonate pathway that uses acetyl CoA as building blocks to make dimethylallyl 
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pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) in Figure 4.2.235 DMAPP and 

IPP join to form geranyl pyrophosphate (GPP) which gives farnesyl pyrophosphate (FPP) with 

an additional unit of IPP. The coupling of two units of FPP gives squalene which is the precursor 

to lanosterol. Lanosterol is converted to cholesterol which is then modified into other steroids 

by steroidogenesis transformations (Figure 4.3).236   

 

Figure 4.3 The steroidogenesis transformations catalysed by steroidogenic P450s and chemical structures of endogenous 

steroid hormones. 3/17-HSD: 3/17-hydroxysteroid dehydrogenase/isomerase. 
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In steroidogenesis, cholesterol is converted to 4 major classes of steroid hormones (Figure 4.3); 

the progestagens, androgens, estrogens and glucocorticoids.237 Androgens such as 

androstenedione and testosterone regulate the male sexual function and behaviour,238 while 

progestagens and estrogens are female sex hormones.239 Glucocorticoids and 

mineralocorticoids are involved in a wide range of physiological processes including stress 

response, immune response, regulation of inflammation, sodium and water levels.240  

Difficiency in the production of sex hormones caused various diseases, so it is important to 

regulate these steroids hormones.241 For example, congenital adrenal hyperplasia (CAH) results 

from mutations in the CYP11B1 gene which encodes a steroidogenic enzyme, 11-

hydroxylase.242-244 Deficiency of 11-hydroxylase prevents the conversion of 11-deoxycortisol 

to cortisol and deoxy-corticosterone to corticosterone (Figure 4.3), respectively, which results 

in high levels of androgenic steroid.243,245 This inherited disorder due to low levels of cortisol 

and high levels of male hormones caused development of male characteristics in new-born 

females. Synthetic corticosteroids can mimic the actions of naturally occurring corticosteroids 

and may be used to replace steroids in people that are unable to produce sufficient amount of 

corticosteroids.246 Therefore, synthetic steroidal drugs that have anti-inflammatory and 

immune-modulating properties are widely used to treat diseases such as asthma, arthritis and 

allergic or inflammatory conditions.  

Total synthesis of steroids such as cholesterol and cortisone were reported by Woodward et al. 

using hydroquinone in 1951.247,248  Later, Johnson and co-workers developed a total synthesis 

route for progesterone with a key step of stereoselective Wittig condensation of the aldehyde 

a1 and ylide a2 (Figure 4.4−A).249 Pattenden also demonstrated a new approach to construct 

the steroid ring based on a novel radical cascade sequence to form a 4-ring system with 7 chiral 

centres (Figure 4.4−B).250-252 However, the huge demand for steroidal drugs made the total 
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synthesis of steroids impractical due to the long synthetic pathways and low overall yield. 

Instead, all steroids are obtained by semisynthetic methods whereby natural steroids are used 

as starting materials to produce other novel compounds with distinct chemical and medicinal 

properties.253-255 Marker and Rohrmann discovered a semisynthesis of progesterone in a better 

yield (~50%) via the degradation of diosgenin (Marker’s degradation) which was extracted 

from Mexican yams (Figure 4.4−C).256  

 

Figure 4.4 (A) Johnson’s biomimetic total synthesis route of progesterone; (B) Pattenden’s synthesis route of steroid skeleton; 

(C) Marker’s degradation route from diosgenin to progesterone. 

Given the medicinal value of the cardenolides in the treatment of congestive heart failure, a 

recent report of a scalable synthesis of ouabagenin, a bioactive cardenolide, from cortisone 
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would be another good example of semisynthesis.257,258 More than 20 steps are developed in 

this semisynthetic route which contains numerous functional group conversions to achieve 

oxidation at specific sites with stereochemistry control (Figure 4.5). It appeared that it required 

4 steps to insert an alcohol at C19 methyl group, 4 steps for the C1 and C5 hydroxylation, and 

then another 7 steps for the C14 oxidation with an inversion of the stereochemistry at C14. 

 

Figure 4.5: Retrosynthetic route of ouabagenin.257,258 

 

Figure 4.6: (A) Examples of allylic C–H oxidation of steroids by electrochemical methods.259 (B) C12 oxidation of steroids 

with copper via Schönecker oxidation.260 

Despite the successful demonstration of semisynthesis of ouabagenin, it also shows the 

difficulties in activation of C–H bonds in steroids due to the predominance of chemically inert 

sp3 C–H bonds in steroids. Baran and co-workers have reported scalable electrochemical 
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oxidation of allylic C–H bonds of steroids (Figure 4.6–A).259 Another example is the Cu-

mediated oxidation at a carbon at the -position from an alcohol directing group via the 

optimisation of Schönecker oxidation (Figure 4.6–B).260  

Even though these approaches provided C–H bond functionalisation of steroids, the oxidation 

sites are limited. Cytochrome P450 enzymes, on the other hand, catalyse hydroxylation in 

steroid biosynthesis in microorganisms, giving a wide range of products. Steroid metabolism 

by human cytochromes P450 has been studied, both with recombinant P450s and in human 

liver microsomes and mitochondria. 

 

Figure 4.7 Summary of oxidation products of AD, TST and DHEA by various human P450s. 

It has been shown that CYP1A2, 2A6, 2B6, 2C8, C29, 2C19, 2D6, 2E1, 3A4, and 3A5 are the 

major P450 enzymes involved in the oxidation of steroids in human livers.261 Among these 
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P450 enzymes examined, CYP3A4 is the most important for steroid metabolism, catalysing, 

for example, testosterone (TST) 6-, 15- and 2-hydroxylations,262,263 and 

dehydroepiandrosterone (DHEA) 7-, 7- and 16-hydroxylations.261 Androstenedione (AD) 

is metabolised by other P450s at the C2, C6, C11 and C16 positions on the -face (Figure 

4.7).261,264 Another essential enzyme, CYP19A1, an estrogen synthase, plays vital roles in 

steroidogenesis as it catalyses the aromatisation of AD and TST to estrone and estradiol, 

respectively.265 Metabolism of testosterone by human P450s in liver microsomes has been the 

most extensively studied; hydroxylation at most positions is observed but in most cases with 

little product selectivity.261,266 

 

Figure 4.8 Summary of oxidation products of AD, TST and DHEA by selected fugal strains. 
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Other than human P450s, fungal steroid biotransformation has also been widely used to convert 

and synthesise steroidal compounds. Biotransformation by fungus gives a wide range of 

products of AD, TST and DHEA (Figure 4.8). AD is hydroxylated at almost every position 

except C8, C9 and C12 while TST shows all oxidation products except at C1, C8, C9.266-270 No 

C19 oxidation of AD and TST has been observed in the reaction catalysed by fungi. DHEA 

oxidation is limited to C7, C11 and C15, with C7 oxidation products being 

predominant.266,267,271 Although fungal biotransformation of steroids generates a wide range of 

metabolites, the product selectivity is too low for application in the synthesis of steroidal 

compounds.  

 

Figure 4.9: Summary of oxidation products of AD, TST and DHEA by various recombinant bacterial P450s. 

Recombinant bacterial P450 enzymes offer well-defined systems that could be further 

engineered to target specific products, potentially providing a broader spectrum of product with 

high activity and selectivity.234 Hydroxylation sites of steroids by different bacterial P450s are 
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collected in Figure 4.9. CYP106A2 from Bacillus megaterium catalyses 15 hydroxylation of 

3-oxo-4-steroids including AD and TST,272-275 and 7 hydroxylation of 3-hydroxy-5-steroids 

such as DHEA.276 CYP260A1 from Sorangium cellulosum So ce56 selectively oxidises C-19 

steroids such as AD and TST at the 1-position.277,278 CYP154C3 and CYP154C5 are highly 

selective for 16 oxidation of AD, TST and DHEA.279,280  

CYP102A1 (P450BM3) from Bacillus megaterium has been engineered by Reetz and co-workers 

to oxidise TST at 2 and 15 positions by variants F87A/A330W and 

R47Y/T49F/V78L/A82M/F87A, as well as PROG at 2 and 16 sites with high regio- and 

stereoselectivity.135,162,165,166,169,281 Vermeulen and co-workers identified a template variant 

M01 (R47L/F87V/L188Q/E267V/G415S) that showed high activity for TST oxidation at the 

2, 15 and 16 positions, with 15 oxidation being the dominant pathway.281 Addition of the 

A82W mutation to M01 shifted the oxidation site from 15 to 16 for TST, and further addition 

of the S72I mutation inverted the stereoselectivity of TST towards 16-oxidation.165,166 

CYP102A1 was further engineered by a combination of ISM and CAST to give high (>90%) 

selectivity for 7-, 16- and 16- oxidation of AD and TST.166,171,172  

As shown in Figure 4.9, AD showed 1-, 7-, 15-, 16-, and 16-hydroxylation, mostly with 

high selectivity, but other oxidation products are formed in trace quantities. For TST, 

CYP102A1 provided almost total selectivity for 2-, 7-, 15-, 16-, and 16-hydroxylation. 

DHEA has only been reported to be oxidised at 7 and 16 positions by two bacterial P450 

enzymes. Greater diversity of mono- and polyhydroxylated products will facilitate applications 

of P450 enzymes in the synthesis of steroid derivatives. In addition to the relatively narrow 

range of products, it was surprising how few bacterial P450s possessed steroid oxidation 

activity. The aim of this chapter is to generate a more diverse range of oxidation products of 



107 

 

AD, DHEA and TST than hitherto reported, by a combination of enzyme library screening and 

rational design of CYP102A1 variants. Initial screening of AD, DHEA and TST with a library 

of ~100 CYP102A1 variants showed a narrow range of products with relatively low selectivity 

and turnover number, suggesting that the active sites across the variant library allowed a limited 

number of binding modes for steroids. In order to access different binding orientations, the 

structure of WT CYP102A1 was overlaid with the structure of AD-bound human CYP19A1 to 

identify regions and residues in CYP102A1 that blocked this AD binding mode. Based on these 

observations, scanning glycine mutagenesis across 12 residues was conducted iteratively on 6 

template variants found active in the initial library; these first and the second-generation 

variants showed increased product diversity in the oxidation of AD, DHEA and TST.172  

4.2 Initial screening 

4.2.1 Initial P450BM3 library and screening conditions 

The initial library of 48 enzymes for steroid oxidation screening was listed in Table 4.1. AD, 

DHEA and TST were screened for oxidation by the initial library to find active mutants, the 

screening data was analysed for the effect of mutations, further engineering was then performed 

based on these mutations. The full screening results are given in Tables 1.11−1.13 in the 

Appendices 10−12. 

Screening reactions were carried out in 24-well plates in 200 mM phosphate buffer (pH = 8.0) 

in a total volume of 0.5 mL containing 2 M P450BM3 enzyme, 1 mM substrate, 20 U/mL 

glucose dehydrogenase (GDH) and 100 mM glucose. NADP+ (40 M) was added to initiate the 

reaction. Plates were shaken at 120 rpm for 6 h at 20 C. Due to the lower substrate 
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concentration, the reaction time was shortened from the more typical 16 h to 6 h in order to 

limit further oxidation.149 

Table 4.1: The list of variants in the initial library. 

No. Variants No. Variants 

1 A330P 25 A82M/A330P 

2 A82T/I263R 26 I263A/A330P 

3 GVQ 27 F81W/T260A 

4 K19 28 GV/A184I 

5 K19/F87V 29 GVQ/A264G 

6 K19/F87V/E267V 30 K19/F87V/A264G 

7 K19/F87A/A82M/I263G 31 K19/F87V/E267V V78I 

8 K19/F87V/A328I 32 K19/F87A/A82M/E267F 

9 K19/F87A/F81W 33 R19/F87A/A328I/E267F 

10 K19/F87A/I263A 34 R19/F87A/A328L 

11 K19/F87V/Q403P 35 R19/F87A/A328I/S72W 

12 KU3/A330P/A328I 36 R19/F87A/A328I/V78I 

13 KU3/A330P/S72W 37 RLYF/IR 

14 KU3/A330P/V78I 38 R19/F87A/A328F 

15 R19 39 R19/F87A/I263G 

16 R19/F87A/A184I 40 RP/A82W/I263A 

17 R19/F87A/A328I 41 RP/A82M/I263A 

18 R19/F87A 42 RP/F87V 

19 RP/H171L 43 RP/F87V/V78I 

20 RT2 44 RP/H171L/I263G A184I 

21 RT2/S72G/A330W 45 RT2/H171L/I263G/A330W 

22 RT2/A330P/V78I/A184I 46 RP/H171L/I263G/F87V/V78I 

23 KU3/A330P 47 RP/V78I/E267V 

24 RP/H171L/I263G 48 RT2/S72W/A330W 

Reaction mixtures were extracted with ethyl acetate and analysed by GC (Chapter 2.5.1). 

Variants showing high activity and product selectivity were chosen for preparative scale 

reactions whereby the reaction volume was increased to 50–100 mL using the same 

concentration of components as in screening scale reactions. The reactions were monitored by 

extraction and GC analysis of small aliquots of reaction mixtures. When no further conversion 

occurred, organics were extracted with ethyl acetate. Products were purified by flash silica 

chromatography and characterised by NMR and MS data which are provided in the Appendices. 



109 

 

4.2.2 Oxidation of androstenedione (AD) 

The enzyme library showed reasonable androstenedione (AD, 19) oxidation activity; 25 out of 

48 variants showed >20% conversion. Full activity and selectivity data are provided in 

Appendix 10. The five major products were purified and characterised as 6-hydroxy-AD 

(19a),282 16-hydroxy-AD (19b),282 16-hydroxy-AD (19c),282 16-oxo-testosterone (19d),283 

and 2,16-dihydroxy-AD (19e)172 (Figure 4.10 and Table 4.2). 

 

Figure 4.10: GC analysis of AD (19) oxidation by two variants in initial screening. 

The conversion rates showed that the F87A or F87V mutations were important in promoting 

AD oxidation by CYP102A1, indicating their important role in creating space close to the haem 

for steroid binding.135,169,170 16-Hydroxy-AD (19c) was a prominent product across the library; 

it was favoured by the F87V mutation, at up to 67% for the K19/F87V/Q403P variant (Table 

4.2, Entries 5–7). The F87A mutation also biased the selectivity towards C16 oxidation but it 
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promoted further oxidation to 2,16-dihydroxy-AD, 19e (Entries 8 & 9); R19/F87A/A184I 

gave 68% of this dihydroxylation product. Since the 2-alcohol was not observed, the 16-

alcohol 19c was the most likely precursor to 19e. 

Table 4.2: Substrate conversion rates and product selectivity of selected variants for the oxidation of AD, 19.a 

 

Entry CYP102A1 variant 19a 19b 19c 19d 19e others Conv. TON b 

1 K19/F87A/I263G 44% 48% – – –   8% 50% 120 

2 R19/F87A/I263G  36% 23% – 13% – 28% 46% 83 

3 RP/H171L/I263G/A184I 47% 31% – – – 26% 57% 134 

4 RP/H171L/I263G/F87V/V78I 46% 14% – 23% – 17% 57% 131 

5 K19/F87V/Q403P – – 67% 22% –   11% 84% 281 

6 RP/F87V  – – 62% 27% –   11% 60% 186 

7 K19/F87V  – – 54% 21% 15%   10% 98% 265 

8 R19/F87A – – 16%   2% 66% 16% 96% 317 

9 R19/F87A/A184I – – 7%   2% 68% 23% 95% 323 

a The selectivity for the two most selective variants for each product are highlighted in red. Screening scale reactions at 0.5 mL 

scale were in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 1 mM AD (500:1), 40 M NADP+, 100 mM 

glucose, and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 6 h. b TON refers to the turnover number for the 

formation of the product in bold.  

The minor product 16-oxo-testosterone, 19d, an isomer of 16-hydroxy-AD (19c), was found 

with F87V-containing variants (Entries 5–7). RP/F87V showed the highest extent of 

isomerisation, giving 27% of 19d together with 62% of 19c (Entry 6). When the enzyme loading 

was lowered to 0.1 mol% (2 mM AD, 2 M enzyme), both the isomerisation of 19c to 19d and 
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further oxidation of 19c to 19e were significantly suppressed. Under these conditions, the 

RP/F87V variant gave 91% of 19c at 66% conversion (TON = 600) while K19/F87V/Q403P 

gave 80% of 19c at 94% conversion (TON = 750), with no 19d and 19e formed. Reduced 

isomerisation of 19c to 19d at lower enzyme concentration suggested involvement of the 

enzyme in the reaction which likely involved two keto-enol tautomerisation steps (Fig. 4.11). 

 

Figure 4.11: Proposed mechanism of the isomerisation of the C16 alcohols 19b and 19c to 16-oxo-testosterone, 19d. 

Few other mutations had significant effects on selectivity except for the I263G which abolished 

16β oxidation and promoted the formation of 6β-hydroxy-AD (19a) and 16-hydroxy-AD 

(19b) (Entries 1–4). Reetz and co-workers reported CYP102A1 variants from directed 

evolution and high-throughput screening that possessed >90% selectivity for 16- and 16-

hydroxylation of AD (Table 4.3).170 Comparison between Entries 2 and 4 shows the importance 

of the F87V mutation for 16-oxidation. Vermeulen and co-workers had reported that 

mutations of A82 led to a switch between 16- and 16-oxidation of testosterone;166 this was 

the basis for the further engineering by Reetz and co-workers. There is limited data on 16-

oxidation of AD; in addition to A82F, the S72I mutation had a pivotal effect.170 Although 

neither product is a target in this thesis, since high selectivity had already been achieved, 

addition of the I263G mutation to the Entry 1 variant in Table 4.3 could increase the selectivity 

for 19b above 95%. 
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Table 4.3: Comparison of CYP102A1 variants promoting 16-hydroxy-AD (19b) and 16-hydroxy-AD (19c). 

Comparison Entry Mutations Conversion 16-OH 16-OH 

Literature 
1 R47W/Y51W/S72I/A82F/F87I/L181C 85% 95% – 

2 R47W/Y51H/A82W/F87V/L181Q/A330M 93% – 100% 

Initial library 
3 F87A/H171L/I263G/Q307H/N319Y 50% 48% – 

4 R47L/Y51F/F87V/I401P 66% – 91% 

 

4.2.3 Oxidation of dehydroepiandrosterone (DHEA)  

Dehydroepiandrosterone (DHEA, 20) was a good substrate for the CYP102A1 variant library, 

as 27 out of 48 variants showed >20% conversion to a collection of 5 major products; 7-

hydroxy-DHEA (20a),272,276 15-hydroxy-DHEA (20b),284 16-hydroxy-DHEA (20c),285 16-

oxo-androstenediol (20d),286 and 7,15-dihydroxy-DHEA (20e) (Figure 4.12 and Table 4.4).  

As observed for AD oxidation, the F87A and F87V mutations altered the product selectivity of 

DHEA oxidation. F87V-based variants gave mainly 16-hydroxy-DHEA, 20c, and its 

isomerisation product, 16-oxo-androstenediol, 20d (Table 4.4, Entries 1 & 2), presumably via 

the same mechanism as proposed for 19d (Figure 4.11). With a higher catalyst loading (0.2 

mol%, 500:1), the variant A74G/F87V/A184I formed more of the isomerisation product 20d 

(50%) than 20c (38%, Entry 1), whereas a lower loading (0.1 mol%, 1000:1) suppressed 20d 

and favoured 20c formation (90% of 20c and 4% of 20d). The K19/F87V variant also gave 

26% of 15-hydroxy-DHEA, 20b. 

The F87A mutation, on the other hand, re-oriented DHEA binding to give 7-hydroxy-DHEA 

(20a), 15-hydroxy-DHEA (20b) and 7,15-dihydroxy-DHEA (20e). Addition of I263G/A 

or A264G mutations shifted the selectivity away from 16-alcohol 20c toward the 7-alcohol 

(Entries 3–5), with K19/F87A/A82M/I263G giving 53% of 20a. The F87A/A328I combination 



113 

 

promoted 15-oxidation to give 48% of 20b (Entries 6 & 7). Addition of the A184I and F81W 

mutations led to greater extent of further oxidation to the dihydroxylation product 20e (Entries 

8 & 9). Screening of the 7 and 15 alcohols with variants that formed 20e showed that only 

the 15 alcohol was further oxidised to 20e. 

Table 4.4: Substrate conversion and product selectivity of selected variants for the oxidation of DHEA, 20.a 

 

Entry CYP102A1 variant 20a 20b 20c 20d 20e others Conv. TON b 

1 A74G/F87V/A184I (GV/A184I)   –   5% 38% 50%   –   7% 98% 245 

2 K19/F87V   4% 26% 34% 17% – 10% 99% 168 

3 K19/F87A/A82M/I263G 53%   – 20% – – 26% 77% 204 

4 K19/F87A/I263A 49% 25% – – – 24% 65% 160 

5 K19/F87V/A264G 36%   – 23% 11% – 23% 98% 177 

6 R19/F87A/A328I   4% 48% 27%   – – 22% 62% 149 

7 R19/F87A/V78I/A328I   5% 34% 23% 11% – 27% 85% 145 

8 R19/F87A/A184I 13% 8% 10% – 57% 12% 98% 280 

9 K19/F87A/F81W 15% 3% 8% – 57% 17% 97% 277 

10 R19/F87A – 37% 10% – 42% 11% 83% 175 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 1 mM DHEA (500:1), 40 M NADP+, 100 mM glucose, 

and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 6 h. b TON refers to the turnover number for the formation of 

the product in bold.  

Overall, the variant library displayed low to modest selectivity for DHEA oxidation. Compared 

to AD, the new oxidation sites were C7 and C15, whereas AD showed C6 oxidation. Both sets 

of data pointed to significant effects of the I helix mutations I263A/G and A264G. 
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Figure 4.12: GC analysis of the product profile of DHEA (20) oxidation by two variants in initial screening. 

4.2.4 Oxidation of testosterone (TST) 

Testosterone (TST, 21) oxidation by CYP102A1 has been extensively studied. High conversion 

and selectivity for 2-, 7-, 15-, 16- and 16-hydroxylation (Figure 4.13) have been 

achieved by CAST and site-saturation mutagenesis and screening of thousands of 

mutants.169,170,287 A small library of about 100 CYP102A1 variants created by rational design 

also showed high conversion and selectivity for the 2- and 15-alcohols.135 Since 9 of the 48 

variants in the initial screening library used for the work in this thesis were from this previous 

library, 2-hydroxy-TST (21a) and 15-hydroxy-TST (21b) were the major products. Variants 

with the F87V mutation showed strong preference for the 15-alcohol whereas F87A-based 

variants gave more of the 2-alcohol (Figure. 4.13). There was no evidence for C16 oxidation, 

presumably because the mutations A82F/W were absent; the combinations F87I/A82F and 



115 

 

F87V/A82W had been reported to bias the oxidation of AD and TST towards the 16 and 16 

alcohols, respectively.166,170 

 

Figure 4.13: (A) Previously reported oxidation products of TST (21) by engineered variants of CYP102A1.135,166,170 

(B) GC analysis of TST oxidation by selected variants in the initial library to form 21a and 21b.  

4.3 Nature-inspired design of scanning glycine mutagenesis 

The screening library of variants oxidised AD and DHEA mainly at activated positions and on 

the lower half of the steroid B and D rings (C6, C7, C15 and C16), in most cases with low 
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selectivity. As for TST oxidation, no new product other than the 2- and 15- alcohols was 

found. The results showed that F87A or F87V mutations were crucial for steroid oxidation, and 

the I263G and A264G mutations provided access to oxidation sites other than C16 of AD and 

DHEA. The substitutions I263A and I263G had been shown to alter the oxidation selectivity of 

terpenes183 and lauric acid,288 in the latter case shifting the oxidation from sub-terminal –1, 

–2 and –3 position internally to –7, –8 and –9 hydroxylation.288 Molecular dynamics 

simulation results suggested that the I helix, especially the region between T260 and T268, 

limited the regioselectivity shift of lauric acid; substitution of I263 with smaller side chains 

created space for the fatty acid to bind differently.  

Steroids are rigid and sterically more demanding than fatty acids with their aliphatic chains. 

The restriction of TST oxidation products to the 2- and 15-alcohols in the screening library, 

and the need for specific combinations of mutations at A82 and F87 to access 16 and 16 

oxidation, indicated that the CYP102A1 substrate pocket constrained steroid binding 

orientations such that only a limited number of C–H bonds were exposed to the ferryl oxygen. 

It is fascinating that 2- and 15-oxidation was not observed with TST in any previous study. 

This suggested that the TST binding orientations in CYP102A1 variants only exposed the -

face to the haem, and that the -face was not accessible without dramatic changes in the binding 

orientation which required specific combinations of mutations. The challenge in identifying the 

required mutations is demonstrated by the A82/F87 combinations for TST C16 oxidation,166 

and the 15-residue site-saturation mutagenesis with high-throughput screening followed by 

further mutagenesis that provided 7 oxidation of AD and TST.287 

In order to re-orientate steroid binding and expose other C–H bonds of the steroidal core for 

oxidation, the crystal structure of WT CYP102A1 was overlaid with that of CYP19A1 bound 
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with AD (Figure 4.14) to explore what changes in the CYP102A1 substrate pocket might enable 

AD to bind in a similar orientation to that in CYP19A1. The CYP19A1 aromatase enzyme 

catalyses C19-demethylation of AD to estrone, and of TST to estradiol.265 Steric clashes are 

readily identified between a bound AD molecule with the side chain of F87, the main chain and 

side chain of I263 and A264 in the I helix, and the side chain of A328 in the 4 strand, so that 

AD could not adopt a similar orientation in CYP102A1 (Figure 4.14). The clashes are consistent 

with the effect of the mutations F87A and F87V, but especially for the I263G and A264G 

mutations, in the screening results. 

 

Figure 4.14: Overlay of a portion of the I helix of the aromatase CYP19A1 (yellow, haem group in grey, PDB code: 

5jl6) bound with AD (cyan) with the structure of N-palmitoylglycine (NPG)-bound wild-type CYP102A1 (salmon, 

PDB code: 1jpz). NPG was omitted for clarity. Key CYP102A1 residues are shown in sticks (salmon).  

The obvious effect of a glycine mutation is to create space in the active site, potentially to 

accommodate some part of a substrate. In addition, glycine residues are commonly found at the 

end of helices, and they can cause local distortions and partial unfolding of -helices. Such 
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local distortions in the middle of a helix increase flexibility of the active site for substrate 

binding. Crucially, such distortions can be introduced (although not always predictably) by 

glycine mutations a few residues away from a contact residue. Therefore, although the structural 

overlay only indicated clashes of AD with I263, A264 and A328, glycine mutations were 

introduced at other residues, by scanning along the I helix (I259, T260, T261, L262, E267, 

T269, S270) and along the 4 strand (A328, P329 and A330), and combinations thereof. The 

active variants K19/F87A, K19/F87A/A82M, R19/F87A, R19/F87A/A184I, GV/A184I 

(A74G/F87V/A184I) and K19/F87V were used as templates for this scanning glycine 

mutagenesis approach. 

4.4 Second-generation variants screening and computational 

studies 

Scanning glycine mutagenesis across 11 residues and combinations thereof on 6 template 

variants led to the preparation of 74 new variants in the second-generation library (Table 4.5). 

The screening reactions of AD, DHEA and TST with this new library were conducted under 

the same conditions as in section 2.5.1, except the substrate and enzyme ratio was raised from 

500:1 to 1000:1 (2 mM substrate and 2 M enzyme) to avoid further oxidation and product 

isomerisation.172 In order to gain insight into enzyme-steroid binding interactions, molecular 

dynamics (MD) simulations were also performed, in collaboration with Matthew Fisher, on a 

number of variants that oxidized 19–21 with high selectivity. Firstly, structures of variants were 

prepared by adding mutations to the NPG-bound WT CYP102A1 crystal structure (PDB code: 

1jpz)128 via Pymol. The bound NPG substrate was removed, and the haem moiety was simulated 

in the Compound I state. Docking of a substrate to this state of the enzyme simulated the ferryl 

oxygen atom abstracting a substrate hydrogen atom at a certain distance, providing a visual aid 

to rationalise product selectivity based on the enzyme-substrate interaction thus revealed.  
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Table 4.5: Variants in the second-generation library generated from scanning glycine mutagenesis across 11 residues. 

No. Variants No. Variants 

1 GV/A184I/A264G 38 R19/F87A/A184I/I263G/A264G 

2 GV/A184I/A264G/A328G 39 R19/F87A/A184I/I263G/A264G/A328G 

3 GV/A184I/A328G 40 R19/F87A/A184I/I263G/A328G 

4 GV/A184I/A328G/T260G 41 R19/F87A/A184I/I263W 

5 GV/A184I/I263G 42 R19/F87A/A184I/L262G 

6 GV/A184I/I263G/A264G 43 R19/F87A/A184I/S270G 

7 GV/A184I/I263G/A264G/A328G 44 R19/F87A/A184I/T260G  

8 GV/A184I/I263G/A328G 45 R19/F87A/A184I/T269G 

9 GV/A184I/I263W 46 R19/F87A/A264G 

10 GV/A184I/T260G 47 R19/F87A/A328G 

11 GVQ/A264G/P329G/A330P 48 R19/F87A/A328G/A264G 

12 GVQ/A264G/P329G/A330W 49 R19/F87A/A328G/I259G/I263G 

13 GVQ/A328G 50 R19/F87A/A328G/I263G/A264G 

14 GVQ/I263G/A264G 51 R19/F87A/A328G/I263W 

15 GVQ/I263G/A264G/A328G 52 R19/F87A/A328G/L262G 

16 GVQ/T260G 53 R19/F87A/A328G/P329G/A330G 

17 K19/F87V/A264G 54 R19/F87A/A328G/P329G/A330G/T260G 

18 K19/F87V/A184I 55 R19/F87A/A328G/S270G 

19 K19/F87V/I263G 56 R19/F87A/A328G/T260G 

20 K19/F87A/A82M/A264G 57 R19/F87A/A328G/T269G 

21 K19/F87A/A82M/A264G/A328G 58 R19/F87A/F81W/A328G/T260G 

22 K19/F87A/A82M/A328G/T260G 59 R19/F87A/G265GG 

23 K19/F87A/A82M/A330W 60 R19/F87A/I259G/I263G 

24 K19/F87A/A82M/F261G 61 R19/F87A/I263G/A264G 

25 K19/F87A/A82M/I263G/A264G 62 R19/F87A/I263G/A328G 

26 K19/F87A/A82M/I263G/A264G/A328G 63 R19/F87A/I263G/P329G/A330P 

27 K19/F87A/A82M/I263G/A264G/A330W 64 R19/F87A/I263G/P329G/A330W 

28 K19/F87A/A82M/I263G/A328G 65 R19/F87A/I263W 

29 K19/F87A/A82M/I263G/A330W 66 R19/F87A/L262G 

30 K19/F87A/A82M/I263W 67 R19/F87A/P329G/A330P 

31 K19/F87A/A82M/L262G 68 R19/F87A/P329G/A330W 

32 K19/F87A/A82M/S270G 69 R19/F87A/P329G/A330W/T260G 

33 K19/F87A/A82M/T260G 70 R19/F87A/Q403P 

34 R19/F87A/A184I/A264G 71 R19/F87A/S270G 

35 R19/F87A/A184I/A264G/A328G 72 R19/F87A/T260G 

36 R19/F87A/A184I/A328G/T260G 73 R19/F87A/T269G 

37 R19/F87A/A184I/I259G/I263G 74 R19/F87A/W90V 

The protein was prepared using the Amber 99SB*-ILDN force field with TIP3P water.191 The 

heme moiety was simulated in the Compound I state, using parameters from Shahrokh et al.192 

The protein was placed into the centre of truncated octahedral box and solvated with water 

molecules followed by neutralisation with addition of Na+ ions in GROMACS.289 After 
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equilibration, triplicate, 100 ns of production MD were performed. The stability of individual 

trajectories was monitored by the RMSD of the backbone C atoms before they were clustered 

using the Daura algorithm with a cutoff of 0.12 nm.166,169,170,290 The three most populated 

clusters usually covered >80% of the 10,000 conformations for each replica (sampling every 

10 ps for 100 ns). These three most populated clusters were used as receptor structures for 

docking studies, which were performed in Autodock Vina.291 Each substrate-enzyme docking 

normally generated 9 docking poses that were then either classified as “productive” or “non-

productive”. The productive poses referred to those with a carbon atom within 4.2 Å of the 

ferryl oxygen while the non-productive poses had the substrate docked too far away, or the C3-

alcohol in DHEA, the C3-ketone in AD or C17-alcohol in TST were closest to the ferryl oxygen.  

4.4.1 AD oxidation with the second-generation library 

The new variants not only showed increased product selectivity and activity for products 19a–

19e, but also generated 3 new metabolites of AD in reasonable selectivity and turnover number. 

One metabolite was oxidation at the A ring, 2-hydroxy-AD (19f),292 and two others were at 

non-activated positions, 7-hydroxy-AD (19g)293 and 15-hydroxy-AD (19h) which were 

labled in blue in Table 4.6.292  

In the initial screening, the I263G mutation showed preference for 6- and 16-hydroxy-AD 

(19a and 19b) formation. From the second-generation library, the combination of mutations 

I263G/A328G further optimised the selectivity for 19a (Table 4.6, Entries 6–9). The highest 

selectivity of 78% was promoted by variant K19/F87V/I263G although at low conversion 

(Entry 10). The variants in the second-generation library had less preference towards 16-

hydroxy-AD (19b) that R19/F87A/I263G/P329G/A330W (48% of 19b, Entry 11) only slightly 

improved the conversion and turnover number compared to R19/F87A/I263G (45% of 19b, 
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Entry 5). The T260G mutation led to a new product, 7-hydroxy-AD, 19g, when combined 

with F87A (Entries 14 & 15). With the extra introduction of A328G, selectivity of 19g was 

increased from 50% to 81% with almost full conversion (Entries 16 & 18, Figure 4.15-vi). 

Another example was R19/F87A/F81W/T260G/A328G (76% of 19g, Entry 17) compared with 

the template K19/F87A/F81W which favoured 16 oxidation. 7-Oxidation of AD was 

reported recently by Reetz and co-workers with 90% selectivity and 90% conversion for 1 mM 

substrate loading with the CYP102A1 variant (Entry 21).287  

 

Figure 4.15: Gas chromatographic analysis of the oxidation of AD (19) catalysed by CYP102A1 variants: (i) 6-hydroxy-AD 

19a (63%) by R19/F87A/A184I/I263G/A328G; (ii) 16-hydroxy-AD 19b (48%) by R19/F87A/I263G/P329G/A330W; (iii) 

16-hydroxy-AD 19c (91%) and 16-oxo-testosterone 19d (2%) by RP/F87V; (iv) 2,16-dihydroxy-AD 19e (66%) by 

R19/F87A; (v) 2-hydroxy-AD 19f (60%) by K19/A82M/F87A/I263G/A264G/A328G; (vi) 7-hydroxy-AD 19g (81%) by 

R19/F87A/A184I/T260G/A328G; (vii) 15-hydroxy-AD 19h (50%) by R19/F87A/A264G. 
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Table 4.6: Selectivity and turnover number of P450BM3 variants in the secondary library for the oxidation of AD.a 

 

Entry Variants 19a 19b 19f 19g 19h Others TON Con. 

1 K19/A82M/F87A*      100%b  88% 

2 R19/F87A/A184I*      100%c  99% 

3 GV/A184I*      100%d  65% 

4 K19/F87A/I263G* 46% 45%    9% 133 29% 

5 R19/F87A/I263G* 48% 45%    7% 168 35% 

6 K19/A82M/F87A/I263G/A328G 57% 6% 20% 7% 10%  300 52% 

7 GV/A184I/I263G/A328G 63% 20%   9% 8% 271 43% 

8 R19/F87A/A184I/I263G/A328G 63% 24%    13% 490 77% 

9 R19/F87A/I263G/A328G 69% 27%    4% 428 62% 

10 K19/F87V/I263G 78% 22%     172 22% 

11 R19/F87A/I263G/P329G/A330W 43% 48%    9% 274 57% 

12 K19/A82M/F87A/I263G/A264G   59%   41% 212 36% 

13 K19/A82M/F87A/I263G/A264G/A328G   60% 17% 13%  222 37% 

14 K19/A82M/F87A/T260G    7%  93%e  98% 

15 R19/F87A/A184I/T260G    12% 31% 57%f  69% 

16 K19/A82M/F87A/T260G/A328G    50% 6% 44%g 460 92% 

17 R19/F81W/F87A/T260G/A328G   5% 76% 8% 11% 623 82% 

18 R19/F87A/A184I/T260G/A328G    81%  19% 761 94% 

19 R19/ F87A/A184I/A264G   15%  42% 43% 315 75% 

20 R19/ F87A/A264G   12%  50% 38% 400 80% 

21 
R47W/S72W/F77Y/V78L/F81I/A82L/ 

T88S/M177T/M185Q/L188Q/I209T171 
   90%    90% 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 2 mM AD, 40 M NADP+, 100 mM glucose, and 20 

U/mL GDH. Plates were shaken at 120 rpm at 20 C for 6 h. b denotes 77% of 19c and 19% of 19e.  c denotes 71% of 19e. d 

denotes 75% of 19c. e denotes 80% of 19c. f denotes 20% of 19c. g denotes 37% of 19c. “Others” contains mainly 19c, 19d, and 
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19e. “TON” refers to the turnover number for the formation of the product in bold. “Conversion” refers to the % of substrate 

converted to products. *Denotes variants in the initial screening library. 

The additional A264G mutation on base variants R19/F87A and R19/F87A/A184I supressed 

oxidation at C16 and gave a new product, 15-hydroxy-AD (19h) (Entries 19 & 20, Figure 

4.15-vii). Other than 19h, these variants with the A264G mutation also gave another new 

product, 2-hydroxy-AD (19f), in small amounts, likewise for variant R19/F87A/A328G (15% 

of 19f). Since both the A264G and A328G mutations led to some 2 oxidation, more glycine 

mutations on I helix and 4 strand residues, i.e., combinations of I263G, A264G, A328G, 

P329G and A330G, were added to the template variants. It was found that only combination 

I263G/A264G added to the K19/A82M/F87A template increased the 2 oxidation, to 59% 

(Entry 12), while the template favoured 16 oxidation (Entry 1). The additional A328G (Entry 

13, Figure 4.15-v) gave similar selectivity of 2 oxidation (60%), suggesting that the glycine 

mutations on I helix residues were the dominant factor in promoting A ring oxidation of AD.  

4.4.2 Computational studies of AD oxidation products 

The K19/F87A/A82M/I263G/A264G variant was one of the most selective for 2 oxidation of 

AD (59% of 19f), with 19c (16-OH) and 19d (16-oxo-TST) as minor products. Six clustered 

structures were generated from the three replica MD simulations of this variant. AD was docked 

into these six clusters; of the 54 poses, 18 were productive poses that indicated C1, C2, C15, 

C16 and C19 oxidation. C2 and C15 oxidation was the most populated among these 

productive poses, with 8 and 6 poses, respectively, even though the 15 alcohol (19h) was not 

observed for this variant experimentally. The 2 binding poses of AD were within the five 

lowest energy poses for all of these clusters, which are overlaid in Figure 4.16–A showing the 

similar AD binding orientation.  
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In order to gain more information on substrate-enzyme interaction, the structure of this variant 

with the lowest energy 2 pose was overlaid with WT P450BM3 in Figure 4.16–B. In this pose, 

C2 of AD was 3.2 Å from the ferryl oxygen, with C1 at 3.74 Å and C19 at 3.29 Å. The C3 

carbonyl oxygen of this 2 pose of AD would clash with the side chains of I263 and A264 in 

WT P450BM3, indicating the need for glycine mutation for AD to adopt this 2 pose. The C3 

carbonyl oxygen contacted the side chains of T260 and the mutated residues M82 and A87, 

while the C17 carbonyl oxygen was hydrogen-bonded to the side chain of S72. The M82 side 

chain was in an extended conformation above A87. It had extensive contacts with AD, 

consistent with its importance in promoting 2 oxidation. Although C2 and C19 were at similar 

distances from the ferryl oxygen, the more activated secondary C–H bond of C2 was expected 

to be preferentially oxidised over the primary C–H bond of the C19 methyl. 

 

Figure 4.16: (A) The overlaid structure of six 2 binding poses from six clusters of variant K19/A82M/F87A/I263G/A264G 

showing the similarity between binding poses, key contact residues are shown in yellow. (B) K19/A82M/F87A/I263G/A264G 

variant with docked AD (teal) bound in a 2 pose overlaid with WT P450BM3 (salmon) showing clashes of AD with F87, I263 

and A264. Hydrogen-bonding between the C17 carbonyl oxygen and the side chain of S72 is shown in red dashes. Other key 

contacting residues within van der Waals contact distance of AD are M354 and A330 (to C17 carbonyl), M82 and T260 (C3 

carbonyl), A87, L75 and A74 (C2, C14 and C16).  

The simulated structure of the variant was then overlaid with the CYP19A1 structure with AD 

bound (Figure 4.17–A) and also compared with the structure prepared by Pymol before MD 
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simulation (Figure 4.17–B). It was surprising to see how close the docked 2 pose in the MD 

simulated structure of the variant was to that of AD in CYP19A1 (Figure 4.17–A). Arguably 

the more important observation is the structure of the I helix around these glycine mutations. 

As shown in Figure 4.17–B, even with the I263G and A264G mutations, the AD binding pose 

in CYP19A1 would still clash with the peptide backbone of residues 263 and 264 if the structure 

of the helix was intact, i.e. this binding pose would not be possible. The I helix in CYP19A1 

adopts a “stepped back” structure at the point when the bound AD molecule approaches most 

closely, to create the space required for the observed binding pose. The fact that the CYP102A1 

variant was able to bind AD in almost exactly the same pose was due to partial unwinding of 

the helix as a result of the two glycine mutations (Figure 4.17–A). This “stepping back” effect 

mimicked the I helix conformation in CYP19A1, thus creating space that allowed AD to bind 

in a similar position in the CYP102A1 variant to that in CYP19A1. This was unexpected but 

could be rationalised by the known tendency of glycine to disrupt the structure of  helices.  

 

Figure 4.17: (A) Haem domain of CYP19A1 (yellow), bound with AD (yellow), was overlaid with the same cluster of variant 

K19/A82M/F87A/I263G/A264G (grey), with AD (grey) docked in 2 pose. Two of the key residues are shown as lines, I263G 

and A264G. (B) CYP19A1 (yellow), bound with AD (yellow), was overlaid with the same variant generated from WT P450BM3 

(salmon) using Pymol without MD simulation and the mutations are shown as lines. AD (grey) docked in 2 pose from Figure 

A is included to show the clashes with the I helix.  
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This nature-inspired mutagenesis of CYP102A1 was aimed at steroid A ring oxidation. If the 

AD binding mode in CYP19A1 was exactly reproduced, C19 oxidation should be observed. No 

C19 oxidation was observed with AD but the docking poses suggested that the more activated 

C–H bond of C2 was closer to the ferryl oxygen, and its more activated nature led to C2 

oxidation. The approach therefore gave A ring oxidation of AD, and also opened up the 

possibility of forming products not observed in the initial screening library, e.g. 7- and 15-

hydroxy-AD, in reasonable regio- and stereoselectivity. 

 

Figure 4.18 (A) The overlaid structure of four 7 binding poses from four clusters of variant R19/F87A/A184I/T260G/A328G 

shows the similarity between poses. Key contacting residues are shown in yellow. (B) R19/F87A/A184I/T260G/A328G variant 

with docked AD (teal) bound in a 7 pose overlaid with WT P450BM3 (salmon) showing clashes of AD with the side chain of 

F87. Hydrogen-bond between the C3 carbonyl oxygen and the side chain of S332 is shown in red dashes. Other key contacting 

residues within van der Waals contact distance of AD are L75 and T260.  

R19/F87A/A184I/T260G/A328G (V18) was the most selective variant for 7-hydroxy-AD, 1g, 

(81%). MD simulation was performed on this variant and 8 clustered structures were generated 

for docking. Out of the 72 poses, only 15 were productive poses, 6 of which placed the 7 

hydrogen closest to the ferryl oxygen. The other poses included 1 pose for C1, and 4 poses 

each for C2 and C15 oxidation. Most of the 7 binding poses of AD, with similar binding 
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orientations, were within the top five poses for all of these clusters. The four lowest energy 

poses are overlaid in Figure 4.18–A and the lowest energy pose is overlaid with WT P450BM3 

in Figure 4.18–B. C7 of AD was 3.9 Å from the ferryl oxygen, with C15 at the same distance; 

however, C15 oxidation was not observed in the reaction. The clash between AD and the side 

chain of F87 in the WT was evident in Figure 4.18–B. In the variant, the C17 carbonyl oxygen 

of AD contacted the side chain of G260, while the C3 carbonyl oxygen was hydrogen-bonded 

to the side chain of S332. The screening data in Table 4.6 suggested that A328G mutations was 

essential for 7 oxidation of AD. However, the rigid docking analysis did not show any contact 

between these residues and AD.  

Proteins were prepared using the Amber 99SB*-ILDN force field with TIP3P water, which 

estimated the forces between atoms within molecules and between molecules. The interaction 

between residues in the active site was calculated using this force field and a pocket was 

generated above the porphyrin ring for substrate to interact with the haem centre. Three residues 

(S72, T260 and A328) were selected in Pymol to show this substrate pocket (in mesh) for 

various mutants in Figure 4.19. The mesh view is a solvent accessible surface which is traced 

by rolling a “water molecule” (at 1.4 A sphere) on the surface and it will only show up in the 

interface if there are holes large enough to accommodate a water molecule. Different variants 

showed various pocket sizes and shapes that led to different binding poses.  

The substrate pocket of this clustered MD simulation structure of V18 variant bound with AD 

in a 7 pose is shown in mesh in Figure 4.19–B. In order to investigate how MD simulations 

might affect docking results, AD was docked into the structure of the variant generated by in-

silico mutagenesis in Pymol, without MD simulation. The docking generated nine poses, none 

of which was productive, i.e. two poses with C3 exposed to the ferryl oxygen and the others 

bound too far away. In Figure 4.19–A, the substrate pocket of this Pymol structure is shown in 
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mesh, together with the 7 pose from docking into the MD simulated structure. It is clear that 

the in-silico structure has a narrower pocket that was unable to accommodate the 7 pose. The 

clash between the side chain of I263 and C17 of AD prevents it from adopting this 7 pose in 

the in-silico structure. However, the clash is absent in the MD simulated structure because of a 

slight rotation of the I helix so that the side chain of I263 avoided clashes with AD, therefore 

allowing the adoption of 7 pose (Figure 4.19–B). This comparison suggests that MD 

simulation may generate a better representation of mutant structures for substrate docking, even 

though the simulated structures may not be accurate in all structural details.  

 

Figure 4.19: Selected CYP102A1 variants with residues S72, T260 and A328 selected to show mesh surface around the 

substrate pocket. The mutations of each variants are labelled in different colours. Other key residues are labelled in light grey 

for comparison (transparent sticks). (A) Variant R19/F87A/A184I/T260G/A328G (V18) from the second-generation library 

promoting 7-hydroxy-AD, generated by mutagenesis in Pymol. (B) Variant V18 generated after MD simulation with AD 

docked in a 7 pose. (C) Variant R47W/S72W/F77Y/V78L/F81I/A82L/T88S/M177T/M185Q/L188Q/I209T (V21) from 

literature promoting 7 alcohol,287 generated by mutagenesis in Pymol with AD docked in 7 pose. (D) Variant 

A74G/F87V/A184I from the second-generation library promoted 16-hydroxy-AD, is generated after MD simulation with AD 

bound in 16 pose.  
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Reetz and co-workers reported recently a CYP102A1 variant giving 90% of 7-hydroxy-AD; 

the R47W/S72W/F77Y/V78L/F81I/A82L/T88S/M177T/M185Q/L188Q/I209T (V21). In 

order to compare the docked 7 poses adopted by these two completely different variants (V18 

and V21), AD was docked into the structure of V21 generated by in-silico mutagenesis in 

Pymol. Out of the nine poses generated from docking, only one was productive which showed 

7 oxidation. The substrate pocket of variant V21 was similar to that of variant V18 but there 

is less space in the vicinity of I263 and A264, for obvious reasons. The 7 pose of AD in this 

structure is shown in Figure 4.19–C. The AD substrate is in a horizontal orientation, almost 

parallel to the haem. The major difference between the 7 pose in V21 compared to V18 was 

the AD molecule being “flipped over”, with the C3 carbonyl contacting the I helix, instead of 

the C17 carbonyl in V18 (Figure 4.19–B). It may be speculated that the structure of the mutant 

would contain local conformation changes that promoted the adoption of more 7 poses. 

The A74G/F87V/A184I variant favoured 16-hydroxy-AD, 1c (75%). The MD simulated 

structure showed a relatively vertical pocket shape extending from the haem for AD to dock in 

16 poses (Figure 4.19–D). This avoided steric clashes with the I helix residues T260, I263 and 

A264. By contrast, the glycine mutations, T260G and A328G in variant 

R19/F87A/A184I/T260G/A328G altered the pocket shape for AD binding, enabling 7 

docking poses such as that in Figure 4.19–B. The close approach of the D-ring to the V87 side 

chain is consistent with the need for mutation of F87 for steroid oxidation activity.  

4.4.3 DHEA oxidation with the second-generation library 

The second-generation variants not only improved selectivity for products 20a–20e but also 

gave 6 new oxidation products of DHEA, which included the A ring oxidation product, 1-

hydroxy-DHEA (20f),294 the isomer of the 7-alcohol 20a, 7-hydroxy-DHEA (20g),276 the 
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isomer of the 15-alcohol, 15-hydroxy-DHEA (20h),271 and three further oxidation products 

of 20g, namely 7-oxo-DHEA (20i),276 7,15-dihydroxy-DHEA (20j),295 and 7,16-

dihydroxy-DHEA (20k), which were labelled in blue in Table 4.8.  

7-Hydroxy-DHEA (20g) and 7-hydroxy-DHEA (20a) co-eluted on the GC under all 

conditions. Therefore, 16 of the most selective (50%–97%) variants for C7 oxidation were 

selected for preparative scale reactions (Table 4.7). The crude extract of each was then analysed 

by the 1H NMR spectrum. The 7 and 7 alcohols gave characteristic C7H(OH) resonances in 

1H NMR spectra, which were then used to determine the isomer ratio by peak integration.  

Table 4.7: Selectivity and turnover number of P450BM3 variants in the second-generation library for the oxidation of 7-

hydroxy-DHEA (20g) and 7-hydroxy-DHEA (20a).a 

Entry CYP102A1 variant 
Selectivitya 

deb Conv. Others TON  
7 (20a) 7 (20g) 

1 R19/F87A/A264G 34%  100% 92% 66% 313 

2 R19/F87A/A328G 35%  100% 82% 65% 287 

3 R19/F87A/A328G/T260G 70%  100% 29% 30% 203 

4 R19/F87A/A264G/A184I 74%  100% 93% 26% 688 

5 R19/F87A/A264G/A328G 89%  100% 100% 11% 890 

6 R19/F87A/T260G/A184I 93%  100% 100%   7% 930 

7 R19/F87A/A184I/A264G/A328G 94%  100% 100%   6% 940 

8 R19/F87A/A184I/T260G/A328G 98%  100% 100%   2% 980 

9 R19/F87A/A184I/I263G/A264G 83%   6% 86% 33% 11% 20 

10 R19/F87A/I263G/A264G 66% 14% 65% 39% 20% 55 

11 K19/AM/F87A/I263G/A264G 52% 34% 21% 38% 14% 129 

12 R19/F87A/A328G/P329G/A330G 30% 57% –31% 95% 13% 542 

13 K19/F87A/I263G/A330W   8% 56% –75% 42% 36% 235 

14 K19/F87V/I263G 10% 71% –75% 39% 19% 277 

15 GV/A184I/I263G/A328G   5% 54% –83% 83% 41% 448 

16 K19/AM/F87A/I263G/A328G  96% –100% 48%   4% 461 

a The selectivity for the two most selective variants for each product are in red. Prep-scale reactions at 10 mL scale were in 200 

mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 2 mM DHEA, 40 M NADP+, 100 mM glucose, and 20 U/mL 

GDH. Flasks were shaken at 120 rpm at 20 C for 6 h. b de denotes the diastereoselectivity of C7 oxidation (% 7–% 7), 

positive value refers to more 7 alcohol formation and negative value refers to more 7 alcohol formation.  “Others” contains 

products 20b–20f, 20h–20j. “TON” for Entries 1-8 refers to the turnover number for the 7-hydroxy-DHEA (20a), Entries 9-

16 refers to the turnover number for the 7-hydroxy-DHEA (20g). “Conversion” refers to the % of substrate converted to 

products. 
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Figure 4.20: Gas chromatographic analysis of the oxidation of DHEA (20) catalysed by CYP102A1 variants: (i) 7-hydroxy-

DHEA 20a (97%) by R19/F87A/A184I/T260G/A328G; (ii) 15-hydroxy-DHEA 20b (91%) by R19/F87A/W90V; (iii) 16-

hydroxy-DHEA 20c (90%) and 16-oxo-androstenediol 20d (5%) by GV/A184I; (iv) 7,15-dihydroxy-DHEA 20e (74%) by 

R19/F87A/A184I/S270G; (v) 1-hydroxy-DHEA 20f (23%) by R19/F87A/F81W/T260G/A328G; (vi) 7-hydroxy-DHEA 20g 

(96%) by K19/F87A/A82M/I263G/A328G; (vii) 7-oxo-DHEA 20i (35%) by K19/F87A/A82M/I263G/A264G/A328G; (viii) 

15-hydroxy-DHEA 20h (22%) and 7,15-dihydroxy-DHEA 20j (62%) by GV/A184I/I263G/A264G/A328G; (ix) 7,16-

dihydroxy-DHEA 20k (33%) by K19/F87A/A82M/A330W. 

Introduction of the glycine mutations A264G and A328G to R19/F87A led to slight 

improvement for the 7 alcohol 20a (34% and 35%, Entries 1 & 2) compared to the template, 

which favoured 15 oxidation. The combination of A264G/A328G, however, drastically 

increased the selectivity for 20a to 89% (Entry 5). Another I helix glycine mutation, T260G, 
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also increased the selectivity for 20a to 70% when added to variant R19/F87A/A328G (Entry 

3). With the extra introduction of the A184I mutation to A264G and T260G, selectivity of 20a 

was further increased to 74% and 93% (Entries 4 & 6). Finally, combining these positive 

residues together yielded almost full selectivity of 20a, 94% and 98% with high turnover 

number (Entries 7 & 8, Figure 4.20-i).  

In contrast to the 7 alcohol 20a, 7-hydroxy-DHEA (20g) was favoured by the I263G 

mutation (Table 4.7). The introduction of I263G into 7 alcohol-favouring variants started to 

give the 7 alcohol. For example, variant K19/A82M/F87A/I263G/A264G showed 86% of C7 

oxidation with a 7:7 ratio of 60:40 (Entry 11). Based on I263G, the addition of the A328G 

mutation further improved the selectivity for 7 oxidation; K19/A82M/F87A/I263G/A328G 

variant gave the highest selectivity for 20g, 96% in 100% de (Entry 16, Figure 4.20-vi). The 

triple mutation combination of A328G/P329G/A330G improved the turnover number (TON = 

542) for 20g, but at the same time with a lower selectivity (Entry 12).  

 

Figure 4.21: Time course reaction of DHEA with variant R19/F87A, monitoring the formation of 15-hydroxy-DHEA (20b) 

and its further oxidation product, 7,15-dihydroxy-DHEA (20e). 50 mL reaction was in 200 mM phosphate buffer (pH 8.0) 

containing 2 M R19/F87A variant, 2mM DHEA, GDH (20 U/mL), glucose (100 mM), and NADP+ (40 M) was added to 

initiate the reaction which was shaken at 120 rpm for 3 h at 20 ºC. 
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In the initial library, active variants such as R19/F87A and R19/F87A/A184I produced the diol 

7,15-dihydroxy-DHEA (20e). A 50 mL scale oxidation of 2 mM of DHEA with 2 M 

R19/F87A was monitored over time for the formation of 20e (Figure 4.21). An aliquot (0.5 mL) 

of reaction mixture was taken every 20 min, extracted with 0.3 mL of ethyl acetate and analysed 

by GC. During the first 20 min, 61% of DHEA was converted to 15-hydroxy-DHEA (20b) 

with 95% selectivity (TON = 580), with no evidence of 20e formed. After another 20 min, 20b 

was further oxidised, forming 10% of 20e. After 180 min, 72% of 20e was formed, with 23% 

of 20b left in the reaction (Figure 4.20-iv). This suggested that high conversion and selectivity 

of 20b and 20e could be both achieved with accurate time control in small scale reactions. 

However, due to its high activity, R19/F87A would not be suitable for large scale production 

of 20b since it requires accurate time control and repeated removal of product to prevent further 

oxidation. Therefore, new variants were explored to stop the further oxidation.  

Based on variant R19/F87A, the additional I helix glycine mutations improved the selectivity 

for the 15 alcohol (20b), with less 20e formed. The R19/F87A/L262G and R19/F87A/T269G 

variants gave 55% and 62% of 20b with 10% and 13% of 20e, respectively (Table 4.8, Entries 

1 & 2). However, the highest selectivity for 20b of 91% was found with the R19/F87A/W90V 

variant identified from screening with the larger library in the collection (Entry 3, Figure 4.20-

ii). The proximity of F87 and W90 might lead to conformational changes that altered the DHEA 

binding. 

The glycine mutation combination T260G/A328G not only increased the selectivity for 7 

alcohol 20a, but also led to A ring oxidation of DHEA to give 1-hydroxy-DHEA (20f). The 

K19/F87A/A82M/T260G/A328G variant gave 18% of 20f (Table 4.8, Entry 6) and 

R19/F87A/F81W/T260G/A328G increased it to 23% at 97% conversion (Entry 7, Figure 4.20-
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v). The selectivity was slightly higher with other combinations, such as variant 

R19/F87A/T260G/A328G/P329G/A330G giving 30% but conversion was lower (Entry 8).  

Apart from 7-hydroxy-DHEA (20g), I263G-containing variants also gave another new 

product, 7-oxo-DHEA (20i) by further oxidation of the 7 alcohol. Based on the F87A 

mutation, the double glycine mutation on I helix residues, I263G/A264G, gave small amount 

of 2i (Table 4.8, Entries 9 & 10). With the additional A328G, the selectivity of 20i was 

increased to 27% and 35% (Entries 11 & 12, Figure 4.20-vii).  

On the other hand, the F87V mutation favoured another further oxidation product from 7 

alcohol, the diol 7,15-dihydroxy-DHEA (20j). Based on GV/A184I, double mutations 

I263G/A264G and I263G/A328G gave 12% and 40% of 20j (Entries 13 & 14). The 

combination of these variants, I263G/A264G/A328G, further increased 20j to 42% and 64% 

(Entries 15 & 16, Figure 4.20-viii).  

 

Figure 4.22: Time course reaction of DHEA with GV/A184I/I263G/A264G/A328G was conducted in 200 mM phosphate 

buffer (pH 7.9) containing 2 M variant, 2mM DHEA, GDH (20 U/mL), glucose (100 mM), and NADP+ (40 M) was added 

to initiate the reaction which was shaken at 120 rpm for 16 h at 20 ºC.  
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A time-course reaction of DHEA oxidation with GV/A184I/I263G/A264G/A328G was 

performed to monitor the further oxidation of the 7 alcohol 20g (Figure 4.22). After 2 h, 76% 

of DHEA was converted to 78% of 20g, together with 11% of a new product 20h, and 3% of 

the 7-oxo product 20i. After 16 h, 20j was the major product (62%) with a trace amount of 20g 

left, confirming the 7 alcohol as the precursor to this diol. This observation was in sharp 

contrast to the formation of the 7,15-diol 20e where the 15-alcohol 20b was the precursor. 

The new peak 20h was purified and characterised as 15-hydroxy-DHEA,271 that appeared as 

a small shoulder peak close to the 15 alcohol in the second-generation screening.  

Dihydroxylation was a common feature of DHEA oxidation by CYP102A1. Apart from 

7,15-dihydroxy-DHEA (20j) and 7,15-dihydroxy-DHEA (20e), another diol was found 

in the screening, 7,16-dihydroxy-DHEA (20k). Addition of the I helix mutations F261G and 

L262G to K19/F87A/A82M led to small amount of 20k with 10% and 18%. GV/A184I/I263G 

gave 24% of 20k at 97% conversion (Entry 17). Interestingly, the F87A/A330W combination 

also promoted this reaction; with the K19/F87A/A82M/A330W variant forming 33% of 20k 

(Entry 18, Figure 4.20-ix). 
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Table 4.8: Selectivity and turnover number of P450BM3variants in the second-generation library for the oxidation of DHEA.a 

 

Entry Variants 20b 20c 20e 20f 20i 20j 20k A B C 

1 R19/F87A/L262G 55% 33% 10%       2% 44% 242 

2 R19/F87A/T269G 62% 14% 13%     11% 44% 273 

3 R19/F87A/W90V 91% 9%       61% 555 

4 K19/F87A/A82M* 31% 54%   3%     12% 92% 497 

5 GV/A184I*  90%      10% 84% 756 

6 K19/F87A/A82M/T260G/A328G    18%    82%b 95% 171 

7 R19/F87A/F81W/T260G/A328G    23%    77%c 97% 223 

8 R19/F87A/A328G/A329G/A330G/T260G    30%    70%d 37% 111 

9 R19/F87A/I263G/A264G   7%      6%   87%e 67% 40 

10 K19/F87A/A82M/I263G/A264G   7%      7%   86%f 63% 44 

11 R19/F87A/I263G/A264G/A328G 13%    27%   60%g 50% 135 

12 K19/F87A/A82M/I263G/A264G/A328G     35%   65%h 78% 273 

13 GV/A184I/I263G/A264G 19%    6%   12%  63%i 82% 98 

14 GV/A184I/I263G/A328G   8%     40%  52%j 98% 392 

15 GVQ/I263G/A264G/A328G   5%      7% 42%  46%k 98% 412 

16 GV/A184I/I263G/A264G/A328G 12%    12% 64%  12% 100% 640 

17 GV/A184I/I263G 11%       7% 24% 58%l 97% 233 

18 K19/F87A/A82M/A330W   27%    6%  33% 34% 96% 317 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 2 mM DHEA, 40 M NADP+, 100 mM glucose, and 20 

U/mL GDH. Plates were shaken at 120 rpm at 20 C for 6 h. b denotes 80% of 20a.  c denotes 77% of 20a. d denotes 67% of 

20a/20g. e denotes 60% of 20a/20g.  f denotes 64% of 20a/20g. g denotes 37% of 20a/20g and 13% of 20b. h denotes 56% of 

20a/20g. i denotes 52% of 20a/20g. j denotes 39% of 20a/20g. k denotes 43% of 20a/20g. l denotes 42% of 20a/20g. A denotes 

“Others” that consists of mainly of the C7 oxidation products. B denotes “Conversion” that refers to the % of substrate 

converted to products. C denotes “TON” that refers to the turnover number for the formation of the product in bold. *Denotes 

variants in the initial screening library. 
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4.4.4 Computational studies of DHEA oxidation products 

GV/A184I/I263G/A264G/A328G was one of the most reactive and selective variants for 7-

hydroxy-DHEA 20g (78%), with 15-hydroxy-DHEA 20h and 7-oxo-DHEA 20i as minor 

products (Figure 4.22). Five clustered structures were generated from the three replicas of this 

variant for DHEA docking, which showed 16 productive poses that indicated C1/, C2, 

C7/, C11, C15/ and C19 oxidation. C7 and C15 were the most dominant positions, 

with 3 and 4 poses, respectively. The overlaid structure of the 3 poses of C7 oxidation is 

shown in Figure 4.23–A, 2 of which were the lowest energy poses. The C17 carbonyl contacted 

the side chains of P329 and A330 while the C3 alcohol contacted the side chains of F81 and 

M177, all within van der Waals contact distance. Curiously, there was no hydrogen–bond to 

the oxygen functionalities at either end of DHEA. 

 

Figure 4.23: (A) GV/A184I/I263G/A264G/A328G variant with docked DHEA (purple) bound in 7 pose. Key contacting 

residues (magenta) within van der Waals contact distance of DHEA are L75, V78, F81, M177, G263, G264, P329 and A330 

residues. (B) R19/F87A/A264G/A328G variant with docked DHEA bound in 7 pose. 4 DHEA poses were well aligned (in 

yellow) and the other one was at a different angle (in salmon). A H–bond was observed between the C3–OH in DHEA 

molecules and the A330 carbonyl. Key contacting residues (yellow) within van der Waals contact distance of DHEA are A87, 

T260, I263, P329, A330 and T438 residues.  
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The R19/F87A/A264G/A328G variant favoured the formation of 7-hydroxy-DHEA, 20a, 

(89%). The docking showed 14 productive poses from 4 clusters that consisted of C1, C2, 

C4, C7 and C15 oxidation. C7 and C2 were the dominant poses, with 5 and 4 poses, 

respectively, even though C2 oxidation was not observed in the screening. Of the five 7 

poses, four were well aligned and shown in yellow in Figure 4.23–B while the other pose was 

at a different angle (shown in salmon). A hydrogen bond was observed between the C3–OH in 

DHEA and the A330 carbonyl. The side chains of A87, I263 and T260 were in van der Waals 

contact with the C17 carbonyl while the side chains of I263 and T438 contacted the C18 and 

C19 methyl groups, respectively.  

 

Figure 4.24: (A) Variant GV/A184I/I263G/A264G/A328G (magenta) docked with DHEA in a 7 pose (blue) is overlaid with 

variant R19/F87A/A264G/A328G (yellow) docked with DHEA in a 7 pose (yellow). (B) Back view of (A) showing the flip 

of DHEA between the 7 (blue) and 7 (yellow) poses.  

The lowest energy poses of these two variants giving 7 and 7 alcohols are overlaid in Figure 

4.24. As shown in Figure 4.24–A, in the 7 poses in the F87A-based variant (in yellow), the -

side of DHEA is facing the haem with the side chain of A87 contacting the DHEA substrate. 

DHEA is flipped over in the 7 poses in the F87V-based variant (in blue). The -side of DHEA 

is facing the haem, such that the C18 and C19 methyl groups contacted the V87 side chain. The 
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7 pose would not be stable in the F87A-based variant which had steric clashes between the 

C3–OH and the I263 side chain (Figure 4.24–A). Likewise, the F87V-based variant would not 

accommodate the 7 pose due to the clashes with the side chain of V87 (Figure 4.24–B). 

The R19/F87A/T260G/A328G variant afforded 26% of 1-hydroxy-DHEA (20f) together with 

70% of the 7 alcohol 20a. DHEA was docked into the 4 clusters of this variant which generated 

36 poses in total. These poses included 2 poses of C1, 1 pose of C7, 3 poses of C15, 2 poses 

of C11 and 1 pose of C16 although only 1 and 7 oxidation were observed in the reaction. 

Two of the lowest energy DHEA binding poses corresponded to 1 oxidation, while the third 

lowest energy pose had 7 and 15 C–H bonds closest to the ferryl oxygen. The allylic nature 

of C7 would account for the 7 alcohol being the major product.  

 

Figure 4.25: (A) The overlaid structure of two 1 binding poses (blue) from 2 clusters of variant R19/F87A/T260G/A328G. 

Key contacting residues L75, G260, A264, A330 and M354 are shown in yellow. (B) R19/F87A/T260G/A328G variant docked 

with DHEA in 1 pose (blue) overlaid with R19/F87A precursor (salmon). Hydrogen bond between the C3-OH and the G260 

backbone carbonyl group is shown in red. 

DHEA was bound in similar orientations in the two 1 poses (Figure 4.25–A). A hydrogen 

bond was found between the C3–OH and the G260 backbone carbonyl oxygen. C1 of DHEA 

was 3.3 Å from the ferryl oxygen, and C19 was at 3.2 Å. The absence of C19 oxidation 
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suggested that the more activated C–H bond of C1 was preferentially oxidised. When this 

binding pose was overlaid with the structure of the R19/F87A precursor (Figure 4.25–B), the 

C3–OH group of DHEA clashed with the T260 side chain of R19/F87A. Therefore, the I helix 

glycine mutation T260G was crucial for 1 hydroxylation.   

4.4.5 TST oxidation with the second-generation library 

Formation of the A ring oxidation products, 2-hydroxy-AD (19f) and 1-hydroxy-DHEA 

(20f), encouraged screening of the second-generation variants for the oxidation of TST, 21. The 

second-generation variants gave 3 new products, one was from A ring oxidation, 1-hydroxy-

TST (21d),283 another was the allylic oxidation product 6-hydroxy-TST (21e),264 and the third 

was the isomer of 15 alcohol, 15-hydroxy-TST (21f), which were labelled in blue in Table 

4.9.271  

The I helix glycine mutation T260G promoted TST 1-oxidation. R19/F87A/A184I/T206G 

gave 28% of 1-hydroxy-TST (21d) whereas its precursor R19/F87A/A184I formed 56% of 

the previously reported 2-hydroxy-TST (21a), with no evidence for 21d (Table 4.9, Entries 1 

& 2). The additional 4 strand mutations further increased the selectivity for 21d, with 

R19/A184I/T260G/A328G and R19/F87A/T260G/P329G/A330W variants giving 51% and 

71% of 21d, respectively (Entries 3 & 4, Figure 4.26-iv).   

In DHEA oxidation, the addition of I263G mutation shifted its oxidation site from 7 to 7 

position. Likewise, in TST oxidation, the I263G mutation promoted the isomer of the 15 

alcohol (21b), 15-hydroxy-TST 21f. The GV/A184I/I263G variant gave 23% of 21f whereas 

its precursor GV/A184I only formed 21b, at 76% (Entries 6 & 5). Based on GV/A184I/I263G, 

the introduction of A264G and A328G gave 41% and 40% of 21f, respectively (Entries 8 & 7). 
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Inclusion of these two mutations, the GV/A184I/I263G/A264G/A328G variant further raised 

the proportion of 21f to 73% (Entry 9, Figure 4.26-vi). Other than the I263G/A264G/A328G 

combination, the mutation I263W also gave high selectivity of 21f (75%) but at lower 

conversion (Entry 10). The GV/A184I/I263G variant not only gave 23% of 15-hydroxy-TST 

(21f), but also formed 18% of a new oxidation product, 6-hydroxy-TST, 21e (Entry 6). The 

addition of A328G further increased the selectivity for 21e to 27% (Entry 7, Figure 4.26-v). 

 

Figure 4.26: Gas chromatographic analysis of the oxidation of TST (21) catalysed by CYP102A1 variants: (i) 2-hydroxy-

TST 21a (66%) by R19/F87A/A184I/L262G; (ii) 15-hydroxy-TST 21b (83%) by K19/F87A/A82M/I263A/A330W; (iii) 

2-dihydroxy-TST 21c (72%) by K19/F87A/A82M/A264G; (iv) 1-hydroxy-TST 21d (71%) by 

R19/F87A/T260G/P329G/A330W; (v) 6-hydroxy-TST 21e (27%) by GV/A184I/I263G/A328G; (vi) 15-hydroxy-DHEA 

21f by GV/A184I/IG/A264G/A328G (73%). 
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Table 4.9 Selectivity and turnover number of P450BM3 variants in the second-generation library for the oxidation of TST. a 

 

Entry Variants 21a 21b 21d 21e 21f Others Con. TON 

1 R19/F87A/A184I 56% 13%   4%   27% 100% 40 

2 R19/F87A/A184I/T260G 18% 52% 28%     2% 90% 252 

3 R19/F87A/A184I/T260G/A328G   4% 13% 51%  31%   1% 100% 510 

4 R19/F87A/T260G/P329G/A330Wa  11% 71%  10% 8% 76% 270b 

5 GV/A184I*   7% 76%    17% 96% 730 

6 GV/A184I/I263G  37%  18% 23% 22% 63% 113 

7 GV/A184I/I263G/A328G  15%  27% 40% 18% 57% 154 

8 GV/A184I/I263G/A264G   6% 36%   41% 17% 45% 185 

9 GV/A184I/I263G/A264G/A328G  15%    5% 73%   7% 82% 600 

10 GV/A184I/I263W    7%   75% 18% 45% 338 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 2 mM TST, 40 M NADP+, 100 mM glucose, and 20 

U/mL GDH. Plates were shaken at 120 rpm at 20 C for 6 h. b TST: enzyme ratio = 500: 1. “Conversion” refers to the % of 

substrate converted to products. “TON” refers to the turnover number for the formation of the product in bold. *Denotes 

variants in the initial screening library. 

4.4.6 Computational studies of TST oxidation products 

15-Hydroxy-TST (21f) was a new TST oxidation product for CYP102A1. Variant 

GV/A184I/I263G/A264G/A328G gave 73% of 21f and 7% of the isomer 15-hydroxy-TST 

21b. The three replicas of this variant generated five clusters for TST docking which only gave 

11 productive poses, including C1, C7, C11, C15 and C15 oxidation. C15 and C7 

were the dominant positions, with 3 and 4 poses, respectively. These 3 poses showing the 

similar TST binding orientations are overlaid in Figure 4.27–A. The A330 carbonyl oxygen 
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was hydrogen-bonded to the C17-OH in TST, while the side chain of M177 contacted the C3 

carbonyl oxygen on the other side. Residues L75 and V78 contacted the C18 and C19 methyl 

groups of TST, presenting the -face to the ferryl oxygen. 

 

Figure 4.27: (A) The overlaid structure of three 15 binding poses (salmon) from clusters of GV/A184I/I263G/A264G/A328G; 

key contact residues are shown in salmon. (B) The overlaid structure of three 15 binding poses from 5 clusters of variant 

K19/F87A/A82M/I263G/A264G/A328G; key contact residues are shown in forest. (C) The overlaid structure of variants in 

(A) and (B) showing 15 and 15 docking poses. (D) V21 (sky blue) from literature promoting 7 alcohol,287 generated by 

mutagenesis in Pymol with TST docked in 7 pose (blue), which is overlaid with the 15 promoting variant (forest) in (B). 

Variant K19/F87A/A82M/I263G/A264G/A328G, on the other hand, mainly promoted the 15 

alcohol 21b (56%), with 2-hydroxy-TST 21a as a minor product (14%). Five clusters were 

generated from the three replicas of this variant, and the docking with TST showed 11 
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productive poses. These poses contained 7 poses of C15, 3 poses of C2 and 1 pose of C1 

oxidation. The three lowest energy poses of 15 oxidation were overlaid in Figure 4.27–B. 

Hydrogen-bonds were formed at both ends of the TST molecule, which helped stabilise the 15 

docking pose. One was between the side chain of S72 and the C3 carbonyl oxygen, the other 

was between the G263 carbonyl and C17-OH. Residues P329, L437 and T438 contacted the 

TST molecule within van der Waals contact distance. 

The two lowest energy poses of these two variants are overlaid in Figure 4.27–C, showing the 

flipped over docking poses of 15 (salmon) and 15 (forest) alcohols. The comparison shows 

that the 15 pose would be unstable in the F87V-based variant, due to the steric clash from the 

side chain of V87. Similarly, the F87A-based variant would not adopt the 15 pose due to the 

clash from the M82 side chain. 

Both 7 and 15 oxidation were observed with AD and DHEA with reasonable selectivity and 

turnover number. The docking results also suggested that C7 and C15 were both close to the 

ferryl oxygen. However, only C15 oxidation was observed for TST oxidation in the second-

generation screening. 7-Hydroxy-TST was reported recently by Reetz and co-workers, which 

was provided by the 15-residue site-saturation mutagenesis with high-throughput screening 

followed by further mutagenesis of CYP102A1 variants.171 The reported variant (V21) was 

generated by mutagenesis in Pymol into which TST was docked. The docking showed nine 

poses, only one was productive which indicated C7 oxidation. In Figure 4.27–D, this pose is 

overlaid with variant K19/F87A/A82M/I263G/A264G/A328G from the second-generation 

library, which adopted 15 pose with hydrogen-bond formed on both end of TST. In V21 

variant, residues A330 and S332 contacted the C17-OH of TST while I263 and T438 contacted 

the C3 carbonyl oxygen, all within van der Waals contact distance. Interestingly, there was no 
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hydrogen bond to either end of the TST molecule. This suggested that the absence of strong 

interaction with TST may be the reason of forming 7 oxidation in V21 or disfavouring the 

existing hydrogen-bond in the F87A-based variant may promote more B ring oxidation.  

4.5 Summary 

The initial screening library of variants oxidised AD at the 6, 16 and 16 positions with 

medium to low selectivity. The new approach of scanning glycine mutagenesis in the I helix 

and the 4 strand led to new oxidation sites for CYP102A1 at C2, C7 and C15 on the  face 

(Figure 4.28).172 7-Oxidation of AD was also reported recently by Reetz and co-workers, at 

90% selectivity (vs. 81% by R19/F87A/A184I/T260G/A328G).171 On the other hand, 2 and 

6-hydroxylation of AD were only known in fungi.271,283,292 

The initial library gave DHEA oxidation at C7, C15 and C16 positions on the  face, with 16-

hydroxy-DHEA formed in high selectivity by F87V-based variants. The second-generation 

CYP102A1 variants not only broadened the range of DHEA products, giving 1-, 7- and 15-

oxidation, but also significantly improved their selectivity and turnover number (Figure 

4.29).172 CYP106A2 from Bacillus megaterium gives 90% 7-oxidation of DHEA (vs. 98% by 

R19/F87A/A184I/T260G/A328G), but no 7 oxidation (vs. 96% by 

K19/F87A/A82M/I263G/A328G).276 The 15- and 16-alcohols of DHEA have only been 

reported in fungi,271,285 while there is only one report of 1-hydroxy-DHEA by chemical 

synthesis.294  

Previous work on TST oxidation has demonstrated 2- and 15-hydroxylation with high 

selectivity and turnover number. With the screening of the second-generation library, other 
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oxidation sites have also been discovered, including 1-, 6- and 15-hydroxylation of TST 

(Figure 4.30).172 Both 1- and 15-hydroxylation of TST have only been reported in fungi.283  

Steroid A-ring oxidation has been observed on all three substrates. C2 oxidation, given by 

F87A-based variants, is common for TST as it is activated position but not for AD. 2-

Hydroxy-AD was not observed until the screening with the second-generation variants. The 

T260G/A328G mutation combination shifted from the 2 alcohol of TST to 1 alcohol, same 

as for DHEA on the promotion of 1-hydroxylation. However, the same combination of 

mutations gave B-ring oxidation for AD to give the 7 alcohol. Interestingly, variants 

promoting 7-hydroxy-AD also favoured the formation of 7-hydroxy-DHEA, with the 1-

hydroxy-DHEA as minor product. The I263G mutation gave 6 hydroxylation of AD and TST, 

whereas in DHEA it promoted the 7 alcohol stereoselectively. 16-Oxidation of AD and 

DHEA were mainly promoted by F87V-containing variants, which instead gave the 15 alcohol 

for TST, with no sign of C16 oxidation. Of the I helix glycine mutations, the F261G and E267G 

had little effect on product selectivity in the reaction. Variants with the I259G mutation showed 

poor expression level, hence lower enzyme activity in the screening. 

 

Figure 4.28: Summary of mutations for the promotion of different AD oxidation products. 
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Figure 4.29: Summary of mutations for the promotion of different DHEA oxidation products. 

 

Figure 4.30: Summary of mutations for the promotion of different TST oxidation products. 

Other non-active-site residues, L262G and T269G, however, were effective in giving high 

selectivity of 15-hydroxy-DHEA. The S270G significantly increased the substrate conversion 

and generated more further oxidation products including 2,16-dihydroxy-AD and 7,15-

dihydroxy-DHEA. This suggested that these glycine mutations had caused conformational 

changes on the I helix that enhanced steroid oxidation. The most important mutations in the I 

helix are T260G, I263G and A264G. T260G was particularly crucial for the A-ring oxidation 

of DHEA and TST. The docking results suggested that the glycine mutation on T260 greatly 

reduced the clash between the side chain and the substrates, therefore, allowing them to adopt 
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a 1 pose. I263G played important roles in promoting oxidation products on the -face, such 

as 16-hydroxy-AD, 7-hydroxy-DHEA and 15-hydroxy-TST. The combination of T260G, 

I263G and A264G with F87A and F87V increased the product diversity. Especially, with the 

addition of the 4 strand glycine mutations, the product range has been greatly expanded.  

In conclusion, scanning and combination of glycine mutagenesis, inspired by the overlaid 

structures of CYP19A1 and CYP102A1, has provided access to mono- and dihydroxylation of 

steroids via direct C–H bond activation. In order to further increase the selectivity for these 

monooxygenation products, site-saturation mutagenesis on effective residues selected from 

computational simulation will be conducted, such as S72, A82, F87, A184, A328, P329, A330, 

and L437. Although some of these sites may have been targeted for saturation mutagenesis and 

gave thousands of variants,169,170 the reported product range was still limited. Therefore, it 

seems that directed evolution, rational design, MD-simulation and docking study will make a 

better combination that enables easier construction of P450 variants with improved selectivity 

and high activities.  
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Chapter 5 
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5 Oxidation of progestogens and synthetic steroids 

5.1 Introduction 

Progestogens are a class of steroid hormones that regulate and maintain the female reproductive 

system. Pregnenolone (PREG) is one of the most important progestogens that is produced from 

cholesterol in human steroidogenesis. PREG is described as a neurosteroid and anti-

inflammatory drug that was used in the treatment of rheumatoid arthritis and soft-tissue 

rheumatism in 1950s. It is also the biosynthetic precursor to most of the steroid hormones 

including other progestogens, androgens, estrogens, glucocorticoids, and mineralocorticoids. 

PREG is converted to 17-hydroxy-PREG by the microsomal steroid 17-hydroxylase 

(CYP17A1) for the subsequent formation of DHEA and 17-hydroxy-progesterone.  

 

Figure 5.1 The four major classes of steroids generated in human steroidogenesis. 
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Progesterone (PROG) is also generated from PREG by a 3-hydroxysteroid dehydrogenase 

(3-HSD). Progestins are synthetic progestogens that are used in medicine, such as the 17-

hydroxy-progesterone derivative medrosyprogesterone acetate and the 19-nortestosterone 

derivative norethisterone. These progestins are structural analogues of progesterone and 

possess progestogenic activity. In additional to their roles as natural hormones, progestogens 

and their derivatives are of great interest for the potential biological and pharmaceutical values. 

Androsterone is the main metabolite of testosterone and possesses weak androgenic activity. 

There are three isomers of androsterone, each with different pharmacological properties – epi-

androsterone (3-isomer), etiocholanolone (5-isomer), and epi-etiocholanolone (3,5-

isomer) (Figure 5.2−A).  

 

Figure 5.2 (A) The structure of four isomers of androsterone; (B) Scalable synthesis of ouabagenin from adrenosterone.257 

Androsterone and etiocholanolone are the main metabolites of testosterone and 

dihydrotestosterone (DHT) that possess anticonvulsant effects.296,297 Epi-androsterone is 

naturally produced from DHEA by the enzyme 5-reductase. Although these steroids are less 

well known in human metabolism pathways, there is great potential of these steroids and their 
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derivatives in the synthesis of drug-type molecules, e.g. the semisynthesis of ouabagenin from 

adrenosterone via innovative methods for C−H and C−C activation and C−O bond homolysis 

(Figure 5.2−B).257 Given that the epi-etiocholanolone possesses the same 3,5-

stereochemistry as the target product ouabagenin, using epi-etiocholanolone as the starting 

material might shorten a few steps and provide a more efficient semisynthesis route for 

ouabagenin.  

 

Figure 5.3 Summary of oxidation products of PROG and PREG by various human P450s. 

Since PROG plays vital roles in human steroidogenesis, the metabolism of PROG by various 

human P450s has been thoroughly studied (Figure 5.3).261 It was demonstrated that CYP2C19 

mainly oxidised PROG to form 21-hydroxy-PROG, with 16- and 17-hydroxy-PROG as 

minor products.298 CYP3A4 oxidised PROG to produce 16-, 6- and 2-hydroxy-PROG as 

major products with a small amount of the 21-hydroxylation product (Figure 5.3−A).261 As for 

pregnenolone oxidation, 16-hydroxylation was catalysed efficiently by CYP1A1 and 

CYP3A4.299 CYP17A1 and CYP2C9 catalysed the less common 17- and 21-hydroxylation of 



153 

 

PREG (Figure 5.3−B).261 No report of oxidation of androsterone (AN) and epi-androsterone 

(EAN) by human P450s was found. 

Other than human P450s, fungal biotransformation of EAN, PROG and PREG has also been 

studied (Figure 5.4). It is interesting to observe that the oxidation by fungal strains was mainly 

on the -face of the molecules. No oxidation of AN has been reported for fungal strains. The 

oxidation sites for EAN were limited to the 7-,300 7-,301 9-300 and 11-positions;300 PREG 

was oxidised at the 7-,261 11-302 and 15-sites284 (Figure 5.4−A & C) but no 17- or 21-

oxidation was observed. PROG was mainly oxidised at the C- and D-ring positions 11-,303 

11-,304 and 15-261 (Figure 5.4−B).305 No A- and B-ring oxidation or 21-hydroxylation of 

PROG was observed with fungus.  

 

Figure 5.4 Summary of oxidation products of EAN, PROG and PREG by selected fungal strains. 
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The oxidation of PROG by recombinant bacterial P450s has been extensively studied; oxidation 

at every position except C7, C8, C12, C14 and C21 has been reported for various P450s. 

CYP106A2 from Bacillus megaterium catalysed 15-hydroxylation of PROG.273-275,306 Further 

engineering shifted the selectivity away from the 15-alcohol to 9-, 6-, and 11-

hydroxylation.306 CYP106A2 also catalysed the C7 oxidation of PREG.276 CYP260A1 from 

Sorangium cellulosum So ce56 selectively oxidised C-19 steroids such as AD and TST at the 

1-position, but the selectivity for PROG was low.277 With semi-rational protein engineering, 

two highly regio- and stereo-selective variants, S276N and S276I, were identified for the 

formation of 1- and 17-hydroxylation of PROG.307 CYP154C3 and CYP154C5 are highly 

selective for 16 oxidation of PROG and PREG.279,280 The engineering of CYP102A1 

(P450BM3) from Bacillus megaterium led to high regio- and stereo-selectivity for 2- and 16-

oxidation of PROG.169 To the author’s knowledge, the oxidation of AN and EAN by any 

bacterial P450s has not been reported. 

 

Figure 5.5 Summary of oxidation products of PROG and PREG by various recombinant bacterial P450s. 
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As shown in Figures 5.3−5.5, PROG oxidation by various fungal strains and P450s have been 

studied extensively; oxidation at every position except for C7 and C12 has been found. PREG 

has only been reported to be oxidised at the 7- and 16-positions by two bacterial P450 

enzymes. The oxidation of AN and EAN, however, was very limited, especially for AN; no 

P450s or fungal oxidation has been reported.  

There are two aims for the work described in this chapter. The first is to generate a diverse 

range of oxidation products of AN, EAN, PROG and PREG. The second is to compare the 

oxidation sites of these substrates and correlate these with the effective mutations and gain 

insights for further engineering with the aid of MD simulations and substrate docking studies.  

5.2 Oxidation of androsterone (AN)  

Androsterone (AN, 22) was a good substrate for the CYP102A1 variant library; 46 out of 105 

variants showed >20% conversion (Appendix 13). Six major products were purified and 

characterised as androstanedione (22a),308 1-hydroxy-AN (22b),309 7-hydroxy-AN (22c),309 

15-hydroxy-AN (22d),310 16-hydroxy-AN (22e),311 and 4,16-dihydroxy-AN (22f) (Figure 

5.6 and Table 5.1). The NMR data for 22a−22e (Appendix 13) agreed with literature data. 

Product 22f was new metabolite of AN; full characterisation data are collected in Appendix 13. 

The conversion rates showed that variants without F87A or F87V mutations were inactive for 

AN oxidation except for the variant R19/A330W which gave 90% of 22a, the C3 alcohol 

oxidation product at 32% conversion (Table 5.1, Entry 1). As observed for AD and DHEA 

oxidation, the F87A mutation favoured the formation of 7-hydroxy-AN 22c. Glycine 

mutations in the I helix (A264G) and 4 strand (A328G) improved the selectivity for 22c from 

24% for R19/F87A to 58% and 49% respectively (Table 5.1, Entries 4, 5 and 15). Adding both 
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glycine mutations increased the selectivity to 86% with R19/F87A/A264G/A328G (Entry 9). 

The combination T260G/A328G also improved the selectivity for 22c, to 78% in variant 

R19/F87A/T260G/A328G but with lower conversion (Entry 8). Addition of A184I to these two 

glycine combinations increased the selectivity for 22c to 90% and 96% with full conversion for 

the variants R19/F87A/A184I/A264G/A328G and R19/F87A/A184I/T260G/A328G (Entries 

10 & 12, Fig. 5.6–i). 

 

Figure 5.6 Gas chromatography analysis of selected variants giving  oxidation products 22a−22e: (i) 96% of 7-hydroxy-

AN 22c by R19/F87A/A184I/T260G/A328G; (ii) 65% of 15-hydroxy-AN 22d by GV/A184I/I263G/A264G/A328G; (iii) 

57% of 16-hydroxy-AN 22e by R19/F87A/A184I/I263G/A264G; (iv) 54% of 4,16-dihydroxy-AN 22f by 

K19/F87A/A82M/S270G; (v) 53% of 22c and 38% 1-hydroxy-AN 22b by K19/F87A/A82M/T260G/A328G. (vi) 34% of 22c 

and 38% of an unidentified but likely AN mono-hydroxylation product u1 by K19/F87A/A82M/I263G/A330W.  
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Table 5.1 Selectivity and turnover number of 2nd generation P450BM3 variants for the oxidation of AN, 22.a 

 

Entry Variants 22a 22b 22c 22d 22e 22f Others Conv. TONb 

1 R19/A330W 90%      10% 32% 144 

2 R19/F87A/F81W/T260G/A328G  27% 67%    6% 56% 76 

3 K19/F87A/A82M/T260G/A328G  38% 53%    9% 93% 177 

4 R19/F87A   24% 29% 17% 5% 25% 60%  

5 R19/F87A/A264G   58% 18%   24% 67% 195 

6 R19/F87A/A184I   44% 24%   32% 59% 130 

7 R19/F87A/A184I/T260G  32% 55%    13% 56% 90 

8 R19/F87A/T260G/A328G   78%    22% 20% 78 

9 R19/F87A/A264G/A328G   86% 7%   7% 100% 430 

10 R19/F87A/A184I/A264G/A328G   90%    10% 100% 450 

11 R19/F87A/A184I/A264G   93%    7% 100% 465 

12 R19/F87A/A184I/T260G/A328G   96%    4% 99% 480 

13 GV/A184I/I263G 15%   21% 38%  32% 72%  

14 GV/A184I/A328G 34%  5% 6% 20%  35% 43%  

15 R19/F87A/A328G   49% 40%   11% 90% 180 

16 GV/A184I/I263G/A328G 5%   52% 29%  14% 85% 221 

17 GV/184I/I263G/A264G/A328G   5% 65% 13%  17% 100% 325 

18 GVQ 30%    35%  45% 26% 46 

19 K19/F87V 7%    40%  53% 59% 118 

20 R19/F87A/A184I/I263G/A328G     49%  51%c 80% 196 

21 R19/F87A/A184I/I263G/A264G   4% 6% 57%  33% 93% 266 

22 R19/F87A/A184I/I263G/A264G/A328G   16%  57% 7% 20% 100% 285 

23 K19/F87V/I263G 21%   9% 62%  8% 36% 112 

24 K19/F87A/A82M   23% 12% 18% 14% 33% 79%  

25 K19/F87A/A82M/F261G   26% 11% 11% 28% 24% 79% 111 

26 K19/F87A/A82M/L262G      53% 47% 100% 265 

27 K19/F87A/A82M/S270G      54% 46% 100% 270 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 1 mM AN (500:1), 40 M NADP+, 100 mM glucose, 

and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. b TON refers to the turnover number for the formation of 

the product in bold. c denotes 42% of uncharacterised product u1.  
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The F87V mutation favoured the formation of 16-hydroxy-AN (22e), with variants GVQ and 

K19/F87V giving 35% and 40% of 22e (Entries 18 & 19). Addition of I263G to 7-favouring 

variants shifted the selectivity towards 16-hydroxylation, with variants 

R19/F87A/A184I/I263G/A264G and R19/F87A/A184I/I263GA/264G/A328G both giving 

57% of 16-hydroxy-AN, 22e (Entries 21 & 22, Fig. 5.6–iii). 

As observed for DHEA and TST 1-hydroxylation, the T260G mutation played important roles 

in promoting the 1-oxidation of AN; R19/F87A/F81W/T260G/A328G gave 27% and 

R19/F87A/A184I/T260G gave 32% of 1-hydroxy-AN 22b, with the 7-alcohol remaining the 

major product (Entries 2 & 7). K19/F87A/A82M/T260G/A328G gave the highest selectivity 

and turnover number for 22b (38%, TON = 177, Entry 3, Fig. 5.6–v). 

Compared with the R19/F87A base variant which gave a wide range of products (Entry 4), the 

extra A328G mutation significantly suppressed the formation of other products while 

promoting the 7- (22c, 49%) and 15- (22d, 40%) alcohols (Entry 15). The 15-alcohol 22d 

was also favoured by F87V-based variants; GV/A184I/I263G gave 21% and the addition of 

A328G led to 52% 22d (Entries 13 & 16). Variant GV/A184I/I263G/A264G/A328G, which 

combined these mutations, gave the highest selectivity and turnover number for 22d (65%, 

TON = 325, Entry 17, Fig. 5.6–ii). 

K19/F87A/A82M was one of the active variants that gave multiple products including 18% of 

16-hydroxy-AN 22e, which likely to be the precursor of the diol 4,16-dihydroxy-AN (22f). 

The addition of the I helix mutations F261G, L262G and S270G to K19/F87A/A82M led to 

28%, 53% and 54% of 22f, respectively (Entries 25−27, Fig. 5.6–iv). Finally, the A330W 

mutation in the variant K19/F87A/A82M/I263G/A330W led to the formation of 38% of an 

unidentified product (u1, Fig. 5.6–vi) together with 34% of 7-hydroxy-AN (22c); the retention 
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time of u1 suggested that it was a mono-hydroxylated AN but the moderate conversion (60%) 

did not allow its purification and characterisation. 

5.3 Oxidation of epi-androsterone (EAN) 

Epi-androsterone (EAN, 23) was a poor substrate for CYP102A1 variants in the initial library, 

with only 6 out of 48 variants showing >20% conversion. The second-generation variants were 

more active, and 20 out of 67 variants showed >20% conversion. Five products were purified 

and characterised (data in Appendix 14) as androstanedione (23a)308, 1-hydroxy-EAN (23b), 

7-hydroxy-EAN (23c),309 15-hydroxy-EAN (23d), and 16-hydroxy-EAN (23e).312 The 

NMR data for 23a, 23c, and 23e (Appendix 14) agreed with literature. Products 23b and 23d 

are new metabolites of EAN; full characterisation data are collected in Appendix 14.  

The K19/F87A/A82M variant gave 70% of 16-hydroxy-EAN (23e) with 55% conversion. The 

extra A330W mutation raised the selectivity to 79% while maintaining the conversion level 

(Table 5.2, Entry 13). Variant GV/A184I gave 88% selectivity for 23e but with a lower 

conversion of 37% (Entry 14). Addition of either A264G or A328G improved the conversion 

for 23e with a slight trade-off on selectivity (Entries 15 & 16, Fig. 5.7–i). Interestingly, the 

A264G/A328G combination suppressed the formation of 23e but gave a new product, 7-

hydroxy-EAN (23c), with 32% selectivity (Entry 2). GV/A184I/I263G/A264G/A328G (Entry 

4) further increased the selectivity for 23c to 51%, as well as promoting 44% of another new 

product, 15-hydroxy-EAN (23d). In contrast, addition of A264G/A328G to R19/F87A/A184I 

gave 69% of 23c with high conversion (Entry 5, Fig. 5.7–iii). Other than the A264G/A328G 

combination, the T260G mutation also favoured the formation of the 7-alcohol. The addition 

of T260G to the 16-alcohol-favouring variant K19/F87A/A82M gave 38% of the 7-alcohol 
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23c while the extra A328G increased it to 76% in variant K19/F87A/A82M/T260G/A328G 

(Entries 3 & 6).  

 

Figure 5.7 Gas chromatography analysis of selected variants giving E oxidation products 23a−23e: (i) 77% of 16-

hydroxy-EAN 23e by GV/A184I/A264G; (ii) 64% of 1-hydroxy-EAN 23b by R19/F87A/A184I/T260G/A328G; (iii) 69% of 

7-hydroxy-EAN 23c by R19/F87A/A184I/A264G/A328G; (iv) 76% of 15-dihydroxy-EAN 23d by 

K19/F87A/A82M/A264G/A328G. 

The T260G/A328G combination in variant R19/F87A/A184I/T260G/A328G not only gave 7-

hydroxylation but also promoted 64% of the A-ring oxidation product 1-hydroxy-EAN, 23b, 

(Entry 1, Fig. 5.7–ii). Although the combination A264G/A328G on R19/F87A/A184I and 

GV/A184I favoured C7 oxidation, the addition of this combination to K19/F87A/A82M shifted 

the selectivity significantly to 76% of 15-hydroxy-EAN (23d) (Entry 11). GV/A184I/A328G 
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favoured the 16-alcohol (81% of 23e), but the addition of I263G to A328G shifted EAN 

binding and gave 73% of the 15-alcohol 23d (Entry 10, Fig. 5.7–iv). The combination of other 

glycine mutations on I helix to A328G also favoured the formation of 23d, but with lower 

conversion (Entries 7−9).  

Table 5.2 Selectivity and turnover number of second-generation P450BM3 variants for the oxidation of EAN, 23.a 

 

Entry Variants 23a 23b 23c 23d 23e Others Conv. TONb 

1 R19/F87A/A184I/T260G/A328G  64% 28%   8% 38% 122 

2 GV/A184I/A264G/A328G   32% 11% 53% 4% 78% 125 

3 K19/F87A/A82M/T260G   38%  38% 24% 33% 63 

4 GV/A184I/I263G/A264G/A328G   51% 44%  5% 58% 148 

5 R19/F87A/A184I/A264G/A328G  6% 69% 15%  10% 99% 342 

6 K19/F87A/A82M/T260G/A328G  5% 76%  5% 14% 32% 122 

7 R19/F87A/T269G/A328G 5%  20% 50% 6% 19% 28% 70 

8 R19/F87A/S270G/A328G   17% 55% 9% 19% 50% 138 

9 R19/F87A/L262G/A328G 8%   59% 10% 23% 18% 53 

10 GV/A184I/I263G/A328G 6%   73% 10% 11% 31% 113 

11 K19/F87A/A82M/A264G/A328G    76% 16% 8% 99% 377 

12 K19/F87A/A82M 3%   14% 70% 13% 55% 193 

13 K19/F87A/A82M/A330W   7%  79% 14% 65% 257 

14 GV/A184I    5% 88% 7% 37% 162 

15 GV/A184I/A328G    10% 81% 9% 67% 272 

16 GV/A184I/A264G   7%  77% 16% 100% 385 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 1 mM EAN (500:1), 40 M NADP+, 100 mM glucose, 

and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. b TON refers to the turnover number for the formation of 

the product in bold.  
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5.4 Computational studies of AN and EAN oxidation 

Variant R19/F87A/A184I/A264G/A328G was highly selective for 7-oxidation of DHEA 

(94% 7-hydroxy-DHEA, 20a) and AN (90% 7-hydroxy-AN, 22b) but less so for EAN (76% 

7-hydroxy-EAN, 23d). Docking was performed on both AN and EAN in order to gain more 

information on the substrates-enzyme interactions. Seven clustered structures were generated 

from the three replica MD simulations of this variant. AN was docked into these seven clusters 

and generated 63 poses; 18 of these were productive poses that indicated C1, C2, C7, C11, 

C15/ oxidation. C7 and C15 oxidation were the most populated poses, with 4 and 7 poses, 

respectively. Three of the four C7 poses were the lowest energy poses for all of these clusters 

and were stabilised by a hydrogen bond between the side chain of S332 and the AN C3-alcohol 

(Figure 5.8). 

 

Figure 5.8 The docking poses of 7-hydroxy-AN (cyan) and 7-hydroxy-EAN (red) in R19/F87A/A81I/A264G/A328G are 

overlaid. Hydrogen-bonding between the C3-OH in AN and the side chain of S332 is shown in blue dashes. Hydrogen-bonding 

between the C3-OH in EAN and the backbone of A330 is shown in red dashes. Other key contacting residues within van der 

Waals contact distance of AN and EAN ARE L75, V78, A87, G264 and P329. 
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The docking of EAN into these seven clustered structures gave 15 productive poses, where 

C1, C2, C7/, C15 and C16 oxidation were indicated. C1 and C15 were the most 

populated poses with 4 and 7 poses, respectively and only 1 pose of 7 was observed. This 7 

pose was the lowest energy pose for this cluster and was stabilised by a weak hydrogen bond 

formed between the C3-OH of EAN with the backbone carbonyl oxygen of A330. One of the 

7-hydroxy-AN poses and the 7-hydroxy-EAN pose are overlaid in Figure 5.8. It is evident 

that, due to the opposite stereochemistry at C3, the C3-OH in AN (in cyan) appeared to be 

closer to the side chain of S332 for hydrogen bonding (blue dashes) in this 7-oxidation pose, 

while the C3-OH in EAN (purple) was far away from this residue and could only hydrogen-

bond to the A330 backbone (red dashes), leading to a less stable 7-pose. This weakened 

hydrogen bonding and the lower number of 7 poses, albeit that it was one of the lowest energy 

poses, are qualitatively consistent with the lower 7 selectivity of EAN oxidation. However, 

since the affinity energies from the docking algorithm are not sufficiently reliable for firm 

conclusions to be drawn; further studies at a higher level of theory and MD simulations of the 

various poses will be required. 
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5.5 The oxidation of AN and EAN with a third-generation library 

In the second-generation variants, the most important mutations were T260G, I263G, A264G 

and A328G. The combination of these mutations with A184I and A82M increased the product 

diversity and selectivity. MD simulations and docking studies indicated that these I helix 

mutations led to local distortions of the I helix to create space for steroid binding. Therefore, 

further combinations of I-helix glycine mutations, namely T260G/I263G, T260G/A264G, and 

T260G/I263G/A264G were introduced to R19/F87A, K19/F87A/A82M, R19/F87A/A184I, 

GV/A184I, and R19/F87A/A328G base variants to generate a small library of 21 variants.  

Table 5.3: List of variants in the 3rd generation library. 

No. Variants No. Variants 

1 R19/F87A/T260G/I263G 12 R19/F87A/A184I/T260G/I263G/A264G 

2 K19/F87A/A82M/T260G/I263G 13 R19/F87A/T260G/I263G/A264G 

3 R19/F87A/A328G/T260G/I263G 14 K19/F87A/A82M/T260G/I263G/A264G 

4 GV/A184I/T260G/I263G 15 R19/F87A/A328G/T260G/I263G/A264G 

5 R19/F87A/A184I/T260G/A328G/I263G 16 GV/A184I/T260G/I263G/A264G 

6 R19/F87A/A184I/T260G/A264G 17 R19/F87A/A184I/T260G/A328G/I263G/A264G 

7 R19/F87A/T260G/A264G 18 R19/F87A/A184I/T260G/A82M 

8 K19/F87A/AM/T260G/A264G 19 R19/F87A/A328G/T260G/A82M 

9 R19/F87A/A328G/T260G/A264G 20 R19/F87A/A184I/T260G/A328G/A82M 

10 GV/A184I/T260G/A264G 21 R19/F87A/T260G/A82M 

11 R19/F87A/A184I/T260G/A328G/A264G   

The third-generation variants gave the same range of products as with the second-generation 

library for AN, with 7-hydroxy-AN (22c) as the major product. The new variants 

R19/F87A/A184I/T260G/A82M and R19/F87A/A184I/T260G/A264G/A328G (Table 5.4, 

Entries 7 & 8) gave 88% and 96% of 22c with almost total conversion. The new variants also 

improved the selectivity for the A-ring oxidation product 1-hydroxy-AN (22b); combining the 
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A82, A184I, T260G and A328G mutations that promoted 1-oxidation led to the 

R19/F87A/A184I/T260G/A328GA82M variant which gave 48% of 22b (Entry 1, Fig. 5.9). 

Table 5.4 The comparison of variants giving high selectivity of 7-hydroxy-AN (22c) and 1-hydroxy-AN (22b) from the 

second and third-generation library. The entry number in red indicates variants from the third-generation library.  

Entry K19/F87A R19/F87A A82M A184I T260G A264G A328G 7 1 TON 

1  ✓ ✓ ✓ ✓  ✓ 49% 48% 240 

2 ✓  ✓  ✓  ✓ 53% 38% 177 

3  ✓  ✓ ✓   55% 32% 90 

4  ✓ ✓  ✓  ✓ 66% 26% 88 

5  ✓ ✓  ✓   54%  100 

6  ✓   ✓  ✓ 78%  78 

7  ✓ ✓ ✓ ✓   88% 10% 440 

8  ✓  ✓ ✓ ✓ ✓ 96%  452 

9  ✓  ✓ ✓  ✓ 96%  480 

Screening scale reactions at 0.5 mL scale were in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 1 mM 

AN (500:1), 40 M NADP+, 100 mM glucose, and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. b TON 

refers to the turnover number for the formation of the product in bold.  

 

Figure 5.9 GC analysis of selected variants from the second and third-generation library. * indicates retention time shift due 

to the change of column. Variant K19/F87A/A82M/T260G/A328G (second-generation) gave 53% of 22c and 38% of 22b. 

Variant R19/F87A/A184I/T260G/A328G/A82M (third generation) gave 49% of 22c and 48% of 22b. 

Only 3 out of the 21 third-generation variants showed >20% conversion of EAN (Table 5.5, 

Entries 2 and 5−6). Results from the second-generation variants showed the importance of the 
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A264G/A328G combination when added to R19/F87A/A184I (Entry 3), as well as the 

significance of the A82M/T260G combination (Entry 4). These mutations were combined in 

the R19/F87A/A184I/T260G/A328G/A82M and R19/F87A/A184I/T260G/A264G/A327G 

variants that showed 89% and 95% selectivity for 7-hydroxy-EAN 23c (Entries 5 & 6, Fig. 

5.10). 

Table 5.5 The comparison of variants giving high selectivity of 7-hydroxy-EAN (23d) from the second and third-generation 

library. The entry number in red indicates variants from the third-generation library.  

Entry K19/F87A R19/F87A A82M A184I T260G A264G A328G 7 15 1 TON 

1 ✓  ✓  ✓   38%   63 

2  ✓ ✓ ✓ ✓   68% 13%  327 

3  ✓  ✓  ✓ ✓ 69% 15%  342 

4 ✓  ✓  ✓  ✓ 76%   122 

5  ✓ ✓ ✓ ✓  ✓ 89%  11% 445 

6  ✓  ✓ ✓ ✓ ✓ 95%  5% 238 

Screening scale reactions at 0.5 mL scale were in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 1 mM 

EAN (500:1), 40 M NADP+, 100 mM glucose, and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. b TON 

refers to the turnover number for the formation of the product in bold.  

 

Figure 5.10 GC analysis of selected variants from the third-generation library. Variant R19/F87A/A184I/T260G/A82M gave 

68% of 23c and 13% of 23d; R19/F87A/A184I/T260G/A264G/A328G: 95% of 23c; R19/F87A/A184I/T260G/A328G/A82M: 

89% of 23c with full conversion. 
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5.6 Summary of AN and EAN oxidation 

The initial screening library of variants oxidised AN and EAN at C3 and C16. C16 is the 

most common position for steroid oxidation by CYP102A1. AN also showed C7 oxidation as 

one of the minor products. Scanning glycine mutagenesis in the I helix and the 4 strand led to 

oxidation at new non-activated aliphatic C–H bonds of C1 and C15 for both substrates. AN 

showed 4-hydroxylation of the 16-alcohol precursor to form the 4,16-diol. This product 

is of interest because it represents the only example of C4 oxidation amongst all the steroids 

studied with over 100 CYP102A1 variants in this work. 

 

Figure 5.11 Summary of mutations promoting different AN and EAN oxidation products in the initial, second and third-

generation library.  
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AN and EAN are less soluble in aqueous buffer compared to DHEA, leading to lower oxidation 

activity. As observed with DHEA, the second-generation variants oxidised AN and EAN at 

C7, C15 and C16 positions with high selectivity and turnover number. Combinations of 

I263G, A264G and A328G added to F87A- and F87V-based variants diversified the 

CYP102A1 substrate pocket topology for steroid binding. The addition of A82M and A184I 

further increased the product selectivity and led to the formation of new products. The T260G 

mutation was particularly important for A-ring oxidation of AN and EAN. With the third-

generation variants, the selectivity for 1-hydroxy-AN was further increased with the 

combination of A82M, T260G and A328G. Likewise, the selectivity for 7-hydroxy-EAN was 

improved by the same variant. Of the other I-helix glycine mutations, L262G, T269G and 

S270G promoted 15-hydroxy-EAN formation when combined with the A328G mutation.  

5.7 Oxidation of progesterone (PROG) 

The screening library showed reasonable progesterone (PROG, 24) oxidation activity, with 35 

out of 72 variants giving >20% conversion. Six products were purified and characterised (data 

in Appendix 15) as 2-hydroxy-PROG (24a),313 6-hydroxy-PROG (24b),313 15-hydroxy-

PROG (24c),313 16-hydroxy-PROG (24d),169 2,16-dihydroxy-PROG (24e)169, and 2,17-

dihydroxy-PROG (24f) (Figure 5.12). The NMR data of 24a–24e (Appendix 15) agreed with 

literature; 24f is a new metabolite of PROG and its full characterisation data are collected in 

Appendix 15. There were other, minor products in the reaction for most of the variants, but 

these were not formed in sufficient quantities for characterisation. 
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Figure 5.12 GC analysis of selected variants giving PROG oxidation products 24a−24f: (i) 46% of 2-hydroxy-PROG 24a 

and 37% of 2,16-dihydroxy-PROG 24e by GVQ/A264G; (ii) 82% of 16-hydroxy-PROG 24d by R19/F87A/A264G; (iii) 

36% of 6-hydroxy-PROG 24b and 44% of 15-hydroxy-PROG 24c by R19/F87A/I263G/A264G; (iv) 61% of 6-hydroxy-

PROG 24b and 6% of 2,17-dihydroxy-PROG 24f by R19/F87A/I263G/A264G/A328G. 

The I-helix mutations I263G and A264G had contrasting effects when added to variants based 

on the F87A or F87V mutations. The base variant R19/F87A gave 88% of the 16-hydroxy-

PROG 24d but at low conversion of 18% (Table 5.6, Entry 11). Addition of the A264G 

mutation to R19/F87A increased its conversion for the 16-alcohol 24d from 18% to 93% with 

81% selectivity (Entry 13, Figure 5.12-ii). With the F87V-based variant GVQ, however, the 

A264G mutation led to the 2-alcohol 24a (46%) and the 216-diol 24e (37%, Entry 1, Figure 

5.12-i). Interestingly, the addition of this mutation to F87A/A82M also favoured the formation 
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of 2-alcohol 24a (Entries 3−6), with K19/F87A/A82M/A264G giving 82% of 24a in 86% 

conversion (Entry 6). Reetz and co-workers have reported 2- and 16-hydroxylation of PROG 

by CAST and site-saturation mutagenesis and screening of ~9000 CYP102A1 mutants.169 The 

starting variant F87A showed 82% of 16-alcohol and 18% of 2-alcohol with 11% conversion 

(Entry 15). Although addition of the A330W mutation (KSA-1) increased the selectivity for the 

16-alcohol to 91%, the conversion remained low (12%, Entry 16). Following the screening of 

hundreds of mutants, several improved variants showed higher conversion but with a trade off 

on selectivity of the 16-alcohol (Entries 17 & 18). The optimal 2-selective mutant, 

A82N/F87A, displayed 100% regioselectivity but with only 3% conversion (Entry 19). The 

improved variant R47Y/T49F/V78T/A82F/F87A slightly improved the conversion to 11% but 

with a drop of selectivity for the 2-alcohol to 57% (Entry 20). 

The I263G mutation did not affect the selectivity of F87V-base variants but it abolished 16-

oxidation when added to the R19/F87A variant, forming 55% of 6-hydroxy-PROG (24b) and 

15% of 15-hydroxy-PROG (24c) (Entry 9). The I263G/A264G combination led to further 

variations in PROG oxidation selectivity. R19/F87A/I263G/A264G gave 36% of 6-hydroxy-

PROG (24b) and 44% of 15-hydroxy-PROG (24c) (Entry 8, Figure 5.12-iii). 

GVQ/I263G/A264G showed similar selectivity (43%) for the 2-alcohol 24a as the 

GVQ/A264G precursor but 16 oxidation products were eliminated and replaced with 12% of 

24b and 28% of 24c (Entry 2). Replacing the L188Q mutation with A184I increased the 

selectivity for the 15-alcohol 24c to 43% (Entry 7).  
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Table 5.6 Selectivity and turnover number CYP102A1 variants in the second-generation library for the oxidation of PROG, 

24.a 

 

Entry Variants 24a 24b 24c 24d 24e 24f A B C 

1 GVQ/A264G 46%   17% 37%   46% 106 

2 GVQ/I263G/A264G 43% 12% 28%    17% 14% 30 

3 K19/F87A/A82M/I263G/A264G 51%      49% 28% 71 

4 K19/F87A/A82M/I263G/A264G/A328G 66%      34% 36% 119 

5 K19/F87A/A82M/A264G/A328G 69%      31% 87% 301 

6 K19/F87A/A82M/A264G 82%      18% 86% 353 

7 GV/A184I/I263G/A264G 22%  43%    35% 34% 73 

8 R19/F87A/I263G/A264G  36% 44%    20% 70% 154 

9 R19/F87A/I263G  55% 15%       

10 R19/F87A/I263G/A264G/A328G  61% 11%   6% 22% 71% 217 

11 R19/F87A 7%   88% 4%  1% 18% 79 

12 R19/F87A/Q403P 13%   80%  3% 4% 36% 144 

13 R19/F87A/A264G    81%  5% 14% 93% 377 

14 R19/F87A/I263G/P329G/A330W  27% 17%   19% 37% 22% 21 

15 F87A * 18%   82%    11%  

16 F87A/A330W * 9%   91%    12%  

17 R47Y/T49F/V78I/A92M/F87A * 8%   75%    60%  

18 F87A/V78C/A82G * 13%   81%    43%  

19 V78V/A82N/F87A * 100%       3%  

20 R47Y/T49F/V78T/A82F/F87A * 57%   37%    11%  

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 1 mM PROG (500:1), 40 M NADP+, 100 mM glucose, 

and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. A denotes “Others” that consists of other uncharacterised 

oxidation products. B denotes “Conversion” that refers to the % of substrate converted to products. C denotes “TON” that refers 

to the turnover number for the formation of the product in bold. * literature data from Reetz and co-workers.169 

Mutations of the 4-strand residues A328–A330 also altered the selectivity. The A328G 

mutation increased the selectivity for the 6-alcohol 24b to 61% in variant 
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R19/F87A/I263G/A264G/A328G, which also gave 6% of the new product 2,17-dihydroxy-

PROG (24f) at 71% conversion (Entry 10, Figure 5.12-iv). Other 4-strand mutations also 

influenced the formation of 24f; the P329G/A330W couplet increased the selectivity to 19% in 

the variant R19/F87A/I263G/P329G/A330W (Entry 14). Since the 2-alcohol 24a was not 

observed, it was rapidly oxidised if formed; similarly, the 17-alcohol was not a significant 

product with either mutant, suggesting that it was also rapidly oxidised once formed. 

5.8 Oxidation of pregnenolone (PREG) 

Pregnenolone (PREG) is much less soluble than PROG in aqueous buffer. Of the initial 

screening library, only the R19/F87A/A184I variant gave any significant conversion (42%). 

With combinations of glycine mutations in the I helix and 4-strand, the 2nd generation variants 

showed higher activity, with 12 out of 67 variants giving >20% conversion. Notably, most of 

the active variants contained the A184I mutation. PREG was oxidised to 3 main products which 

were purified and characterised as 7-hydroxy-PREG (25a),276  15-hydroxy-PREG (25b),314 

and 17-hydroxy-PREG (25c).315,316 The NMR data for 25a−25c (Appendix 16) were in 

agreement with literature.  

The A264G mutation was found to be effective in promoting the formation of 17-hydroxy-

PREG (25c); the K19/F87A/A82M/A264G and R19/F87A/A264G variants gave 55% and 46%, 

respectively, of 25c (Table 5.7, Entries 6 & 4). Addition of the A184I mutation to 

R19/F87A/A264G increased the selectivity for 25c to 53%, with total conversion (Entry 5). 

Introduction of the A328G mutation further improved the selectivity for 25c to 64% in 

R19/F87A/A184I/A264G/A328G, with full conversion (Entry 7, Figure 5.13-ii). Interestingly, 

and as observed with PROG, addition of the I263G mutation to A264G-containing variants 

dramatically shifted the product profile. For example, R19/F87A/A184I/A264G and 
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R19/F87A/A184I/A264G/A328G favoured the 17-alcohol 25c, but the addition of I263G to 

these variants gave 75% and 64%, respectively, of the new product 7-hydroxy-PREG (25a), 

with no 17-alcohol observed (Entries 1 & 2, Figure 5.13-i).  

 

Figure 5.13 GC analysis of selected variants giving PREG oxidation products 25a−25c: (i) 64% of 7-hydroxy-PREG 25a and 

25% of 15-hydroxy-PREG 25b by R19/F87A/A184I/I263G/A264G/A328G; (ii) 64% of 17-hydroxy-PREG 25c by 

R19/F87A/A184/A264G/A328G; (iii) 73% of 15-hydroxy-PREG 25b by GV/A184I/I263G/A264G/A328G; (iv) 21% of 17-

hydroxy-PREG 25c and 44% of an uncharacterised product u1 (*) by R19/F87A/A184I/S270G. 

Other than promoting the 7-alcohol, these I263G-based variants also gave 15-hydroxy-

PREG (25b), e.g. 25% for R19/F87A/A184I/I263G/A264G/A328G (Entry 1). The highest 

selectivity for 25b was 73% given by GV/A184I/I263G/A264G/A328G but with lower 

conversion (Entry 3, Figure 5.13-iii). When added to R19/F87A/A184I, other I-helix glycine 
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mutations, L262G, T269G, and S270G, favoured the formation of a new product that could not 

be purified due to insufficient amount of material (Entries 8−10). However, given that the 15- 

and 17-alcohols were amongst the significant products, it may be speculated that this 

unidentified product could arise from C16 oxidation. 

Table 5.7 Selectivity and turnover number CYP102A1 variants in the second-generation library for the oxidation of PREG, 

25.a 

 

Entry Variants 25a 25b 25c u1 Others Conv. TONb 

1 R19/F87A/A184I/I263G/A264G/A328G 64% 25%   11% 68% 218 

2 R19/F87A/A184I/I263G/A264G 75%    25% 57% 214 

3 GV/A184I/I263G/A264G/A328G 11% 73%   16% 32% 117 

4 R19/F87A/A264G   46% 32% 22% 92% 212 

5 R19/F87A/A184I/A264G  13% 53% 29% 5% 100% 265 

6 K19/F87A/A82M/A264G  11% 55% 10% 24% 48% 132 

7 R19/F87A/A184I/A264G/A328G  16% 64% 7% 13% 100% 320 

8 R19/F87A/A184I/T269G  12% 33% 23% 32% 37% 43 

9 R19/F87A/A184I/L262G  16% 31% 34% 19% 41% 70 

10 R19/F87A/A184I/S270G  7% 21% 44% 28% 58% 128 

a The selectivity for the two most selective variants for each product are in red. Screening scale reactions at 0.5 mL scale were 

in 200 mM phosphate, pH 8.0, containing 2 M CYP102A1 enzyme, 1 mM PREG (500:1), 40 M NADP+, 100 mM glucose, 

and 20 U/mL GDH. Plates were shaken at 120 rpm at 20 C for 16 h. b TON refers to the turnover number for the formation of 

the product in bold.  

5.9 Computational studies of PROG and PREG oxidation  

The R19/F87A/A184I/A264G/A328G variant was one of the most selective for the 17 

oxidation of PREG (64%) whereas PROG gave multiple peaks including 16-, 15-alcohols 

and other uncharacterised products. Seven clustered structures were generated from the three 

replica MD simulations of this variant. Both PROG and PREG were docked into these 

structures and generated 59 and 63 poses, respectively. The docking of PROG gave 20 
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productive poses that were equally distributed to 2, 6, 7, 11, 15, 18, 19 and 21 oxidations; 

no 16- and 15-poses were observed. PREG gave 24 productive poses that indicated 1, 2, 

7/, 15, 17, 19 and 21 oxidations; 15 and 17 hydroxylation were the dominant positions 

with 4 and 3 poses. Two of the three 17 poses were the lowest energy poses in the clusters 

and are shown in Figure 5.14. In this pose, 17-H was 4.0 Å and 3.4 Å from the ferryl oxygen, 

and two hydrogen-bonds were observed between the C3-alcohol of PREG and the side chains 

of S72 and S332 which stabilised this 17-binding mode. The planar structure of the 3-oxo 

group in PROG, on the other hand, may diminish the possibility of hydrogen-bond formation 

with these residues, therefore, no formation of 17-hydroxylation of PROG was observed. Out 

of the 20 productive poses generated by PROG docking, only two of them showed hydrogen-

bonds between the C3 and C20 carbonyl groups with the side chains of S72 and S332, which 

were docked in C18- and C19-oxidation poses, respectively.  

 

Figure 5.14 R19/F87A/A184I/A264G/A328G variant with docked PREG (pink) bound in 17 pose. Hydrogen-bonding 

between the C3-OH and the side chains of S72 and S332 are shown in red dashes. Other key contacting residues within van 

der Waals contact distance of PREG are L75, V78, T260, I263, G264, G328, A330, M354, L437 and T438. 
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5.10 Comparison of AD, DHEA, PROG and PREG oxidation 

The screening library of CYP102A1 variants oxidised PROG at the 2, 6, 15, and 16 

positions with medium to high selectivity. The I helix glycine mutation A264G played vital 

roles in promoting the 2- and 16-alcohols of PROG when combined with F87V and F87A 

mutations, respectively. The addition of I263G abolished the formation of 2- and 16-alcohols 

but gave 6- and 15-hydroxylation. PROG also showed 17-hydroxylation of the 2-alcohol 

precursor to form the 2,17-diol as a minor product. Reetz and co-workers had reported 2- 

and 16-oxidation of PROG at >90% selectivity but at medium to low conversion, especially 

for the 2-alcohol (~10%).  

By having the ,-unsaturated carbonyl group in the A ring, both AD and PROG were oxidised 

at the activated C2 position by variants with the A82M/A264G combination. The I263G 

mutation, on the other hand, shifted the selectivity away from the 2-alcohols towards the C6, 

the allylic position, for both AD and PROG. Apart from 6-hydroxylation, the I263G mutation 

also gave 16-oxidation of AD but gave 15-hydroxylation for PROG, possibly due to the 

steric hindrance of the acetyl group at C17 in PROG. The combination T260G/A328G led to 

oxidation at the non-activated C7 position for AD but this was not observed for PROG. 

PREG has a 3-hydroxy-5-structure in the A, B rings as for DHEA, and an acetyl group at C17 

as for PROG. However, PREG is much less soluble in aqueous buffer compared to DHEA and 

PROG, leading to much lower oxidation activity. Within the library of CYP102A1 variants, 

PREG was mainly oxidised by A184I-based variants at the 7, 15 and 17 positions with 

medium to high selectivity. Compared to PROG oxidation, no A-ring oxidation was observed 

with PREG, but 17-hydroxylation of PREG was one of the dominant activities that was 
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promoted, in particular, by A264G-based variants. The addition of I263G to F87A-based 

variants altered the selectivity towards B-ring oxidation at C7. On the other hand, addition of 

this mutation to F87V led to 15-hydroxylation of PREG. 

 

Figure 5.15 Summary of mutations for the promotion of different AD, DHEA, PROG and PREG oxidation products in the 

screening library. 
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Chapter 6 
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6  Conclusion 

The main goal of this thesis was to engineer P450BM3 and apply the variants to oxidise unnatural 

substrates to a diverse range of products with high regio- and stereo-selectivity, especially to 

specific desired precursors for the synthesis of valuable compounds. 

Chapter 3 demonstrated the use of P450BM3 variants in the chemoenzymatic synthesis of the 

aroma compounds -damascenone, tabanone isomers and rose oxide. A number of the 

engineered variants displayed almost full regioselectivity (up to 98%) at high conversion (up to 

91%) for the oxidation of -damascone to 4-hydroxy--damascone, the desired precursor to -

damascenone, probably due to the allylic nature of C4. Larger preparative scale oxidation of -

damascone (up to 3.84 g/L) with R19/F87A/A328I were performed and up to 95% conversion 

and 77% selectivity for the 4-alcohol was achieved. Acid-catalysed dehydration of the 4-alcohol 

to form -damascenone was explored with four different acids (sulphuric acid, acetic acid, 

trifluoroacetic acid and oxalic acid) under various conditions. The screening scale reaction (~10 

mg) of the 4-alcohol with oxalic acid gave total conversion to -damascenone under mild 

conditions, which was then scaled to 265 mg and the reaction was completed in 16 h with full 

conversion and 66% isolated yield. Compared with chemical synthesis routes which require 

high temperatures and use of toxic reagents to access C4 oxidation of -damascone, P450BM3 

provides a greener method for late-stage C−H activation under milder conditions with higher 

yield. Further optimisation may increase the reaction titre, such as developing an alternative 

P450BM3 variant that gives higher TON and the use of selective resins to remove the 4-alcohol 

before the addition of more substrate to avoid enzyme inhibition. The reaction conditions of 

acid treatment and product isolation can be optimised to improve the yield and sustainability of 

the overall process. This chemoenzymatic synthesis for -damascenone was a successful 
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illustration of semisynthesis using a natural feedstock. Although the 4-alcohol was the 

predominant product in the oxidation of -damascone, some P450BM3 variants exhibited 

hydroxylation at other positions such as C10 (another allylic position), C2 and C3 (non-

activated positions). The C2 and C10 alcohols are new metabolites of -damascone. 

 

Figure 6.1 Overview of tabanone synthesis (MEG1 & 3) from -ionone via the elimination of the precursor 3-oxo--ionol. 

Due to difficulties in controlling the selectivity for the five isomers of tabanone, two synthetic 

routes for a mixture of tabanone isomers were developed in Chapter 3, via dehydration of 3-

oxo--ionol. This precursor could be obtained from -ionone via oxidation to 3-oxo--ionone 

followed by selective reduction of the C9 ketone with careful control of reaction stoichiometry 

(green panel in Figure 6.1). The R19/F87A variant (66% C3-alcohol and 27% of 3-oxo) was 

selected for screening for oxidation by KREDs, finally giving 75% selectivity of 3-oxo--

ionone which was reduced with one equivalent of NaBH4. 3-Oxo--ionol could also be 

obtained from oxidation of -ionol at C3 catalysed either by P450BM3 variants or in combination 
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with a KRED with reaction time control (pink panel in Figure 6.1). Both pathways have their 

own advantages and disadvantages compared to the other.  

Following the established routes for 3-oxo--ionol, two elimination pathways catalysed either 

by acid or base were explored. Acid treatment with oxalic acid gave full conversion to the 

terminal alkene product MEG2, which could be converted to a mixture MEG1 and MEG3 under 

alkaline conditions (blue panel in Figure 6.1). The other route was to convert the alcohol in 3-

oxo--ionol into a better leaving group by tosylation followed by base treatment to form the 

mixture of MEG1 and MEG3 (yellow in Figure 6.1). The acid treatment gave clean conversion 

to MEG2 but only 60% of which was converted to tabanone isomers, whereas base treatment 

gave full conversion to the tabanone isomers.  

There is only one patent (Symrise) for tabanone synthesis; therefore, it would be hard to 

compare the yield and sustainability between these current methods. However, the biocatalytic 

synthesis of tabanone using P450BM3 minimises the use of organic solvents and hazardous 

chemicals. This chemoenzymatic synthesis of tabanone isomers has only been explored at small 

scale (~10 mg) and will require optimisation to pilot larger scale production. 

The third example of chemoenzymatic synthesis in Chapter 3 is the synthesis cis-(–)-rose oxide 

from citronellol. The oxidation of citronellol by P450BM3 variants gave multiple products 

including 5-hydroxy-citronellol, the precursor to rose oxide. Although all are allylic positions, 

the selectivity for C5 hydroxylation was lower than that for C8 and C9. RP/A82M/I263A was 

one of the variants showing the highest selectivity obtained (21%) for the C5-alcohol with high 

conversion (84%), and it was selected for the subsequent acid-catalysed cyclisation reaction to 

form rose oxide. Acid treatment of the pure 5-hydroxy-citronellol gave a 75:25 mixture of cis-

(−)-rose oxide and trans-(−)-rose oxide while the same condition on the reaction crude (mixture 
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of epoxide and 5-alcohol) gave 90:10 ratio of cis- and trans- mixture. Further investigations are 

needed to establish the reasons for the different cis/trans ratios. Compared with the Dragoco 

(now Symrise) patent, which showed 54% overeall yield with 60% selectivity for the precursor 

allyl alcohol, this biocatalytic synthesis of rose oxide using P450BM3 showed proof-of-concept 

for the process. The current yield of this process (17%) could be further improved by protein 

engineering to improve the selectivity for the 5-alcohol with the aid of MD simulation and 

docking study.   

Chapter 4 and 5 described the synthesis of metabolites of steroidal compounds. The screening 

of AD, DHEA and TST with the initial library gave few products, mainly from oxidation at 

activated positions (allylic position or C16) with low to medium selectivity. In order to access 

different binding orientations, the structure of WT P450BM3 was overlaid with the AD-bound 

CYP19A1 aromatase structure to identify key regions that showed significant steric clashes 

which blocked this AD binding mode. It appeared that the side chain of F87, the main chain 

and side chain of I263 and A264 in the I-helix and the side chain of A328 in the 4 strand 

significantly interfered with the bound-AD. Scanning glycine mutations were introduced along 

the I helix (I259, T260, T261, L262, I263, A264, E267, T269 and S270) and along the 4 strand 

(A328, P329 and A330) to create local distortions, allowing the maximum change of substrate 

pocket shape that would accommodate more binding poses. This nature-inspired mutagenesis 

of P450BM3 was aimed at steroid A ring oxidation. The MD simulated structure of variant 

K19/F87A/A82M/I263G/A264G, which gave 59% of 2-hydroxy-AD, was compared with the 

CYP19A1 aromatase. It showed that with the glycine mutations, the I helix in this new mutant 

adopted a “stepped back” structure, resembling the I helix conformation in CYP19A1. The 

screening of DHEA and TST against the second-generation library also showed A ring 

oxidation at C1, the new metabolites that have not been reported by any P450 enzyme. Apart 
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from the promotion of A ring oxidation, oxidation at other non-activated positions was also 

observed with high selectivity and turnover number, such as the 7-hydroxylation of AD (81%, 

TON = 761), 15-hydroxylation DHEA (91%, TON = 555), and 15-hydroxylation of TST 

(75%, TON = 600).  

Of the glycine mutations, the most important ones in the I helix are T260G, I263G and A264G. 

T260G was responsible for the A ring oxidation of DHEA and TST, while I263G was the key 

mutation for the oxidation products on the -face such as 16-hydroxy-AD, 7-hydroxy-

DHEA and 15-hydroxy-TST. This rationally designed scanning glycine mutagenesis has 

provided access to broader range of mono- and di-hydroxylated steroids via direct C−H bond 

activation. Further engineering can be performed to improve the 1-hydroxylation of DHEA 

and TST based on the T260G/A328G combination, e.g. by site-saturation mutagenesis at 

residues identified from the substrate docking studies. 

Formation of diverse range of products for AD, DHEA and TST, especially A-ring oxidation, 

led to screening of the second-generation variants for the oxidation of AN, EAN, PROG and 

PREG, as reported in Chapter 5. Interestingly, even with almost all inert C−H bonds in AN and 

EAN, the C7 binding pose was still predominant with 96% and 95% selectivity, respectively. 

The MD simulation and docking studies suggested that H-bonding with the C3-alcohol of AN 

and EAN helped to stabilise these binding poses. As observed with DHEA and TST, the 

T260G/A328G combination promoted 1-hydroxylation of AN and EAN with up to 48% and 

64% selectivity, respectively. Compared with the oxidation of PROG by CYP106A2 variants 

which gave 6-, 9-, 11-, and 15-hydroxylation, the screening with P450BM3 variants gave 

hydroxylation mainly at 2-, 6-, and 16-sites. PROG showed 17-hydroxylation of the 2-

alcohol precursor to form the 2,17-diol. PREG has a similar structure to PROG and DHEA 
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but with a much lower activity due to its low solubility in aqueous solution; only A184I-

containing variants showed any activity. In contrast, 17-hydroxylation of PREG was one of 

the predominant products in the screening with P450BM3 variants.  

This approach of designing mutations by taking inspiration from nature can be applied to other 

substrates and enzymes for the synthesis of natural products and their derivatives. Human 

mitochondrial CYP11B1 catalyses a one-step regio- and stereo-selective 11-hydroxylation of 

different steroids in human steroidogenesis, e.g. 11-deoxycortisol to cortisol,317 PROG to 11-

hydroxy-PROG,318 etc. Overlay of the CYP11B1 hydroxylase with WT P450BM3 could be 

explored further, in order to identify key regions showing significant differences. Further 

mutagenesis could be designed based on these observations to generate 11-hydroxylation of 

progesterone and derivatives. 
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