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Abbrevations  

6DEB    6-deoxyerythronolide B 

7β-HSDH   7β-hydroxysteroid dehydrogenase 

B. megaterium  Bacillus megaterium 

BLAST   basic local alignment search tool 

CO    carbon monoxide 

CRISPR   clustered regularly interspaced short palindromic repeats 

CAST    combinatorial active-site saturation test 

CYP    cytochrome P450 monooxygenase 

CPR    cytochrome P450 reductases 

DHEA    dehydroepiandrosterone 

DCA    deoxycholic acid 

epPCR   error-prone PCR 

E. coli    Escherichia coli 

FAD    flavin adenine dinucleotide  

FMN    flavin mononucleotide 

FACS    fluorescence activated cell sorting 

FRISM   focused rational interactive site-specific mutagenesis 

FRESCO    framework for rapid enzyme stabilization by computational 

    libraries 

HDCA    hyodeoxycholic acid 

ISM    iterative saturation mutagenesis 

LCA    lithocholic acid 

MDCA    murideoxycholic acid 

NCBI    National Center of Biotechnology Information 

NADH    nicotinamide adenine dinucleotide 

NADPH   nicotinamide adenine dinucleotide phosphate 

P450-BM3   P450 monooxygenase CYP102A1 

OleP    P450 monooxygenase CYP107D1 

PDOR    phthalate dioxygenase reductase 

PCR    polymerae chain reaction 

P. putida   Pseudomonas putida 

PdR    putidaredoxin reductase 
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PdX    putidaredoxin 

QM/MM   quantum mechanics/molecular mechanics 

S. cerevisiae   Saccharomyces cerevisiae  

S. antibioticus  Streptomyces antibioticus 

UDCA    ursodeoxycholic acid 

WHO    World Health Organization 

 

In addition, the genetic code and the one and three-letter codes for amino acids were 

used as well as SI or SI-derived units. 
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Scope and Outline 

The aims of this thesis were the identification and development of whole-cell 

biocatalysts for the regio- and stereoselective hydroxylation of steroids, including 

hormones and bile acids by P450 monooxygenases. Steroids and their derivatives are 

applied as therapeutic agents. The chemical synthesis of such compounds depends 

on multi-step procedures, in a stereo- and regiospecific manner involving the protection 

and deprotection of functional groups and toxic reagents and intermediates. In this 

thesis, different P450 monooxygenases were investigated as ‘bio-based’ alternatives 

to chemical catalysts for the late-stage functionalization of steroids and bile acids and 

engineered by directed evolution procedures towards desired transformation activities. 

In Article I, the 16α-hydroxylation activity of the bovine CYP17A1 was enhanced by 

protein engineering to improve the transformation of progesterone into 16α-

hydroxyprogesterone in Saccharomyces cerevisiae. Article II follows the same line of 

research and targets the selective synthesis of bile acid derivatives in Escherichia coli 

(E. coli) whole-cells. The P450 monooxygenase CYP107D1 (OleP) from Streptomyces 

antibioticus (S. antibioticus) was identified, which selectively hydroxylates bile acids 

like lithocholic acid (LCA) and deoxycholic acid (DCA) at the 6β-position, yielding 

murideoxycholic acid (MDCA), a gallstone solubilizing agent, and 3α-,6β-,12α-

trihydroxy-5β-cholan-24-oic acid, respectively. The utilization of OleP as catalyst 

resulted in shorter synthesis routes for both compounds and additional in a higher yield 

for MDCA. Building on the results of Article II and the protein engineering approach 

from Article I, Article III deals with the switch of regioselectivity of the identified 

CYP107D1 from 6β- to 7β-hydroxylation to form the therapeutic agent ursodeoxycholic 

acid (UDCA) from LCA by direct hydroxylation. Following a rational protein engineering 

strategy, a variant with nearly perfect selectivity for UDCA formation was found. Until 

today, UDCA is either isolated from bile of catheterised farmed bears or produced 

semisynthetically through low-yielding multistep reactions starting from cholic acid 

(CA). Article III presents the first reported enzyme for the direct 7β-hydroxylation of 

LCA to UDCA. 
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Article I  Protein engineering of the progesterone hydroxylating P450- 

  monooxygenase CYP17A1 alters its regioselectivity 

  L. K. Morlock, S. Grobe, K. Balke, S. Mauersberger, D. Böttcher, U. T. 

  Bornscheuer, ChemBioChem. 2018, 19, 1954-1958. 

This article describes the 16α-hydroxylation of progesterone with the bovine CYP17A1. 

On the basis of a homology model, active-site residues were identified and 

systematically mutated to alanine. In whole-cell biotransformations, the importance of 

the residues N202, R239, G297, and E305 for substrate conversion was confirmed. 

Additionally, the mutations L206A, V366A, and V483A enhanced the formation of the 

16α-hydroxyprogesterone side product up to 40% of total product formation compared 

to the wild-type enzyme with 1.3%. Furthermore, the residue L105 was found not to be 

involved in the 16α-hydroxylation activity, which contradicts a previous study. 

Article II Highly selective bile acid hydroxylation by the multifunctional  

  bacterial monooxygenase CYP107D1 (OleP) 

  S.Grobe, A. Wszołek, H. Brundiek, M. Fekete, U. T. Bornscheuer,  

  Biotechnol. Lett, 2020, 42, 819-824. 

This article describes the regio- and stereoselective hydroxylation of lithocholic acid 

(LCA) using OleP, a cytochrome P450 monooxygenase from the oleandomycin 

biosynthesis pathway of S. antibioticus. In whole-cell biotransformations using E. coli 

as host for OleP together with the reductase system PdR/PdX from Pseudomonas 

putida (P. putida) LCA exclusively hydroxylated in the 6β-position forming MDCA as 

the only product. 

Article III Engineering regioselectivity of a P450 monooxygenase enables 

  the synthesis of ursodeoxycholic acid via 7β-hydroxylation of  

  lithocholic acid 

  S. Grobe, C. P. S. Badenhorst, T. Bayer, E. Hamnevik, S. Wu, C. W. 

  Grathwol, A. Link, S. Koban, H. Brundiek, B. Großjohann, U. T.  

  Bornscheuer, Angew. Chem. Int. Ed., 2021, 60, 753-757; Angew.   

  Chem., 2021,133, 764-768. 

This article describes the protein engineering of the cytochrome P450 monooxygenase 

CYP107D1 (OleP) from S. antibioticus for the stereo- and regioselective 7β-
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hydroxylation of LCA to produce UDCA. OleP was previously shown to hydroxylate 

testosterone at the 7β-position but LCA is exclusively hydroxylated at the 6β-position, 

forming MDCA. Structural analysis, 3DM analysis, and molecular docking were used 

to identify the amino acid residues F84, S240, and V291 as specificity-determining 

residues. Alanine scanning identified S240A as a UDCA-producing variant. A synthetic 

'small but smart' library based on these three positions was screened using a 

colorimetric assay for UDCA formation. A nearly perfectly regio- and stereoselective 

triple mutant (F84Q/S240A/V291G) that produces 10-fold higher concentrations of 

UDCA than the S240A variant was identified. This UDCA-producing biocatalyst opens 

up new possibilities for the environmentally friendly synthesis of UDCA from the 

biological waste product LCA. 

 
Patent I Process for 7-beta-hydroxylation of bile acid derivatives 

  S. Grobe, C. P. S. Badenhorst, T. Bayer, E. Hamnevik, H. Brundiek, 

  B. Großjohann, U. T. Bornscheuer Reference number: EP 20183693.9. 

This patent (reference number: EP 20183693.9) claims the selective hydroxylation of 

bile acid derivatives at the 7β-position using P450 monooxygenases in a whole-cell 

system. 
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Introduction 

Biocatalysis 

The term biocatalysis is defined as a chemical process mediated by a biological 

catalyst or enzyme to perform a reaction between organic and/or inorganic 

compounds.[1,2] Further, the use of enzymes is not limited to their original function and 

they are also applied for reactions they had not been evolved for.[3] Since the first 

application of a biocatalytic transformation in 1908 – the synthesis of (R)-mandelonitrile 

from benzaldehyde and hydrogen cyanide by employing a crude plant extract – the 

concept of biocatalysis has been refined.[4] Today, enzymes are routinely used in the 

manufacture of a broad variety of chemical commodities.[3] Biocatalysis became 

relevant for industrial applications in the 20th century, one example is the semi-

synthetic production of penicillin.[5] Other examples for the industrial applications of 

biocatalysis target the synthesis of chiral prodrugs or the separation of racemic 

mixtures by the asymmetric reduction of prochiral ketones to yield chiral secondary 

alcohols.[6,7] Ever more enzymes are being used for the synthesis of fine as well as 

bulk chemicals and are starting to compete with classical chemical approaches. These 

processes apply enzymes from several classes including nitrilases, ketoreductases, 

transaminases[2,3,8], and in a few cases, oxidoreductases like P450 

monooxygenases[6,9], which are the main focus of this thesis. 

The main advantages of using enzymes for catalysis are their inherently high stereo-

and regioselectivity and fast reaction times at ambient temperatures in aqueous 

media.[10,11] 

Furthermore, biocatalysis is in full compliance with the 12 principles of Green 

Chemistry.[12] These 12 principles should be considered ideally before or during the 

chemical process development and should emphasize prevention of waste production 

rather than its remediation.[12] Furthermore, atom efficiency and catalytic reactions are 

desired while less toxic materials, safer solvents, and renewable raw materials in 

generally shorter synthesis pathways are preferred.[13] Biocatalytic processes using 

enzymes or microorganisms perfectly fit these criteria since they mostly use water as 

solvent and chemical protection and deprotection steps are reduced due to the 

excellent selectivities of biocatalysts.[12–14] 
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Figure 1: Overview of a biocatalytic cycle redrawn from Beilen et al.[15] and adjusted after Schmid et al.[7] 
Starting from the identification of the target reaction the ideal catalyst is defined, screened for, 
characterized and engineered. The biocatalyst is applied and the process optimized. 

The development of such a process begins with the definition of the target product. 

Next, identification of an initial set of suitable enzymes or microorganisms as catalysts 

is important. However, first a biocatalytic retrosynthetic approach should be used for 

identification of suitable substrates and reactions.[16] Although this approach can limit 

the chemical space drastically and maybe shorter routes are possible[8], therefore 

expanding the chemical space by using a scaffold as starting point to develop a new 

catalyst for the desired reaction is explored as complementary approach with recent 

successful examples.[17,18,19] In the following steps, several biocatalysts are tested and 

characterized for their activity towards the target reaction and the reaction conditions. 

The most promising candidate undergoes further optimization. First the activity for the 

target reaction is increased. Next, optimization for the process parameters including 

solvent and temperature tolerance, higher substrate loads, and balancing the loss in 



Introduction 

3 
 

activity against stability are targeted. A famous example is the synthesis of sitagliptin 

as done by Codexis.[20] Even a decade later this work is outstanding with its successful 

but complex protein engineering campaign, which adresses a multitude of engineering 

problems. This optimization can be expanded towards the optimization of the process, 

focusing on stability and cofactor recycling.[21] In case of a whole-cell biocatalyst[11,22], 

the engineering of the host cell to supply sufficient cofactors[22,23], reduce the byproduct 

formation from endogenous host enzymes, as well as overcoming mass transport 

barriers[24], and balancing cellular toxicity[25] might be essential for process 

development. 

After the biocatalyst is optimized and the performance is improved, product isolation 

and downstream processing are addressed. Each step in the biocatalytic cycle is 

challenging and contains different sets of problems, which need to be dealt with 

individually and even if these are overcome for small scale reactions, the up-scaling of 

these reactions to liter, pilot plant, or industrial levels can be problematic in terms of 

enzyme performance and costs.[8] 

Biocatalysis has made immense improvements in the last decades and can now 

compete with chemical pathways/catalysts when process parameters like yield, 

selectivity, enantiomeric excess, substrate loading, product titers, or space-time yields, 

and catalyst loading are compared.[6] 

A major contributor to the field of biocatalysis is the continuous identification and 

characterization of novel enzymes from microbial genomes, metagenomic libraries, or 

databases.[26,27] Additionally, protein engineering is widely applied to either improve 

biocatalysts for the process parameters (substrate scope, selectivity, temperature, pH, 

or organic solvent tolerance) and introduce new catalytic activities[28] to both shorten 

synthesis routes and open up new pathways to target compounds.[17] The concepts of 

protein engineering are an essential part of this thesis and will be described in detail in 

the next section. 

Finally, the comparison between both fields (biocatalysis and chemical approaches) 

needs to be made for each case individually and only after a full analysis evaluating 

the E factors[29] as well as a life-cycle assessment as showcased for the synthesis of 

lactones[30], the better process can be determined. 
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Protein Engineering and Library Design 

Protein engineering describes the concept of producing enzyme variants adapted from 

nature to tailor them towards desired process criteria or applications.[31] Furthermore, 

protein engineering includes also variants derived from random sequence libraries[32] 

or de novo design.[33] The design of these variants and the approaches chosen to reach 

the target goal (e.g. enhanced tolerance to pH, organic solvents, or temperature, 

chemoselectivity, change of regio- or stereoselectivity), differ greatly and are directly 

dependent on the amount of accessible information about the engineering target.[34,35] 

This includes information about the enzyme, its class, the structure, the reaction 

mechanism, and the desired substrate and product. 

Rational design requires detailed information like crystal structures or models of the 

target enzyme, as well as information about the reaction mechanism and positioning 

of the substrate in the active site.[36] By combining this information with databases 

(3DM[37], BLAST[38], Cytochrome P450 Engineering Database[39], the cytochrome P450 

homepage[40]), and online tools for the identification of hotspots, tunnels, motifs and 

reactions (FireProt[41], Caver[42], HotSpot Wizard[43], FRESCO[44], Rosetta[45]) or 

quantum mechanics combined with molecular mechanics (QM/MM)[46] calculations the 

predictions made for mutations can be improved and fewer amino acid exchanges are 

necessary to achieve the desired function. 

If less or no information is available, directed evolution can be used. Here, after the 

expression of variants, they are screened using a suitable assay followed by evaluation 

and characterization of the best variants. Regularly, multiple cycles of mutagenesis, 

expression, and (re-) screening are necessary to generate the desired enzyme trait or 

property.[47,48] These two different approaches are often combined by identifying 

hotspots or sites of interest, followed by focused randomization in determined areas or 

domains.[19,34,35,49,50] 

2.1 Rational Design 

Rational design was initially applied to increase the parameters of thermostability and 

solvent tolerance of enzymes, aiming at the increase of the overall process stability.[51] 

Enzymes like proteases, chitinases, and amylases were targeted and successfully 

optimized for thermostability by rigidification, the introduction of salt bridges, and π-π 

stacking interactions.[51,52] With the development of the field of biocatalysis also other 
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enzyme classes were targeted. Since enzymes with their inherently high stereo- and 

regioselectivity are in superior to the average chemical catalyst, engineering this 

selectivity towards the desired reactant attracted the interest of scientists in the last 

decades. Customization of regio- or stereoselectivity in a rational manner ideally uses 

a minimal, defined set of mutants or a compressed library.[48,53] The targeted enzyme 

classes included oxidoreductases – especially CYPs[54] with the prominent member 

originating from Bacillus megaterium (B. megaterium) P450-BM3. The selectivity of 

BM3 has been engineered, among others, towards terpenes.[55] To achieve the change 

in selectivity with a small set of mutations, three main methods were combined: 

sequence alignments, molecular docking, and molecular dynamics simulations. 

Besides these three methods, diverse methods are available to determine selectivity-

influencing residues including, finding promising scaffolds or developing new catalytic 

activities.[27,56,57] These span from sequence-based methods using alignments of 

enzyme families, domains, or functions and their combination in phylogenetic analysis 

to ancestral reconstruction and reconstruction of evolutionary adaptive pathways.[58] It 

can also include the combination of sequence alignments with structural information of 

enzyme classes and families which is – together with literature data – presented in 

commercial 3DM databases[37] and can assist a more focused selection of variants.[59] 

Also tools like CAVER[42], HotSpot Wizard[43], Framework for Rapid Enzyme 

Stabilization by Computational Libraries (FRESCO)[44] and focused rational iterative 

site-specific mutagenesis (FRISM)[60] using crystal structures, molecular docking, 

molecular dynamics simulations as well as QM/MM can be used to uncover selectivity-

influencing residues. The design of enzymes starting from existing proteins lacking 

enzymatic activity was achieved by employing Rosetta[45] and show-cased for a 

stereoselective Diels-Alderase.[61] For the enzyme design from scratch initial attempts 

have been made[62] and one designed enzyme is capable of the hydrolysis of 4-

nitrophenylacetate.[63] 

The computational methods described above focus on certain aspects of the target 

enzyme (stability, selectivity, activity, solubility) for the prediction of mutational 

hotspots. This simplification reduces calculation/simulation times but ignores other 

parameters that influence, for example, the enzyme stability or expressibility.[64] 

Combinations of rational design with combinatorial or evolutionary approaches are 

most promising to overcome these limitations in a so-called semi-rational manner. 

  



Introduction 

6 
 

2.2 Directed Evolution 

Directed evolution describes cycles of mutagenesis, expression, and screening or 

selection to obtain a selective enzyme dedicated to a desired purpose.[28,48,65] For the 

importance of this technique and its broad applicability not only in biocatalysis, Frances 

Arnold was awarded the Nobel Prize for pioneering the field of directed evolution in 

2018.[28] In contrast to rational design, information about the enzyme structure, the 

reaction mechanism, and the substrate orientation are not necessary for engineering. 

Variants are selected based on the screening procedure applied on the mutant library. 

After an initial screening, the identified candidates are verified in a re-screening 

process to control the quality of the underlying screening assay following the general 

principle “You get what you screen for!”[66]. The reasons for hits performing better are 

diverse and can include a higher overall activity or selectivity or a increased expression 

compared to the starting scaffold.[67] When screening using whole-cell systems, an 

improved survival of the host-cell by expression of the target protein could also lead to 

a false positive.[68] If a variant is verified as a hit, it is used as a template for iterative 

cycles of mutagenesis, expression, and selection. If additional information and a broad 

portfolio of methods are accessible, the quality of the designed mutant libraries is easily 

improved and the necessary number of cycles to reach the desired selectivity is 

reduced.[69] 

To construct randomized mutant libraries, methods including error-prone polymerase 

chain reaction (ep-PCR)[70], DNA shuffling[71], or mutator strains like Epicurian coli XL1-

Red[72] are available and can be used depending on the question of interest. 

Furthermore, clustered regularly interspaced short palindromic prepeats (CRISPR) in 

combination with a DNA polymerase can introduce mutations in focused areas of 350 

nucleotides.[73] The bottleneck in directed evolution projects remains the expression 

and screening of variants. Here, several general platform techniques like fluorescence-

activated cell sorting (FACS), automated pipetting systems, and microfluidics are 

accessible, as well as screening assays.[74] Nonetheless, in most cases, screening 

assays need to be developed for the specific problem, which can be time-consuming, 

limits the initial throughput, and might be difficult to realize.[75] One successful example 

for the application of directed evolution to engineer a biocatalyst towards a reaction 

new to nature is the anti-Markovnikov alkene oxidation.[76] Furthermore, directed 

evolution was even used for the generation of a novel biocatalyst from scratch as 
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demonstrated by the Hilvert group and the construction of an enantiospecific 

metalloenzyme for ester cleavage starting from computationally-designed peptides.[77] 

Structural information, for example, about the active site of the enzyme to be 

engineered, decreases the number of residues to randomize by semi-rational protein 

engineering approaches, hence, reducing the screening effort. Here, iterative 

saturation mutagenesis (ISM)[78] and the combinatorial active-site saturation test 

(CAST)[79] are well-established methods to engineer an enzyme towards the desired 

parameter. Activity influencing residues far from the active site are not identified with 

these methods. Therefore, a combination of rational deign, semi-rational design and 

directed evolution is most promising. 

For protein engineering approaches relying on mutant libraries, it is suggested to 

reduce the library size, importantly, without losing potential hit mutants. To tackle this 

problem and as applied in this thesis, the next section introduces different methods to 

design libraries. 

2.3 Library Design 

Library design is an essential step during protein engineering and can influence the 

screening effort dramatically.[80,81] One goal of library design is to eliminate bias. A 

main obstacle when designing a library is the “numbers problem”[82], partly resulting 

from the redundancy of the genetic code in which 64 codons cipher only 20 amino 

acids when an NNN codon is used. Here, an additional amino acid bias is introduced 

as the number of codons for the amino acids is unevenly distributed. Furthermore, by 

using PCR for library amplification, the bias is increased due to imperfect amplification 

during the PCR, a difference in annealing temperatures of primers, and the quality of 

the primers.[48] These effects become more dramatic when multiple positions are 

simultaneously randomized and results in decreasing quality of the designed library. A 

well-established way to limit this redundancy and amino acid bias is to use 

degenerated codons like NNK or NNS resulting in 32 codons for 20 amino acids.[83] 

This approach has been optimized by using several degenerate primers with the “22c-

trick”[80] and has been solved by using 20 codons for 20 amino acids.[84] Online tools 

like MDC-Analyzer[85] or other codon compression algorithms[86] for desired amino acid 

combinations are available to design primers for desired codon combinations. An 

alternative way to circumvent or limit this source of error is to use sets of degenerate 
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codons to incorporate 12 (NDT) amino acids instead of 20. When degenerated codons 

are used, the sets can be adjusted towards the needed characteristics, for example, 

covering only small or hydrophobic amino acids or span sets of amino acids with 

different characteristics.[87] The drawback of this technique is the lower structural 

diversity and the chance to miss potential hits not encoded by the library. 

As bias is omnipresent during library design, amplification, and even during colony 

picking, oversampling by a factor of three is usually applied to reach a higher coverage 

of the library.[88] Although the quality of the library effects this dramatically and even 

higher oversampling factors may be needed to achieve a decent coverage.[80,81] 

To avoid bias originating from PCR, a recent example was published using 

CRISPR/Cas9[89] to introduce mutations. The general technique of CRISPR together 

with Cas9 is most promising for medicinal and synthetic biology applications and 

Jennifer A. Doudna and Emanuelle Charpentier were awarded the Nobel Prize in 2020 

“for the development of a method for genome editing”.[90] 

Another approach to beat the amino acid bias became commercially available due to 

steadily decreasing prices for the synthesis of oligonucleotides, genes[69], and whole 

mutant libraries.[91] By using this approach, it was possible to eliminate the amino acid 

bias resulting in a coverage of 97% after screening three times the theoretical number 

of mutants. For the same library built using PCR, coverage of only 56% could be 

achieved.[91] 

A third method focus on the design of ‘smarter libraries’, which include more hits in a 

smaller amount of clones.[92] This method uses databases like 3DM that combine 

structural information, multiple sequence alignments, and literature data.[37] This 

method has been applied for building ‘small but smart’ libraries focussing on 

transaminases[93] and α/β-hydrolases.[92,94,95] The future of library design and building 

excellent biocatalysts is hopefully found in the combination of these strategies to 

eliminate amino acid bias and the creation of smarter and more focused libraries. For 

this it needs to be taken advantage of the increasing amount of sequenced genes, their 

annotation and implementation into databases like 3DM. The next section will focus on 

the enzyme class of P450 monooxygenases, which is focused in this thesis. 
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P450 Monooxygenases 

There are seven different enzyme classes, divided based on their catalyzed reactions: 

oxidoreductases, transferases, hydrolases, lyases, isomerases, ligases, and since 

2018, also translocases.[96] The enzymes which are the subject of this thesis are P450 

monooxygenases and are part of the class of oxidoreductases. 

3.1 General Properties 

Cytochrome P450 monooxygenases (CYPs) belong to the heme-dependent 

oxygenases. The gene entries in the National Center of Biotechnology Information 

(NCBI) lists up to 110,198 entries for P450s (November 2020).[97] With progress in 

sequencing and automated annotation of genomic data, this number will most likely 

increase dramatically. P450 monooxygenases were first discovered in 1958 as 

pigments that bind carbon monoxide (CO) in microsomes.[98] The name “cytochrome 

P450” was proposed as the pigment showed a distinctive absorbance at 450 nm when 

bound to CO by Omura during the years 1962[99] and 1964.[100] The techniques 

developed by Omura paved the way for the thorough analysis and characterization of 

P450s and other hemoproteins.[101] P450 monooxygenases[102] are present in 

prokaryotes, fungi, mammals, and plants, they even have been found in viruses.[103,104] 

A nomenclature system was established by Nelson[40] and groups CYPs based on their 

amino acid sequences families (40% sequence identity) and sub-families (55% 

sequence identity).[105] 

The classification of P450 monooxygenases was later expanded to account for 

domains and reductase systems which are used for the electron transport from the 

cofactors NAD(P)H to the P450 monooxygenase.[105] The functions assigned to CYPs 

include steroidogenesis, detoxification, and, among others, degradation of nutrients. 

The substrates for CYPs in biosynthetic pathways are fatty acids, steroids, bile acids, 

terpenes, and fat-soluble vitamins but they also act on foreign aromatic compounds, 

solvents, pesticides, and drugs.[106–108] This enzyme class is known for the insertion of 

a single oxygen atom originating from molecular oxygen into a carbon-hydrogen bond, 

while the second oxygen atom is reduced to water.[109] Besides carbon hydroxylation, 

the range of natural reactions mediated by CYPs is diverse and spans from epoxidation 

to dehalogenation and isomerization across more than 22 reaction types.[106,110] In 

general, CYPs add functional groups to a more hydrophobic building block or 
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compound scaffold.[107] The number of reaction types carried out by P450s results from 

a high variability in the primary amino acid sequences. Despite this variability in 

sequence, P450s share a remarkably conserved tertiary structure.[109] Noteworthy, all 

native CYPs have a conserved cysteine residue in the catalytic center to maintain the 

redox potential despite the broad set of reactions described.[111] Using protein 

engineering, the set of reaction types has even been expanded to “new to-nature 

reactions” as pioneered by the Arnold group and the creation of CYP mutants for 

cyclopropanations[17], intermolecular C-H aminations[112] and intermolecular 

alkylation[113] reactions for sp3 hybridized C-H bonds. In contrast to native CYPs, 

engineered CYPs as reported by Arnold[112] have an exchanged cysteine to modulate 

the redox potential.[17] 

Of special interest in this thesis are hydroxylation reactions, inserting a single oxygen 

atom into an unactivated C-H bond. Therefore, a detailed view of the catalytic cycle for 

hydroxylation is given in the next paragraph. 

 

3.2 Catalytic Cycle 

The catalytic cycle begins with the resting state of the heme center in which a water 

molecule is bound to the ferric heme iron (Figure 2). After binding of the substrate and 

the displacement of the water molecule, a shift in the spin state is induced resulting in 

a high-spin ferric penta coordination of the monooxygenase.[114] As a consequence of 

the spin shift, the redox potential is increased, followed by the first of two reduction 

steps.[109] The electrons originate from nicotinamide adenine dinucleotide (NADH) or 

nicotinamide adenine dinucleotide phosphate (NADPH). Electrons are shuttled to the 

active site of the CYP by either of two systems. The first system uses ferredoxins 

(FdX), harboring most commonly an iron-sulfur cluster and additionally need a 

ferredoxin reductase (FdR). The second system uses a one-component cytochrome 

P450 reductases (CPR) containing a flavin adenine dinucleotide (FAD) or flavin 

mononucleotide (FMN) cofactors.[104]  

In the next step, molecular oxygen is bound, forming the dioxygen adduct. This is 

followed by a second reduction resulting in a peroxo intermediate with a negative 

charge on the distal oxygen atom and the other charge delocalized over the cysteine 

ligand (Figure 2).[114] After the protonation, a ferric hydroperoxo species is formed, also 

known as compound 0. A subsequent protonation and the loss of water leads to the 
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formation of the porphyrin π-radical cation species, also known as Compound I.[115] 

This highly reactive species abstracts a hydrogen from the substrate resulting in the 

formation of the substrate radical and Compound II. By rebinding of the radical to 

Compound II the insertion of an oxygen atom into the substrate is completed. Upon 

product release and the binding of water, the heme center resumes to its resting state 

and the catalytic cycle is completed.[114–117] 

 
Figure 2: The catalytic cycle of P450 monooxygenases as redrawn and adjusted from Zhang et al. [114] 
with information from Fessner.[117] The heme is displayed with the porphyrin as plane including an iron 
center. The axial cysteine ligand from the P450 monooxygenase is attached to the heme iron. The 
catalytic cycle starts with the displacement of the water molecule resulting in a high-spin state. Upon 
reducing steps molecular oxygen is bound followed by a second reduction step resulting in the formation 
of the peroxo intermediate. Followed by a first protonation Compound 0 is formed resulting in Compound 
I after a second protonation. This reactive species abstracts a hydrogen from the substrate forming 
Compound II. Upon rebinding of the radical to Compound II the hydroxylated product is formed. Followed 
by product release and binding of water the heme center returns to its resting state. Blue arrows illustrate 
the peroxide shunt pathway and the uncoupling of P450 monooxygenases. 
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Besides this reaction mechanism, a peroxide shunt is possible in which hydrogen 

peroxide is used to form Compound 0. Product formation is therefore independent of 

oxygen or reduction by NAD(P)H. This pathway can be ineffective due to lowered 

affinity for hydrogen peroxide or inactivation of the enzyme.[118] Furthermore, 

uncoupling leads to the decomposition of the reactive Compound 0 and compound I, 

resulting in hydrogen peroxide and water formation, respectively.[119]This catalytic 

cycle is common to all members of the P450 monooxygenase superfamily to generate 

the reactive species for mono-hydroxylations. 

At first glance, this enzyme class holds outstanding potential for the application as 

biocatalysts but there are drawbacks. The complexity within the electron transport and 

electron supply is provided by reductase systems. The catalytic cycle requires reducing 

steps resulting in low or medium total turnover numbers.[6] A further drawback is its 

lower stability compared to hydrolases and other industrially applied enzymes.[6] 

As redox partners are essential for the electron transfer, thus, for the hydroxylation 

reactions, the next paragraph will introduce the diverse set of redox partner classes 

and their cofactors. 
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3.3 Classification Based on Redox Partner Systems 

CYPs are grouped based on their sequence identity, their redox partners, and domain 

architecture into 10 classes. Besides these, some rare cases of the P450 redox partner 

fusion proteins are found, which still can not be assigned in the existing system.[104] An 

overview of the 10 main classes will be given in the next section (Figure 3).  

P450 monooxygenases of class 1 consist of a three-component system with an FAD-

dependent ferredoxin reductase, a iron-sulfur cluster-containing ferredoxin, and the 

P450 monooxygenase. The class can be divided into two subclasses: the prokaryotic 

P450s (1a) and the membrane-bound P450s in eukaryotes (1b). Class 2 is 

characterized as a two-component system attached to the membrane using an FAD 

and FMN-containing CPR. Class 3 is a three-component system using a flavodoxin, a 

FMN-containing protein, to shuttle the electrons and a FAD-containing flavodoxin 

reductase. Therefore, class 3, combines the characteristics of class 1 and class 2. 

Class 4 has so far only been found in extremophiles. Pyruvate is the electron donor for 

a 2-oxoacid-ferredoxin oxidoreductase combined with a thermostable ferredoxin and a 

P450 domain. Only one P450 system is known that belongs to class 5.[104,120] It is 

comprised of a – so far – uncharacterized ferredoxin reductase and a fusion of P450 

and ferredoxin. Class 6 resembles class 5 but contains a flavodoxin fused to the P450 

instead of a ferredoxin. Class 7 is a fusion protein containing a P450 domain and a 

phthalate dioxygenase reductase (PDOR) domain and has only been found in bacteria. 

This contains both FMN and an iron-sulfur cluster for the electron transfer.[104] Class 8 

consists of a fusion protein of the P450 domain and a CPR-like domain. Class 9 

contains nitric oxide reductases, which use NADH as a cofactor and do not need a 

redox partner system. Class 10 P450s are membrane-bound and do not depend on 

redox partner proteins.[104] The diversity of reductase systems and reactions catalyzed 

by P450 systems is astonishing[102], whereas the evolutionary reason for this diversity 

remains a mystery. The remarkable function of CYPs to mono-hydroxylate inert C-H 

bonds, although in combination with complex redox partner systems, has been 

targeted for industrial and academic applications. 
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Figure 3: Domain architecture of the 10 P450 classes as redrawn from Finnigan et al.[104] CYPs are 
displayed in red, CPRs in yellow, FdRs and FlxR in green, FdX in orange, Flx in brown. The list of CYP 
classes includes three component systems with and without membrane association (class 1a and 1b), 
different cofactors and domains (class 3 and 4) but also two component system with and without 
membrane association and different subdomains (class 2,5 and 6). Fusionproteins are found in the CYP 
classes 7 to 10 with diffeent cofactors, domains and membrane association. 
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3.4 Protein Engineering of P450 Monooxygenases 

Although protein engineering of P450 monooxygenases has been in the focus in 

biocatalysis over the last two decades, three frequent obstacles remain for this enzyme 

class.[121] First, P450 monooxygenases accept a broad range of substrates, which are 

not entirely predictable yet.[122] Consequently, it is difficult to find the best P450 

monooxygenase as starting point for protein engineering. Often, systematic 

information about the substrate scopes of individual P450s is missing, especially for 

complex substrates like steroids.[122] The second obstacle is the necessity of a suitable 

redox partner system for the majority of the P450 systems. Without matching redox 

partners, only the shunt pathway is capable to generate initial activity (Figure 2), which 

is only possible for an exclusive fraction of P450s.[114,116] The problem of ineffective or 

no electron transport towards the P450 domain has been adressed by various 

approaches. First, by systematically testing different redox partners systems taking 

advantage of their class associated modularity.[123] As second approach chimeric 

fusion proteins of reductase and P450 domain have been established.[124] Once a 

suitable starting point is found and the electron transfer system is provuded, the third 

and major obstacle lies ahead. This is the identification of potential positions for 

mutagenesis to tailor the CYP towards the desired substrate or reaction type. This can 

be extremely challenging if the target P450 is a generalist with a broad substrate scope 

that is to be engineered towards a specialist forming, for example, only a single regio- 

and/or stereoisomer of the desired product.[49] A few examples in which these 

limitations become visible are described in the next paragraphs dealing with the 

selective hydroxylation of steroids and bile acids, as targeted in this thesis. 

3.4.1 Steroid Hydroxylation using P450 Monooxygenases 

The compound family of steroids includes sterols like cholesterol or ergosterol, bile 

acids, corticoids, vitamin D precursors. Steroids are essential for organisms across the 

animal and plant kingdoms, while bacteria play a role in catabolic steroid 

degradation.[125]  

Besides their many natural functions, steroids and modified steroids can be considered 

as drugs with 25 out of 414 essential medicines containing a steroid scaffold according 

to the World Health Organization (WHO).[126] Over the last century, diverse concepts 

and pathways have been established for the chemical synthesis and modification of 

steroids.[127] Besides academic laboratories, also the industrial research facilities of 
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Merck[128] and Schering[129] successfully contributed to the synthesis of corticoids. One 

example is the synthesis route towards cortisone starting from deoxycholic acid in 37 

steps for initial clinical studies as described by Hirschmann (Merck).[128]  

On the other hand, enzymes have been investigated for the hydroxylation of steroids 

to find new pathways towards steroid derivatives. For example, over 200 bacterial 

P450 monooxygenases were tested for the hydroxylation of testosterone by Agematu 

and co-workers[130], 24 P450s mono-hydroxylated testosterone selectively at the 

positions 2α, 2β, 6β, 7β, 11β, 12β, 15β, and 16α, and position 17 yields the keto-

product.[130] This and other studies highlight the potential of P450 monooxygenases for 

the direct C-H functionalization not only in testosterone but progesterone, 

pregnenolone, nandrolone, dehydroepiandrosterone (DHEA) and 

androstenedione.[131,132] Regarding the selective 16α-hydroxylation of steroids that was 

also addressed in this thesis, CYP154C3[133] and CYP154C5[134] were identified 

previously. 

If the desired direct hydroxylation of the steroid skeleton is not achievable by using a 

natural P450 monooxygenase, protein engineering can be used to generate variants 

with the desired regio- and stereoselectivity. Prominent examples feature the 

engineering of P450-BM3 for the 16α-hydroxylation of progesterone.[135] Other studies 

engineered P450-BM3 for the hydroxylation of steroids at the positions 2β, 6β, 7β, 15β, 

16α, and 16β. Also the formation of di-hydroxylated products was observed, although 

no completely selective yielding product mixtures.[49,81,136] Similar approaches using 

CYP106A2 for the selective 11α-hydroxylation of progesterone resulted in improved 

variants but monohydroxylated sideproducts at positions 15β-, 6β-, and 9α- were 

detected.[137]  

Recently, the 7β-hydroxylation of steroids like testosterone and adrenosterone was 

published using an engineered P450-BM3 variant. Besides the desired 7β product, 

several side products were formed.[138] 

These studies highlight that protein engineering is a valuable tool to generate desired 

initial activities. Furthermore, the used concepts of semi-rational protein engineering 

were successfully applied, although the main goal for the complete control over the 

stereo- and/or regioselectivity has not been achieved for model substrates like 

testosterone using these P450 monooxygenases. 
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3.4.2 Bile Acid Hydroxylation 

Bile acids are steroidal compounds that play roles in solubilization and digestion of 

vitamins.[139] Like many other steroidal compounds, bile acids like CDCA[140], 

MDCA[141,142], and UDCA[143] are important drugs. They have gallstone solubilizing 

properties, and UDCA is also applied for the treatment of liver diseases.[144,145–147] The 

synthesis of bile acids and their derivatives remains difficult until today and requires 

multi-step synthetic routes, toxic reagents or intermediates, and protection and 

deprotection steps.[148,149] A biobased approach has appeal. However low solubility of 

bile acids like LCA in water marks them as challenging substrates compared to steroids 

like testosterone or progesterone.[150] The direct hydroxylation of bile acids holds 

nothing less than enormous potential since products like CDCA or UDCA are directly 

applied as therapeutic agents if substrates like LCA are hydroxylated at position 7. 

Various microoganisms including fungi and certain bacteria have been reported for the 

hydroxylation of steroids[151] and bile acids[152], including hydroxylated products like 

CDCA and UDCA.[153,154] The drawbacks of whole-cell wild-type organism are diverse. 

Besides, complex culture conditions resulting in slow growth and long reaction times, 

the handling of the strains and preserving them in their original function state is a major 

problem. Furthermore, the lack of control over the reaction resulting in side-product 

formation is troubling and complicates downstream processing.[154] A important 

example, also in the context of this thesis, is the production of UDCA using the fungi 

Fusarium equiseti.[155,156] A yield of 35% of UDCA using 350 mg/liter of LCA as 

substrate was achieved in 112 h reaction time.[155] Furthermore, besides UDCA several 

byproducts were formed, which are difficult to separate from the desired UDCA.[155] 

Furthermore, the metabolic pathways and enzymes involved remain engigmatic. 

Since many natural P450 enzymes for desired hydroxylation reactions have not been 

identified, protein engineering has been the powerful tool of choice. The P450 

monooxygenases engineered in this thesis for steroid and bile acid hydroxylation are 

introduced in the next paragraphs. 

3.5 CYP17A1 

The P450 monooxygenase CYP17A1 (or P450c17) is involved in the steroidogenesis 

of humans.[157] CYP17A1 is responsible for the 17α-hydroxylation of progesterone and 

pregnenolone, which are intermediates in the biosynthesis of cortisol.[158] Furthermore, 

CYP17A1 has lyase activity towards the 17α,20-hydroxylated steroids resulting in the 
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formation of androgens.[157] As redox partner system, P450c17 uses an NADPH-

dependent CPR and is, therefore, assigned as class 2 P450 monooxygenase.[159] Due 

to its important physiological role in hormone formation, CYP17A1 is associated with 

metabolic diseases by malfunctioning. Furthermore, degradation problems of the by 

CYP17A1 formed products are associated with prostate cancer.[157] Consequently, 

CYP17A1 is an interesting target for drug development to inhibit either the lyase or 

hydroxylation activity or both.[158] Crystal structures of the human CYP17A1 together 

with bound inhibitors abiraterone and TOK-001 are present in the Protein Data 

Bank[160], as well as related structures of CYP17A1 from zebrafish[161] and its inactive 

mutants.[162] Still, inhibitor design towards CYP17A1 remains difficult for the treatment 

of hormone-responsive cancers.[158] Besides the occurring 17α-hydroxylation product, 

CYP17A1 can also hydroxylate progesterone at the 16α-position, as a minor 

sideproduct.[163] In contrast, to 17α-hydroxyprogesterone, 16α-hydroxyprogesterone 

can not be converted further into androstens and the physiological role of 16α-

hydroxyprogesterone remains enigmatic. A key position identified for the 16α-

hydroxyprogesterone formation is L105 in the human CYP17A1, which was reported 

to reduce the amount of 16α-hydroxyprogesterone and increases the 17α-

hydroxyprogesterone formation, when compared to CYP17A1 from other origins like 

baboon, pig or goat and the mutation L105A was introduced.[163,164] Furthermore, by 

comparison of the human P450c17a with primates R255 was identified as important 

residue for the 17α-hydroxyprogesterone formation. Furthermore, the 16α-

hydroxyprogesterone formation was reduced in species harboring a Leu at position 

105 instead of an Ala.[163,165] However, a systematic study targeting active site residues 

involved in the formation of 16α-hydroxyprogesterone has been missing but would be 

beneficial since the 16α-position is important for pharmaceutically active 

glucocorticoids.[135] To close this gap, P450-BM3 has been successfully 

engineered.[135] This involved MD simulations, ISM, mutability landscaping with 

reduced amino acid alphabets, and the screening more than 1,000 mutants.[135] A 

complementary approach, was pursued in this thesis, based on the systematic 

collection of data to identify the residues responsible for the 16α-hydroxylation in 

CYP17A1. 
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3.6 CYP107D1 

The P450 monooxygenase CYP107D1 (OleP) was described for an epoxidation of a 

non-activated C-C bond[166–168] in the oleandomycin biosynthesis pathway of 

S. antibioticus.[169,170] Recently, OleP was also reported to convert non-natural 

macrolactones.[167,171] It is hypothesized that OleP's natural function is to accept 

macrolactones and mono-glycosylated derivatives as substrates to open up two 

parallel pathways towards the antibiotic oleandomycin.[167,170] During a study of 

bacterial P450 monooxygenases, OleP was found, to unselectively hydroxylate 

testosterone at the positions 6β, 7β, 12β, and 15β when coexpressed with the redox 

partner system PdR/PdX from P. putida, classifying OleP as a class 1 

P450 monooxygenase.[130]  

For CYP107D1, several crystal structures are available with different substrate analogs 

and the inhibitor clotrimazole bound in the active site.[166–168] Based on these 

structures, residues responsible for interactions and positioning of the substrate in the 

active site were hypothesized. It is suggested that the I-helix plays a central role with 

its substrate recognition site.[56] Upon binding of the substrate to center-residues of the 

I-helix, a shift in loops and units is induced, followed by a flip of the residue F84 of the 

BC loop, which also interacts with the substrate.[168] It is hypothesized that as a 

consequence of these movements, the active site is compacted, forms a preactivated 

state.[168] The position of the substrate is constrained by interactions of F84 together 

with L179.[168] The active site of this P450 monooxygenase is very hydrophobic and 

substrate positioning is maintained by hydrophobic interactions from the hairpins β4, 

β3.[168] These hairpins contain V291 and parts of the BC loop.[166] Furthermore, water-

mediated interactions from the I helix seem to position the substrates and especially 

S240 as one of the key residues coordinating three water molecules in complex with 

6-deoxyerythronolide B (6DEB).[168] 

This thesis targets the selective hydroxylation of steroids and bile acids with the 

investigation of a pathway towards the formation of UDCA by a 7β-hydroxylation using 

LCA as starting material. Currently, there is no enzyme known for the direct 7β-

hydroxylation of LCA. It was hypothesized that OleP is an interesting starting point for 

the hydroxylation of bile acids with its documented 7β-hydroxylation towards 

testosterone and engineering it towards the desired 7β-hydroxylation of LCA seemed 

possible as crystal structures with several bound molecules were available. 
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Results 

Protein Engineering of the Progesterone Hydroxylating Enzyme 

CYP17A1 to Alter its Regioselectivity (Article I) 

CYP17A1 is involved in the steroidogenesis in mammals[157,172] and catalyzes two key 

reactions. The 17α-hydroxylation of pregnenolone and progesterone provides 

precursors for glucocorticoids like cortisol, whereas the C17-C20 bond cleavage of 

17α-hydroxylated intermediates yields (DHEA) and androstenedione. These are 

precursors for sex hormones like testosterone or estrogen.[163]  

This study focused on the hydroxylation of progesterone by the bovine CYP17A1. We 

aimed for a systematic study targeting the residues in the active site of CYP17A1 to 

broaden the knowledge about selectivity-influencing residues for the main 17α- as well 

as the minor 16α-hydroxylation. For the identification and analysis of residues, a 

homology model of CYP17A1 was built based on existing structures of the human 

CYP17A1.[161,163,173] Promising residues were mutated to alanine and characterized in 

whole-cell biotransformations using the host S. cerevisiae. Exchanging I205, N202, 

R239, G297, E305, and T306 to alanine resulted in partial or complete loss of 

enzymatic activity, which is in line with literature studies.[132,160,163] The role of L105 in 

the formation of 16α-hydroxyprogesterone[164] was not confirmed and contradicts 

results from literature. The L105A mutation did not enhance but abolished the 16α-

hydroxylating activity towards progesterone. L206, V366, and V483 were identified as 

selectivity-influencing residues since alanine variants exhibited the formation of 16α-

hydroxyprogesterone. The highest activity for 16α-hydroxyprogesterone was achieved 

with V366A and V483A, yielding 35-40% of the 16α-hydroxylated product, while L206A 

only yielded 2.6% (Figure 4a). The three generated double mutants increased the ratio 

of the 17α/16α-hydroxylated products but showed reduced activities (1% residual 

activity compared to the wild-type enzyme). By docking of progesterone into the active 

site, it could be indicated that the variant V483A enables a slight shift in substrate 

positioning believed to be beneficial for the 16α-hydroxylation activity (Figure 4b). 
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Figure 4: a) Whole-cell reaction results of CYP17A1 variants (100 µM progesterone) based on HPLC 
analysis given in % and wildtype CYP17A1 set to 100%. 17α-hydroxyprogesterone is shown in dark 
grey, 16α-hydroxyprogesterone in light grey, and 17α,20α-dihydroxyprogesterone in grey. b) 
Superposition of docking results with progesterone in the wildtype enzyme (blue) as well the model of 
V483A (beige). The selectivity-influencing residues L206 and V366 are highlighted and the heme group 
is marked in grey. 

With this systematic study targeting the bovine CYP17A1, the residues influencing the 

formation of 16α-hydroxyprogesterone were determined and the obtained results were 

backed by docking studies. These findings provided further understanding of 

regioselectivity-influencing residues in P450 monooxygenases and might help, 

together with other studies[174], to optimize P450 monooxygenases like CYP154C5 for 

the production of 16α-hydroxyprogesterone[134,175] or engineer regioselectivity towards 

other steroids.[130] 

  



Results 

22 
 

Identification of the P450 Monooxygenase CYP107D1 (OleP) as Bile 

Acid Hydroxylating Enzyme (Article II) 

Bile acids and their derivatives have various indications for pharmaceutical 

applications.[139,150] A frequently prescribed compound is UDCA[143] for its gallstone 

solubilization properties. Besides this activity, UDCA is also applied in the treatment of 

liver diseases.[145–147] Other bile acids like CDCA[140] and MDCA[141,142] also show 

gallstone solubilizing potential. The synthesis of these compounds remains challenging 

as late-stage functionalization of steroids is often preceeded by long synthesis 

pathways involving toxic intermediates or reactants and the need of protection and 

deprotection steps.[148,149]  

The less functionalized bile acids LCA and DCA are precursors in the synthesis for CA, 

CDCA and UDCA and a major sideproduct from meat processes.[176] In this work, the 

P450 monooxygenase CYP107D1 (OleP) was investigated for the hydroxylation of bile 

acids LCA and DCA since OleP was previously described for the unspecific 

hydroxylation of testosterone at the positions 6β, 7β, 12β, and 15β when used together 

with the redox system PdR/PdX from P. putida.[130] 

In whole-cell biotransformations using E. coli C43(DE3) coexpressing OleP and the 

reductase system PdR/PdX, a single product was observed when LCA was fed to the 

cells. After performing the reaction in a preparative scale, the product was isolated. 

NMR-spectroscopy identified it as MDCA. Over 24 h 0.39 mg/mL MDCA were 

produced corresponding to 0.99 mM and a yield of 19.5% (Figure 5). 

The scope of tested substrates was expanded to other bile acids like CA, allolithocholic 

acid, CDCA, hyodeoxycholic acid (HDCA), and UDCA. These bile acids were tested in 

biotransformations employing E. coli C43(DE3) as before. DCA was the only other bile 

acid accepted by OleP and was specifically hydroxylated at the 6β-position, resulting 

in the formation of 3α-,6β-,12α-trihydroxy-5β-cholan-24-oic acid as verified by NMR-

spectroscopy. A preparative scale reaction yielded up to 35%. A reason for the higher 

yield of the 6β-hydroxylated DCA is the increased solubility compared to LCA based 

on the 12α-hydroxyl group.[177] 
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Figure 5:Whole cell biotransformation of 5.31 mM LCA using E. coli C43(DE3) coexpressing OleP and 
PdR/PdX. The percentage of LCA converted to MDCA at each time point is plotted as mean with 
standard deviation (n=3). 

In summary, the two bile acids LCA and DCA were hydroxylated by OleP specifically 

at the 6β-position, yielding 19.5% and 35% of the value added pharmaceutically 

relevant MDCA and 3α-,6β-,12α-trihydroxy-5β-cholan-24-oic acid, respectively. 

Noteworthy, the formation of MDCA starting from LCA was only described for 

mammalian CYPs like CYP3A10 in transfected COS cells and microsomal studies, 

which among MDCA also resulted in side-product formation.[178] For the formation of 

the 6β-hydroxylated DCA, the previously described method uses 11 steps with an 

overall yield of 20%.[179] Both examples show that OleP used in an E. coli whole-cell 

system is promising for the selective hydroxylation of bile acids and provides a valuable 

tool for the late-stage functionalization of bile acids and their future applications in 

biotechnology and medicinal chemistry. 
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Engineering Regioselectivity of a P450 Monooxygenase Enables the 

Synthesis of Ursodeoxycholic Acid via 7β-Hydroxylation of Lithocholic 

Acid (Article III) 

Instead of finding and testing other P450 monooxygenases for the 7β-hydroxylation of 

LCA, we decided to engineer the P450 monooxygenase OleP towards the 7β-

hydroxylation activity to form UDCA. Article II was the first report regarding the 

hydroxylation of LCA specifically at the 6β-position. 

UDCA can be prepared either in a semi-synthetic manner starting from CA[180] or 

CDCA[149,181] within 5 steps by chemoenzymatic approaches including a Wolff-Kishner 

reduction with overall yields not exceeding 30%.[148,182] The enzymatic steps focus on 

the epimerization of the hydroxygroup at position 7 with a comination of an alcohol 

dehydrogenase and a ketoreductase.[148,183] Besides the chemoenzymatic process, 

certain fungi have been reported to form UDCA from LCA with yields of up to 

35%.[154,156] The drawback of using such microbial organisms is that invariably[156] 

multiple side products are produced by competing metabolic pathways in the used 

fungi.[154] As there is until today no enzyme reported for the selective 7β-hydroxylation 

of LCA, this new transformation towards UDCA was highly desired and successfully 

achieved in this work by engineering OleP and implementation in an E. coli whole-cell 

system. 

For the regio- and stereoselective hydroxylation of LCA, we determined the amino 

acids influencing the positioning of LCA in the active site of OleP. This was done by 

docking LCA into already existing crystal structures[166,168] of OleP with bound inhibitors 

or a substrate analog (Figure 6). The pose of LCA in the active site had to fit two major 

criteria. First, the distance of LCA to the heme iron must not exceed 5 Å. Second, the 

orientation of the 6β hydrogen must point towards the heme, mimicking the binding of 

LCA for the MDCA formation as shown in Article II. Based on the picked docking pose, 

residues in a zone of 5-14 Å of the heme were chosen (Figure 6b). Furthermore, 

residues associated with the determination of specificity as well as residues interacting 

with the natural substrate analog (6DEB) from the literature were also 

selected.[56,166,168,171] This resulted in 24 residues for further investigation (Figure 6b).  
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Figure 6:a) Structure of OleP (PDB ID: 4XE3) with docked LCA (orange). b) Active site residues 
surrounding the docked LCA (orange) with its surface shown in white. The heme cofactor is shown in 
blue with a red iron atom. The residues selected for the alanine scanning are colored white, with the 
selectivity-influencing residues F84, S240, and V291 highlighted in green. 

Similarly to Article I, alanine scanning was used to generate space in the active site to 

allow LCA to shift from the 6β- towards the 7β-hydroxylating position. The generated 

variants were tested with the already in Article II established protocols using E. coli 

C43(DE3) whole-cells, coexpressing the OleP variants together with the reductase 

system PdR/PdX, at 5 mM substrate load. Five variants showed initial activity towards 

UDCA formation (F84A, V93A, L94A, S240A, and V291A), while L179A and S295A 

showed no activity at all and the remaining variants showed wild-type activity (MDCA 

formation). The variants F84A, S240A, and V291A showed mostly UDCA and MDCA 

formation and were promising compared to V93A and L94A, which produced multiple 

unidentified products.  

F84 is part of a loop region and associated with substrate recognition.[168] S240 is found 

in the I-helix and coordinates together with other residues, the hydrogen-bond network, 

which connects OleP with the substrate. V291 is part of a hydrophobic bulge and 

coordinates the substrate by van der Waals interactions.[168] We hypothesized that by 

manipulation of the water network and using hydrophobic interactions, which have a 

significant effect on the positioning of the substrate in the active site, the 7β-

hydroxylation activity of LCA towards UDCA formation could be enhanced. 

With a commercial 3DM[37] database for P450 monooxygenases, the most frequently 

naturally occurring amino acids at each of the five positions giving initial UDCA 

formation activity (F84A, V93A, L94A, S240A, and V291A) were mutated to the four 
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most prevalent amino acids. This constraint diversification aimed at avoiding 

evolutionary unfavored amino acids at these positions, which might result in inactive 

variants. The UDCA formation was tested in whole-cell biotransformations as before. 

Products were evaluated by HPLC as in Article II. Substitutions of the amino acids F84, 

S240, and V291 resulted in increased UDCA formation. Consequently, we designed a 

“small but smart” 3DM library[92,94,95] with a focus on the residues F84, S240, and V291. 

Position F84 was fully saturated because this residue was not part of the 3DM core 

alignment; S240 was mutated to 14 residues (A, D, E, F, G, H, I, L, M, N, Q, S, T, and 

V), whereas V291 was mutated to 16 residues (A, D, E, F, G, I, L, M, N, P, Q, R, S, T, 

V, and W). This resulted in a library with 4,480 unique variants. To eliminate bias, a 

high-quality synthetic DNA library was produced by Twist Bioscience.[91,184] The library 

was cloned into the pET-28a vector and co-transformed into E. coli C43(DE3) with the 

redox partner system pACYCDuet-1-PdR/PdX. Only the desired codons were found 

when sequencing a random sample. The cultivations and biotransformations were 

done in 24 deep-well plates and the product detection initially depended on HPLC 

analytics. 

Screening towards a regio- and stereoselective hydroxylation of steroids has been 

done mostly by chromatographic methods and only a few exceptions are known.[75,185] 

To shorten the analysis time per sample and increase screening throughput, a 

colorimetric UDCA assay was developed. This assay employed an NADP+-dependent 

7β-hydroxysteroid dehydrogenase (7β-HSDH)[186] from Collinsella aerofaciens, which 

converts UDCA to 7-ketolithocholic acid. In the process, NADP+ is converted to 

NADPH, which reduces the tetrazolium salt WST-1 to a water-soluble formazan 

dye.[187] Using this colorimetric assay in 96-well format, the throughput was significantly 

increased by screening 600 variants per round. 

The most active variant from the initial alanine scanning S240A was used as a positive 

control during the screening of the library. After screening a set of 3,400 clones, S240A 

was again identified as a hit. Overall 34 clones with up to 18-fold higher absorbance 

compared to S240A were identified (Figure 7). 32 of these 34 hits were confirmed to 

produce UDCA as verified by HPLC measurements in comparison to a commercial 

standard of UDCA. 
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Figure 7: Screening results of the colorimetric UDCA assay. OleP variants with up to 18-fold increased 
absorbance compared to the positive control OleP S240A were found. OleP S240A was the 35th best 
variant found in the screening setup by the colorimetric UDCA assay and is highlighted with a red bar. 
The level of absorbance of S240A is shown with a red line. 

A correlation between the colorimetric UDCA assay signal and the number of formed 

side products was observed. With increasing signal in the 7β-HSDH assay, fewer side 

products were found, as confirmed by HPLC. The variants with the highest colorimetric 

signals produced mostly MDCA and UDCA in different ratios, varying from 25.9% 

UDCA formation (F84Q/S240A), through 31.9% UDCA formation 

(F84C/S240A/V291A), up to 72.8% UDCA formation (F84Q/S240A/V291D). The 

variant F84Q/S240A/V291D is remarkable, taking into account that the OleP wild-type 

exclusively produces MDCA and S240A forms only 8.2% UDCA. Importantly, none of 

these created variants showed the formation of CDCA, the 7α-hydroxylated product, 

demonstrating perfect stereoselectivity. 

By sequencing the variants confirmed by HPLC to produce UDCA, a clear amino acid 

preference at each of the positions (F84, S240, and V291) was observed (Figure 8). 

Here, F84 was frequently exchanged to Q (44%) or T (19%), while for S240 a clear 

preference for A (87%) was found. For V291, the most common exchanges were 

G (34%), A (14%), and E (14%). 
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Figure 8: Amino acid distribution at the residues F84, S240, and V291 of HPLC confirmed variants for 
UDCA production. 

The introduction of a polar, flexible residue like Q or T at the position F84 could 

enhance the flexibility of the BC-loop, which is involved in the substrate recognition 

and stabilization of the substrate in the active site. As S240 is on one hand a key 

residue for the water network in the active site and on the other hand associated with 

the water-mediated coordination of the substrate, we hypothesized that by introducing 

a small and nonpolar residue like alanine, the water network would be reshaped, 

favoring the 7β-hydroxylation of LCA. This concept is in line with recent results from 

literature for a testosterone-hydroxylating variant of P450-BM3.[138] The change from 

V291, which is part of a hydrophobic cleft, to glycine could be beneficial by the 

generation of space in the active site for the repositioning of the bile acid for the 7β-

hydroxylation. 

For further insight into the contributions of each position to the 7β-hydroxylation activity 

and to find the most selective variant, a set of 37 single, double, and triple variants of 

F84, S240, and V291 was created. These variants were selected based on the 

observed UDCA:MDCA ratios and the sequencing results (Figure 8) from UDCA 

forming variants. The analysis was done using the 7β-HSDH assay and HPLC 

methods. Numerous single, double, and triple variants were able to produce UDCA 

(Figure 9), although with varying selectivity towards UDCA formation. Starting from the 

S240A variant, which produced mostly MDCA with a selectivity towards UDCA of 8.2%, 

variants which produced UDCA and MDCA in equal amounts (F84C/S240A/V291G or 

F84Q/S240A/V291A) and more selective variants like F84Q/S240A/V291D, with a 

selectivity of 72.8%, were identified. However, the best variant F84Q/S240A/V291G, 

which produced 67 µM of UDCA exhibited outstanding selectivity and MDCA was 

formed as the sole side-product only in trace amounts. This variant combines the most 

frequently occurring residues identified from sequencing the UDCA producing variants 
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(Figure 8). The reaction with OleP F84Q/S240A/V291G was scaled to 500 mL and the 

isolated product was verified by NMR-spectroscopy as UDCA. Traces of side-product 

could be identified as MDCA as expected.  

 
Figure 9: UDCA-producing variants with increased selectivity. OleP variants, which show increased 
selectivity (blue) towards UDCA and UDCA formation (red). Quantification took place by HPLC with 
three replicate reactions. 

In summary, the P450 monooxygenase OleP was engineered for the regio- and 

stereoselective 7β-hydroxylation of LCA, a waste product, to form UDCA. Starting from 

an enzyme with no initial activity for the formation of the target compound, we created 

a variant, which produced mainly UDCA, with only traces of MDCA formed. This was 

possible by combining the in silico identification of specificity-determining residues with 

a “small but smart” library together with a high-throughput colorimetric UDCA assay. 

The near-complete inversion of regioselectivity from 6β- to 7β-hydroxylation opens up 

a novel pathway towards the synthesis of the therapeutic agent UDCA, demonstrating 

that protein engineering can be used to develop biocatalysts for which no naturally 

occurring counterpart has yet been identified. 

 



Conclusions and outlook 

30 
 

Conclusions and outlook 

The synthesis of steroids and their derivatives, which are applied as therapeutic agents 

is up to today a challenging problem for academia and industry. Although different 

chemical, chemoenzymatic, and biocatalytic routes exist towards target compounds 

like the gallstone solubilization agent UDCA, these routes require multiple reaction 

steps, are often low-yielding, or include toxic intermediates as in the case of the Wolff-

Kishner reduction using reactants like hydrazine. In this work, P450 monooxygenases 

were tested and engineered for the direct late-stage functionalization of steroids and 

bile acids. In combination with an E. coli or S. cerevisiae whole-cell system, these 

natural and engineered P450 monooxygenases bypass problems of toxic reactants 

and long synthetic routes. The constructed whole-cell biocatalysts in this work give 

direct access to 16α-hydroxylated, 6β-hydroxylated, and 7β-hydroxylated products, 

overcoming synthetic limitations while deepening the knowledge of P450 

monooxygenases and living up to the principles of green chemistry.  

CYP17A1 is a key enzyme in the steroidogenesis of mammals and takes part in the 

formation of glucosteroid and androgen precursors. In Article I, the bovine P450 

monooxygenase CYP17A1 was engineered. Based on a homology model, active-site 

residues were identified and mutated to alanine. In whole-cell biotransformations, the 

importance of the residues R239, G297, and E305 for substrate conversion was 

verified. An existing study was contradicted for the influence of residue L105 on the 

formation of the desired 16α-hydroxyprogesterone. Production of the 16α-

hydroxyprogesterone was enhanced up to 40% for the mutants L206A, V366A, and 

V483A, proving that rational design enables a shift in regioselectivities, from 17α- to 

16α-hydroxylation in this case. In Article II, the P450 monooxygenase CYP107D1 

(OleP) was investigated for the regio- and stereoselective hydroxylation of bile acids, 

a before unprecedented route. OleP was shown to exclusively hydroxylate inert bile 

acids of low value (e.g., LCA and DCA) at position 6β to access value-added 

compounds like MDCA. Furthermore, OleP was introduced as a potential target for 

protein engineering towards selective bile acid hydroxylations. This was followed in 

Article III. OleP was engineered towards the regio- and stereoselective 7β‐
hydroxylation of LCA to form UDCA. Structural – together with 3DM – analysis and 

molecular docking were used to identify F84, S240, and V291 as specificity-
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determining residues. A synthetic “small but smart” library based on these positions 

was screened with a novel colorimetric assay specific for UDCA resulting in the 

identification of a nearly perfectly regio- and stereoselective triple variant 

(F84Q/S240A/V291G) for UDCA production. Successful engineering of OleP has 

opened up an environmentally friendly pathway for the production of the therapeutic 

agent UDCA from the biological waste product LCA. 

The presented results not only contribute to a deeper understanding of engineering 

P450 monooxygenases in general and changing regioselectivity in particular, the 

findings in this thesis are also of significant importance for the future development of 

biotechnological processes towards UDCA synthesis and related pharmaceutically 

active compounds. The engineered OleP variant F84Q/S240A/V291G is the first 

enzyme described for the selective 7β-hydroxylation of LCA, yielding UDCA. For this 

reaction, no natural enzyme or enzyme variant is known so far. Future strategies 

towards the development of a biotechnological process will include the testing of 

alternative whole-cell biocatalysts like yeasts and the optimization of fermentation and 

batch processes targeting mass transfer rates, for example. 
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Protein Engineering of the Progesterone Hydroxylating
P450-Monooxygenase CYP17A1 Alters Its Regioselectivity

Lisa K. Morlock,[a] Sascha Grobe,[a] Kathleen Balke,[a] Stephan Mauersberger,[b]

Dominique Bçttcher,[a] and Uwe T. Bornscheuer*[a]

The CYP171 enzyme is known to catalyse a key step in the

steroidogenesis of mammals. The substrates progesterone and

pregnenolone are first hydroxylated at the C17 position, and

this is followed by cleavage of the C17@C20 bond to yield

important precursors for glucosteroids and androgens. In this

study, we focused on the reaction of the bovine CYP17A1

enzyme with progesterone as a substrate. On the basis of a

created homology model, active-site residues were identified

and systematically mutated to alanine. In whole-cell biotrans-

formations, the importance of the N202, R239, G297 and E305

residues for substrate conversion was confirmed. Additionally,

mutation of the L206, V366 and V483 residues enhanced the

formation of the 16a-hydroxyprogesterone side product up to

40% of the total product formation. Furthermore, residue L105

was found not to be involved in this side activity, which con-

tradicts a previous study with the human enzyme.

Cytochrome P450 monooxygenases are a large and diverse

group of enzymes found in many different species.[1] In gener-

al, they catalyse the insertion of one oxygen atom into an

organic substrate. They hydroxylate, dealkylate and epoxidise

their substrates regio- and stereoselectively at nonactivated

carbon atoms.[2–5] P450 enzymes play important roles in the

metabolism of steroids, prostaglandins, fatty acids and eicosa-

noids.[6, 7] CYP17A1 in particular catalyses a key reaction in the

steroidogenesis of mammals and is mainly expressed in adre-

nals and gonads and in smaller concentrations in the brain,

placenta and heart.[8, 9] The enzyme is known to catalyse the

17a-hydroxylation of pregnenolone and progesterone. In the

next step, the enzyme catalyses C17@C20 bond cleavage to

yield dehydroepiandrosterone (DHEA) and androstenedione

(Scheme S1 in the Supporting Information).[10,11] Both activities

provide precursors for different pathways. The 17a-hydroxyl-

ation leads to precursors for glucocorticoids such as cortisol,

which regulate immune responses, whereas the C17@C20

bond-cleavage reaction products lead to the formation of

androgens such as testosterone, which can also be further

converted into estrogens in females.[12,13]

In this study, the general activity of the bovine CYP17A1 was

investigated by performing whole-cell biocatalysis with Saccha-

romyces cerevisiae as a host organism and the YEp5117a

construct, described by Shkumatov et al.[14] For the wild type,

95.6% conversion of the substrate was reached after 24 h with

100 mm progesterone (Figure S1). Progesterone was converted

into 17a-hydroxyprogesterone and 17a,20a-dihydroxyproges-

terone. The formation of the second product was described

previously by Szczebara et al.[15] As it is not a natural product

of the investigated enzyme, they searched analogue enzymes

to mammalian 20a-hydroxysteroid-dehydrogenase (20a-HSD)

and found two possible candidates in S. cerevisiae : Ypr1p, a

yeast aldo-keto reductase, and Gcy1p, which is also known as

yeast galactose-inducible crystalline-like protein.[14,16–18] Al-

though the second product is formed by a different enzyme,

both steroids need to be analysed and considered upon inves-

tigating the activity of the CYP17A1 enzyme.

Next, a homology model of the bovine enzyme was created

on the basis of the crystal structures of the human CYP17A1

(71% sequence identity compared to bovine CYP17A1; PDB

IDs: 4NKW,[12] 4NKY,[12] and 5IRQ[19]), of Danio rerio CYP17A1

(46% sequence identity; PDB ID: 4R1Z[20]) and of CYP17A2

(43% sequence identity; PDB ID: 4R20[20]) to identify the

active-site residues (Figure S2). Although the sequence identi-

ties are not high, the overall fold of the enzymes is similar.

Additionally, alignment of the amino-acid sequences by using

CLUSTAL Omega was performed, which revealed that the

active-site residues were conserved for the different enzymes

(Figure S3). Therefore, to investigate the general activity and

the importance of the different active-site residues further, an

alanine scanning was performed (Figure 1).

After mutating these residues by site-directed mutagenesis,

whole-cell biocatalysis experiments were performed in S. cere-

visiae with all different mutants. All variants were expressed at

similar levels but at a lower level than the wild type (Table S1).

As expected, different mutations led to different activities.

Some mutations had no influence on the overall activity

(V201A, D298A, V366A and L482A, Figure 1), whereas the var-

iants N202A, I205A, E305A, T306A and I371A showed no or

negligible activity towards progesterone. A possible reason for

the reduced activities of N202A and E305A can be deduced

from the crystal structure of human CYP17A1, in which N202

forms a hydrogen bond with the C3-OH group of progesterone
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and is thought to play an important role in substrate position-

ing.[12] Position E305 was described to be involved in an exten-

sive H-bond network.[21]

Additionally, variant T306A of the human enzyme was de-

scribed,[22] which also showed very low conversion of proges-

terone. This could be confirmed by our experiments, in which

T306A showed only 0.6% substrate conversion. Unfortunately,

uncoupling activity—the formation of hydrogen peroxide—

could not be investigated, as whole cells of yeast needed to

be used.

The variants L206A, R239A and G297A showed lower prod-

uct formation (19.5, 7.2 and 26.3%, respectively, Figure 1) than

the wild type. Interestingly, two of these positions were de-

scribed in the article elucidating the human crystal structure in

complex with the inhibitors abiraterone and TOK-001.[21] The

authors found that the basic end of residue R239 was oriented

towards the C6 atom of TOK-001. Furthermore, they found an

extensive hydrogen-bonding network, formed between N202

and E305, with residue R239 and several water molecules. Also,

residue G297 was found to be involved in this network,

although only the carbonyl backbone of this residue was in-

volved.[21] Substituting residues F114, L105 and G301 with ala-

nine led to a lower extent of decreased activity compared to

the residues discussed above with 71.3, 45.2 and 32.9% of the

wild-type activity, respectively (Figure 2). Of these residues,

only residue L105 has been discussed extensively in the litera-

ture.[10]

In the human enzyme, this position was found to be impor-

tant for the formation of the 16a-hydroxyprogesterone side

product, which is also produced by CYP154C8 from Streptomy-

ces sp. as reported very recently.[23] Swart et al. compared the

CYP17A1 enzymes of different species.[10] The human wild-type

enzyme has an alanine residue at this position and showed up

to 30% side-product formation. In most other species, which

also showed little or no side activity, the authors found a leu-

cine residue at this position. Therefore, the authors focused on

this position, and upon mutating alanine to leucine in the

human enzyme, side-product formation dropped drastically to

an insignificant level, but side-product formation could be

induced by mutating the leucine residue in the enzymes of

other species with alanine. In our study, we found this not to

be the case for the bovine enzyme, which was not part of the

study discussed above. On the contrary, the wild-type enzyme

showed, with 1.3%, very little but measurable 16a-hydroxypro-

gesterone formation, whereas the L105A mutant did not pro-

duce this side product anymore. In our study, we observed the

highest amount of 16a-hydroxyprogesterone formation for the

Figure 1.Whole-cell biocatalysis results of different CYP17A1 mutants in S. cerevisiae GRF18 in the reaction with 100 mm progesterone. The formation of all

products (based on HPLC analysis) is given in %. Wild-type (WT) conversion was set to 100%. 17a-Hydroxyprogesterone is shown in dark grey, 17a,20a-dihy-

droxyprogesterone is shown in grey, and 16a-hydroxyprogesterone is shown in light grey. All samples were measured as triplicates after a biotransformation

time of 24 h.

Figure 2. Superposition of the docking results from the docking experiments

with progesterone and the homology model of the wild-type enzyme (blue)

or the homology model of the V483A variant (beige). Residues L206 and

V366, which were also important for regioselectivity, are also shown. The

heme group is shown in grey. The distances between C16 in the mutant

structure and C17 in the wild-type structure to the heme iron are shown as

dashed lines.
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mutants L206A, V366A and V483A (Figure 2). As mutant L206A

showed very reduced activity (19.5%), the lowest amount of

new-product formation was detected for this variant with

2.6% of its total product formation. Both of the other variants

showed good substrate conversion, and variant V483A was

found to produce most of the newly detected product with up

to 35–40% of total product formation. Therefore, variant

V483A was investigated further by preparative biocatalysis, in

which the entire amount of progesterone was consumed and

the ratio between 17a-hydroxyprogesterone and 16a-hydroxy-

progesterone was 1:0.67 according to HPLC (Figure S4). After

purification of 16a-hydroxyprogesterone from the extracted

reaction mixture by preparative HPLC and evaporation of the

solvent, the final product was isolated in 30% yield.

Additionally, all three possible double mutants were created

and further investigated by whole-cell screenings. All of the

double mutants showed only very little residual activity. Only

with L206A/V483A could the ratio of the 17a/16a products, in

principle, be further enhanced, but it needs to be emphasised

that the residual activity of this double mutant was only 1%

compared to wild type.

To investigate the differences in substrate binding for V483A

and the wild type, progesterone was docked into the homolo-

gy models of the wild-type enzyme and the V483A variant.

Only those docking results that mostly resembled the sub-

strate positioning in the human CYP17A1 crystal structures

(PDB IDs: 4NKW and 4NKX) were superposed (Figure 2). It can

be seen that the substrate position in the V483A docking is

shifted so that the C16 atom of the substrate is closer to the

iron atom of the heme group (4 a) than the C17 atom (4.26 a).

Conversely, in the docking with the wild-type structure, C17 is

closer to the iron atom (3.8 a) than C16 (4.1 a).

Thus, it can be suggested that mutation of V483 to the

smaller alanine residue allows a slightly shifted substrate posi-

tion that leads to promoted 16a-hydroxyprogesterone forma-

tion.

In conclusion, alanine scanning of the CYP17A1 P450 mono-

oxygenase confirmed the importance of the positions I205,

N202, R239, G297, E305 and T306A, as mutating these posi-

tions led to complete or partial loss of enzymatic activity. Inter-

estingly, L105, which is important for this side activity, as sug-

gested by Swart et al. for the human enzyme, could not be

confirmed for bovine enzyme.[10] Contrary, the exact opposite

was observed for the studied enzyme: upon mutating L105

with alanine, no 16a-hydroxyprogesterone formation was de-

tected, whereas the wild-type enzyme showed little formation

of this product. Most importantly, three positions were identi-

fied that strongly influenced the regioselectivity of the bovine

enzyme leading to the formation of 16a-hydroxyprogesterone,

not described before in the literature. For the bovine enzyme,

positions L206, V366 and V483 were identified to play impor-

tant roles in the formation of 16a-hydroxyprogesterone. The

docking results indicated that the promoted hydroxylation at

C16 by variant V483A might be due to a slightly shifted sub-

strate position made possible by the introduction of a smaller

residue.

Experimental Section

Materials: If not stated otherwise, all chemicals were purchased

from Sigma–Aldrich and were used without further purification.

Oligonucleotides were synthesised by Thermo Fisher Scientific.

Homology model : The homology model of the bovine CYP17A1

enzyme was created by using the homology modelling function of

YASARA.[24] The automatically performed BLAST search of the pro-

gram chose the crystal structures of human CYP17A1 with pregne-

nolone (PDB ID: 4NKW[12]) 17a-hydroxyprogesterone (PDB ID:

4NKY[12]), and the inhibitor orteronel (PDB ID: 5IRQ[19]) bound, as

well as the crystal structures of CYP17A1 (PDB ID: 4R1Z[20]) and

CYP17A2 (PDB ID: 4R20[20]) of zebrafish with the inhibitor abirater-

one bound as templates for this homology model. Finally, the chi-

mera model, consisting of the best evaluated parts of all homology

models, was refined with YASARA and evaluated with MolProbity

(score 1.23).[25]

Bacterial and yeast strains : For whole-cell biocatalysis, the S. cere-

visiae GRF18 (Mata his3-11 his3-15 leu2-3 leu2-112 canR cir+) strain

was used. For plasmid amplification after site-directed mutagene-

sis, Escherichia coli TOP10 cells (Invitrogen) [F@ mcrA D(mrr-

hsdRMS-mcrBC) F80lacZDM15 DlacX74 recA1 araD139 D(ara-

leu)7697 galU galK rpsL(StrR) endA1 nupG] were used.

Plasmid : The used plasmid YEp5117a was described before by

Shkumatov et al.[14] This plasmid bears the cDNA gene encoding

CYP17A1 from the bovine adrenal cortex microsomes. In this high-

copy shuttle vector (YEp51), the gene is under the control of the

strong GAL10-promoter.

Site-directed mutagenesis : This was performed using the Quik-

Change method. The PCR mixture consisted of 10V buffer C (5 mL),

dNTP mixture (0.25 mm each, 1 mL), each primer (forward and re-

verse; 10 mm each, 0.5 mL; Table S2), template DNA (100 ng), DMSO

(0.4 mL), OptiTaq polymerase (0.5 mL, Roboklon); the final volume

was adjusted to 40 mL with deionised water. After initial denatura-

tion at 95 8C for 3 min, five cycles followed with 95 8C denaturation

for 15 s, annealing temperature (Table S2) minus 5 8C for 30 s, fol-

lowed by elongation for 9 min. In each cycle, the annealing tem-

perature was increased by 1 8C. Afterwards, 20 cycles followed with

the same conditions but with a steady annealing temperature.

Then, 18 min of final elongation followed. E. coli TOP10 cells were

transformed by heat-shock transformation with all different ob-

tained plasmids and were grown on agar plates containing ampi-

cillin overnight at 37 8C. The next day, three overnight cultures per

mutant were inoculated, followed by plasmid isolation and se-

quencing. After confirming the correct sequence of each plasmid,

S. cerevisiae GRF18 cells were transformed by heat-shock transfor-

mation and were selected on YNB-His agar plates. After growth

over 3 days at 30 8C, colony PCR was performed to ensure that all

used S. cerevisiae colonies contained the desired plasmid.

Whole-cell biocatalysis : Whole-cell biocatalysis was performed ac-

cording to Shkumatov et al. with slight modifications.[14] For culti-

vation, yeast extract-peptone-dextrose (YPD, 20 mL) medium was

inoculated with a single colony picked from freshly transformed

S. cerevisiae cells plated on selective plates. This preculture was

grown overnight at 30 8C and 180 rpm shaking velocity. Afterwards,

YPD medium (39.5 mL) was inoculated with preculture (5 mL) and

was grown at 30 8C and 180 rpm shaking velocity. After 24 h, the

consumption of glucose was determined with the calorimetric glu-

cose test strips MQuant (Merck Millipore). Next, protein expression

was induced by the addition of a 20% stock solution of d-galac-

tose (w/v in deionised H2O, 5 mL). At the same time, the substrate
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progesterone was added (10 mm stock solution in ethanol, 500 mL).

The cells were grown for another 24 h under the aforementioned

conditions. At the time point of induction (t0) and after 24 h (t24),

samples (2 mL) were taken. To stop the reaction, the cells were

separated from the supernatant by centrifugation for 10 min at

13.300g. The supernatant was collected and, if needed, stored at

@20 8C until further use. Notably, the expression levels for the dif-

ferent mutants were not verified. The optical density was adjusted

at the beginning of the expression and was observed during the

24 h of growth. This revealed that the growth observed was similar

for all variants (data not shown).

Spectral determination of P450 in whole yeast cells :[14, 26] For the

spectral determination samples of the single variants, double var-

iants as well as wild type and empty control were grown in 50 mL

as described above, without the addition of substrate. The cells

were harvested at 3000g for 15 min at 4 8C and were stored at

@20 8C until further use. For spectral determination, the resulting

cell pellets were thawed on ice and resuspended in precooled

100 mm phosphate buffer (5 mL) adjusted to pH 7.5. Further,

100 mm progesterone stock solution in ethanol (10 mL) was added

to increase the endogenous reduction of CYP17A1. The samples

were diluted 1:3 with a 100 mm phosphate buffer adjusted to

pH 7.5, which also contained 15% (v/v) glycerol to keep the cells

more static during the measurement to a total volume of up to

5 mL. The dilution was mixed to ensure sufficient presence of

oxygen and a homogeneous solution. The solution (2 mL) was

transferred into sample and reference cuvettes, and a baseline was

measured in the spectral range of l=400 to 500 nm (Jasco 550-V).

The sample was then perfused with carbon monoxide (60 bubbles

per minute) followed by a spectral measurement every minute for

the next 3–5 min until no change in the spectrum was visible. In a

second measurement, sodium dithionite was added to the sample

and the reference probe followed by perfusion of the sample cuv-

ette with CO (60 bubbles per minute). Here also, a spectrum rang-

ing from l=400 to 500 nm was recorded. Several spectra were

recorded in the next 3–5 min until the highest absorption of the

signal at l=450 nm was verified. The absorption at l=420, 450

and 490 nm was monitored for the tested variants to estimate the

P450 content.

Analytics : All samples were extracted with ethyl acetate (2V2 mL).

After complete evaporation of the first solvent, the samples were

resuspended in methanol (200 mL). The steroid solutions were ana-

lysed as described before with slight modification.[14] Therefore, an

aliquot (10 mL) of each sample was separated by HPLC (Elite LaCh-

rom, Hitachi) by using a Kromasil Si 100/5 mm C18 (125V4 mm, Syn-

trex GbR) column. An isocratic method with acetonitrile/water

(60:40, v/v) as the mobile phase at room temperature and a flow

rate of 1 mLmin@1 was applied. The steroids were detected at l=

240 nm (UV-Det L-2400).

Preparative whole-cell biocatalysis : For this, the whole-cell bioca-

talysis was scaled up to a total volume of 1 L, split in two 5 L Erlen-

meyer flasks. Therefore, YPD medium (450 mL) in each flask was in-

oculated with preculture (50 mL). The cultivation conditions stayed

the same, and only the substrate concentration was increased to a

final concentration of 314.14 mm. This main culture was grown for

72 h. Every 24 h, fresh d-galactose was added. Afterwards, the cells

were harvested by centrifugation, and the supernatant was kept at

@20 8C until further use. Next, the whole supernatant was extract-

ed with ethyl acetate (3V330 mL). The solvent was evaporated

with a rotary evaporator. The residual brown, oily fluid was diluted

with methanol (5 mL) and DMSO (500 mL). For separation of the

steroids on a small LiChrospher 100 RP-18e (5 mm, 250V4 mm,

Merck), the column conditions were optimised to get the best sep-

aration of all the different products. The final conditions were an

isocratic method with acetonitrile/water (40:60) as the mobile

phase at room temperature and a flow rate of 0.8 mLmin@1. These

conditions were then recalculated for the use of a 250V25 mm

column with the same material. The sample (2 mL) was applied

and the flow rate was adjusted to 30 mLmin@1. The different frac-

tions were collected manually in round-bottomed flasks. The isolat-

ed steroid was dried first in a liquid nitrogen rotary evaporator to

evaporate the acetonitrile/water mixture. Residual water was

evaporated in a lyophiliser (Martin Christ Gefriertrocknungsanla-

gen) overnight prior to NMR spectroscopy analysis.

NMR spectroscopy analysis : NMR spectra were recorded with a

Bruker Avance II 300 equipped with a 5 mm PABBO BB-1H/D Z-

GRD Z104275/0398 probe head. For calibration of the 1H and 13C

measurements, tetramethylsilane was used. The purified steroid

was dissolved in CDCl3 and was measured at 300 MHz for 1H (Fig-

ure S6) and 75 MHz for 13C measurements (Figure S7). To assign

protons and carbon atoms, 2D NMR techniques were used.

Molecular docking : All docking experiments were performed with

the refined homology model obtained as described above by

using YASARA. The substrate of the homology model was deleted,

and the simulation cell was defined 10 a around the iron atom of

the heme group. Afterwards, the dockrunensemble macro from

YASARA was used with its standard settings for all docking experi-

ments. The docking results were compared to the substrate posi-

tion in the crystal structures of human CYP17A1 (PDB IDs: 4NKW

and 4NKX). The binding energies for the chosen docking results

were 10.64 kcalmol@1 for docking with the wild-type homology

model and 8.43 kcalmol@1 for docking with the homology model

of the V483A variant.
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Scheme S1. a) Naturally occurring reaction of CYP17A1 in mammalian cells with progesterone as substrate. b) 
Reaction as observed in Saccharomyces cerevisiae expressing the bovine CYP17A1 enzyme with progesterone 
as substrate. 

	

	

	

Figure S1. Whole-cell biocatalysis of 100 µM progesterone with S. cerevisiae harboring the YEp5117α plasmid 
(see Experimental Section). The sample composition is shown in % with progesterone in black squares, 17α-
hydroxyprogesterone in diamonds (dark gray), and 17α,20α-dihydroxyprogesterone in triangles (light gray). All 
samples were measured in triplicates. 

a) Mammalian cell

b) Saccharomyces cerevisiae



	

Figure S2. Display of all amino acids of wild-type bovine CYP17A1 in 4 Å distance to the bound substrate 
progesterone (light gray) as investigated by YASARA. Only the relevant residues are shown as sticks, as well as 
the heme-group (dark gray). The two structures resemble the same molecule but rotated by 180 degrees. 

	
Figure S3: Sequence alignment using CLUSTAL Omega (version 1.2.4) of bovine (CP17A_BOVIN) and human 
(CP17A_HUMAN) CYP17A1, CYP17A1 (B3DH80_DANRE) and CYP17A2 (A7U483_DANRE) from Zebra fish. 
The active-site residues are highlighted in red. 
 



Table S1: Determined amount of CYP17A1 present in 50 mL cell culture, as measured in whole-cell samples.  
CYP17A1	 Concentration	[µg	in	V=50	mL]	

Wild	type	 462,5	

L105A	 70,1	

F114A	 45,5	

V201A	 87,2	

N202A	 50,6	

I205A	 46,6	

L206A	 41,2	

R239A	 58,6	

G297A	 19,4	

D298A	 56,3	

G301A	 58,9	

E305A	 60,6	

T306A	 36,3	

V366A	 32,6	

I371A	 27,2	

L482A	 33,7	

V483A	 53,5	

L105A/V366A	 58,3	

L105A/V483A	 41,8	

V201A	/V366A	 55,8	

	

	

	

Figure S4. HPLC chromatogram of the preparative whole-cell biocatalysis with CYP17A1 V483A after 72 h. The 
16α-hydroxyprogesterone peak can be found at a retention time of 3.880 min and the 17α-20α-
hydroxyprogesterone peak can be found at a retention time of 5.280 min and 17α-hydroxyprogesterone can be 
found at a retention time of 8.683 min. In this method, the Kromasil C18 column was used with a ACN:H2O ration 
of 40:60 as mobile phase and a flowrate of 0.8 mL/min. The used substrate was consumed completely, but would 
have been visible at a retention time of approximately 14 min. 

	  



16α-hydroxyprogesterone (C21H30O3): 

 

Figure S5. Numbering of 16α-hydroxyprogesterone according to IUPAC nomenclature 

 
1H NMR (300 MHz, CDCl3): δ 0.68 (s, 3H), 0.98-1.28 (m, 6H), 1.38-1.87 (m, 11H), 1.98-2.07 (m, 2H) ,2.18 (s, 3H) ,2.25-
2.50 (m, 4H), 2.54 (d, J= 6.5 Hz, 1H), 4.83-4.88 (m, 1H), 5.74 (s, 1H). 
 

 

Figure S6. 1H-NMR of 16α-hydroxyprogesterone. 

13C NMR (75 MHz, CDCl3): δ 14.60 (C-18), 17.48 (C-19), 20.77 (C-11),31.82 (C-7), 31.83 (C-21), 32.81 (C-6), 34.05 (C-
2), 35.26 (C-8), 35.31 (C-15), 35.76 (C-1), 38.69 (C-10), 38.74 (C-12), 44.92 (C-13), 53.63 (C-14), 53.84 (C-9), 72.19 (C-
17), 73.68 (C-16), 124.24 (C-4), 170.65 (C-5), 199.47 (C-3), 208.40 (C-20). 

	



	

Figure S7. 13C-NMR of 16α-hydroxyprogesterone. 

For annotation of the signals 2D NMR techniques were used. These observed signals for 16α-hydroxyprogesterone 
comply with literature data.[1] 
 

Table S2. Oligonucleotides and annealing temperatures for site-directed mutagenesis of CYP17A1. 

Mutation Forward primer Reverse primer Annealing temperature 

L105A GACATCGCGTCAGACAACCAAAAGGG GTCTGACGCGATGTCTAGAGTGGC 60°C 

F114A  CATTGCCGCCGCCGACCATGGTG GTCGGCGGCGGCAATGCCCTTTTG 64°C 

V201A CAAAATGCCAATGATGGCATCCTGGAGG CATCATTGGCATTTTGTATGGCCTTCAGGG 61°C 

N202A CAAAATGTCGCCGATGGCATCCTGGAGG GCCATCGGCGACATTTTGTATGGCCTTC 62°C 

I205A CAATGATGGCGCCCTGGAGGTTCTG CCTCCAGGGCGCCATCATTGACATTTTG 62°C 

L206A GGCATCGCCGAGGTTCTGAGCAAG GAACCTCGGCGATGCCATCATTGAC 61°C 

R239A CAAACGGCCAATGAATTGCTGAATGAAATCC CAATTCATTGGCCGTTTGAACACAACCC 60°C 

G297A CTACTATAGCGGACATCTTCGGGG GATGTCCGCTATAGTAGCGAGCATG 59°C 

D298A CTATAGCGACATCTTCGGGGCTG GATGTCCGCTATAGTAGCGAGCATG 59°C 

G301A CATCTTCGCGGCTGGTGTGGAG CACCAGCCGCGAAGATGTCCC 60°C 

E305A GGTGTGGCGACCACCACGTCTG GGTGGTCGCCACACCAGCCC 62°C 

T306A GTGGAGGCCACCACGTCTGTGATAAAG CGTGGTGGCCTCCACACCAGC 62°C 

V366A CGGCCTGCGGCCCCTACG GTAGGGGCCGCAGGCCGG 62°C 

I371A CTACGCTGGCCCCCCACAAGG GTGGGGGGCCAGCGTAGGGG 62°C 

L482A CCAGTGCCGTCTTGCAGATCAAAC CAAGACGGCACTGGCATGGC 58°C 

V483A CAGTCTCGCCTTGCAGATCAAACC CTGCAAGGCGAGACTGGCATG 58°C 

 
 

Supporting Literature: 

	
[1] a) S. Kille, F. E. Zilly, J. P. Acevedo, M. T. Reetz, Nature Chem. 2011, 3, 738; b) D. Mizrachi, Z. Wang, K. K. Sharma, M. K. 

Gupta, K. Xu, C. R. Dwyer, R. J. Auchus, Biochemistry 2011, 50, 3968; c) D. N. Kirk, H. C. Toms, C. Douglas, K. A. White, K. E. 
Smith, S. Latif, R. W. P. Hubbard, J. Chem. Soc., Perkin Trans. 2 1990, 1567. 
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Abstract

Objective Regio- and stereoselective hydroxylation

of lithocholic acid (LCA) using CYP107D1 (OleP), a

cytochrome P450 monooxygenase from the olean-

domycin synthesis pathway of Streptomyces

antibioticus.

Results Co-expression of CYP107D1 from S. antibi-

oticus and the reductase/ferredoxin system PdR/PdX

from Pseudomonas putida was performed in Escher-

ichia coli whole cells. In vivo hydroxylation of LCA

exclusively yielded the 6b-OH product murideoxy-

cholic acid (MDCA). In resting cells, 19.5% of LCA

was converted to MDCA within 24 h, resulting in a

space time yield of 0.04 mmol L-1 h-1. NMR

spectroscopy confirmed the identity of MDCA as the

sole product.

Conclusions The multifunctional P450 monooxy-

genase CYP107D1 (OleP) can hydroxylate LCA,

forming MDCA as the only product.

Keywords P450 monooxygenase � Bile acids �

Murideoxycholic acid � Lithocholic acid

Introduction

Bile acids and their derivatives are steroidal com-

pounds and play an important biological role in

digestion by the solubilization of vitamins and fatty

acids (Mikov et al. 2006).

Besides their biological function, bile acids have

become an interesting compound class for pharma-

ceutical applications (Hofmann and Hagey 2008).

Especially the hydroxylated derivatives of less valu-

able bile acids, including ursodeoxycholic acid

(UDCA), chenodeoxycholic acid (CDCA), and

murideoxycholic acid (MDCA) are valuable target

molecules.

CDCA (Roda et al. 1982), MDCA (Cohen et al.

1990, 1991) and UDCA (Leuschner et al. 1985) are

valuable pharmaceutical agents, because they can be

used to solubilize gallstones. Therefore, these bile acid

derivatives are applied in treatments of gallstones and

liver disease (Chiang 2017).

Up to today the synthesis of valuable bile acids and

their derivatives is difficult and the efficiency of the

processes is low as reviewed by Tonin and Arends

(Tonin and Arends 2018). This is caused by multistep

chemical or chemoenzymatic routes with toxic

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10529-020-02813-4) con-
tains supplementary material, which is available to authorized
users.

S. Grobe � U. T. Bornscheuer (&)

Department of Biotechnology and Enzyme Catalysis,

Institute of Biochemistry, University of Greifswald,

17489 Greifswald, Germany

e-mail: uwe.bornscheuer@uni-greifswald.de

A. Wszołek � H. Brundiek � M. Fekete

Enzymicals AG, 17487 Greifswald, Germany

123

Biotechnol Lett (2020) 42:819–824

https://doi.org/10.1007/s10529-020-02813-4 (0123456789().,-volV)( 0123456789().,-volV)

http://orcid.org/0000-0003-0685-2696
https://doi.org/10.1007/s10529-020-02813-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s10529-020-02813-4&amp;domain=pdf
https://doi.org/10.1007/s10529-020-02813-4


intermediates, protection and deprotection steps to

control regio- and stereoselectivity of hydroxylations,

and modifications of the steroid nucleus (Eggert et al.

2014).

Cytochrome P450s (CYPs) are capable of hydrox-

ylating otherwise unreactive scaffolds in a regio- and

stereoselective fashion and offer the potential to

shorten reaction routes towards desirable bile acid

derivatives. In the past CYPs have been used to

hydroxylate steroidal compounds, like testosterone, in

a selective fashion, as reviewed by Fessner and others

(Bernhardt 2006; Donova and Egorova 2012; Bern-

hardt and Urlacher 2014; Fessner 2019).

The P450 monooxygenase CYP107D1, also known

as OleP, is part of the oleandomycin synthesis pathway

of Streptomyces antibioticus (Rodriguez et al. 1995;

Shah et al. 2000). In this pathway it selectively

introduces an epoxide functionality in a macrolide

(Montemiglio et al. 2016; Parisi et al. 2018). More

importantly, CYP107D1 has been reported to

unspecifically hydroxylate testosterone (Agematu

2006).

We decided to investigate the ability of CYP107D1

to hydroxylate the bile acids lithocholic acid (LCA)

and deoxycholic acid (DCA) to more valuable

derivatives. We constructed a whole-cell biotransfor-

mation process based on E. coli co-expressing

CYP107D1 and the PdR/PdX reductase system from

Pseudomonas putida. We found that CYP107D1

stereo- and regioselectively hydroxylates LCA and

DCA at the 6b-position. This converted the less

valuable secondary bile acid LCA to themore valuable

MDCA, without the formation of any side products.

The P450 monooxygenase OleP is therefore a promis-

ing enzyme for the production of bile acid derivatives.

Material and methods

Strains, expression vectors, enzymes,

and chemicals

Escherichia coli C43 (DE3), purchased from Lucigen,

was used for expression and whole-cell biotransfor-

mations. The plasmid containing the genes for the

redox partners PdR and PdX were provided by Prof.

Anett Schallmey (University of Braunschweig).

CYP107D1 was purchased from GenScript as codon-

optimized synthetic gene based on the GenBank entry

Q59819 and was subcloned into pET-28a vector. All

chemicals and solvents were purchased from Sigma

Aldrich and used without further purification. LCA

was purchased from ACROS and DCA from Sigma

Aldrich both with a purity of 98% or higher.

Whole-cell biocatalysis

For whole-cell biocatalysis under optimized condi-

tions, an overnight culture of LB media (25 lg mL-1

kanamycin, 25 lg mL-1 chloramphenicol) was inoc-

ulated from a glycerol stock of E. coli C43 (DE3) co-

transformed with the plasmids pET-28a-oleP and

pACYC-pdR/pdX and grown for 16 h at 37 �C. TB

medium (25 lg mL-1 kanamycin, 25 lg mL-1 chlo-

ramphenicol) was inoculated with 0.1% (m/m) of the

overnight culture and grown at 37 �C until an OD600 of

0.7 was reached. Subsequently, the culture was cooled

to 28 �C and supplemented with 0.64 mM d-amino-

laevulinic acid and 0.3 mM FeSO4. Protein expression

was then induced using 0.4 mM IPTG (isopropyl-b-D-

thiogalactopyranoside) and the culture was incubated

for another 20 h at 28 �C. Cells were harvested by

centrifugation (30009g, 45 min, 4 �C) and resus-

pended in resting cell medium (200 mM KH2PO4/

K2HPO4, 20 mM NaCl, 1% (w/v) glucose, 0.4% (w/v)

glycerol, pH 7.4) and adjusted to a cell dry weight of

6.6 g L-1 (Glazyrina et al. 2010). Substrate was added

to a final concentration of 2 mg mL-1 from a 100 mg

mL-1 stock solution in DMSO. Reactions were

incubated at 28 �C with shaking at 160 rpm. Samples

(1 mL) were taken over a period of 24 h and

centrifuged (13,3009g, 5 min) to remove cells. The

supernatants were used for quantification of the bile

acids.

Analytics

Samples (1 mL) were extracted twice with 1 mL ethyl

acetate. The combined organic phases were dried over

anhydrous Na2SO4. After complete evaporation of

ethyl acetate, the residue was dissolved in 200 lL

ethanol. Samples (20 lL) were then analyzed using a

Hitachi LaChrom Elite� HPLC System (Hitachi

High-Technologies, Krefeld, Germany) with a Luna�

Omega 5 lm/100 Å PS C18 column (Phenomenex,

Aschaffenburg, Germany). The mobile phase was

acetonitrile:water (50:50)% (v/v) containing 0.1%

trifluoroacetic acid. An isocratic method (1 mL
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min-1) was employed at room temperature. The bile

acids were detected using a LaChrom Elite L-2490 RI

Detector (Hitachi High-Technologies, Krefeld,

Germany).

Preparative whole-cell biocatalysis

For the preparative whole-cell biocatalysis, cells

corresponding to a dry cell weight of 50 g L-1 were

resuspended in resting cell medium. Bile acids were

added to a final concentration of 1 mg mL-1 (stock

solutions were 10 mg mL-1 bile acid dispersed in

water). After 24 h, the biotransformation mixture was

worked up and the product was isolated via column

chromatography (see details in Supporting informa-

tion). The obtained product was an off-white powder.

NMR spectroscopy

NMR spectra were recorded with a Bruker Avance III

HD 600 spectrometer equipped with an inverse
1H/13C/15N/31P quadruple resonance cryoprobe head

and z-field gradient (Bruker BioSpin GmbH, Rhein-

stetten, Germany). Products were dissolved in deuter-

ated methanol and identification was based on 2D-

NMR techniques.

Results and discussion

Biotransformation of LCA using OleP and PdR/

PdX

Whole cells of E. coli C43 (DE3) co-expressing OleP

(CYP107D1) and PdR/PdX converted LCA (2 mg

mL-1, 5.31 mM) to a single product according to

HPLC analysis. To identify the product, the reaction

was repeated on preparative scale, monitored over

24 h, and products were analyzed by NMR spec-

troscopy (Supplementary Figs. 1, 2, 3 and 7). This

revealed MDCA as the sole product (Fig. 1). Most of

the MDCA product formation is seen within 8–12 h.

Within 24 h, 0.39 mg mL-1 (0.99 mM) MDCA

were produced, resulting in a yield of 19.5% MDCA.

Consequently, the space time yield of MDCA forma-

tion is 0.042 mM h-1.

Previously CYP107D1 was only described for its

involvement in the synthesis of oleandomycin (Mon-

temiglio et al. 2016; Parisi et al. 2018) and forming the

6b-, 17b-, 12b-, and 15b-hydroxylated derivatives of

testosterone (Agematu et al. 2006). To the best of our

knowledge, the selective 6b-hydroxylation of LCA by

CYP107D1 (OleP) had not been described. We were

able to show that MDCA was formed as sole product

by feeding E. coli whole cells with LCA.

The formation of MDCA as one of several products

from LCA is described for mammalian CYPs includ-

ing CYP3A10 in transfected COS cells and several

studies using microsomes (Teixeira and Gill 1991;

Deo and Bandiera 2008, 2009). Compared to

CYP107D1 most of these reactions result in several

hydroxylated species derived from LCA (Zimniak

et al. 1989; Dionne et al. 1994). With a sequence

similarity of only 20%, CYP3A10 and CYP107D1 are

not closely related, which explains the high selectivity

of CYP107D1. Using CYP107D1 with E. coli as

expression host is thus a promising future process for

the selective hydroxylation compared to biotransfor-

mations using CYP3A10.

Expanding the scope towards deoxycholic acid

(DCA)

To further verify if the selective hydroxylation by

CYP107D1 occurs also with other bile acids, DCA

was used as further substrate (for a list of all

investigated substrates see Supporting Information,

Table 1). DCA is also part of the pool of less valuable

secondary bile acids. The structural difference

between LCA and DCA is the additional 12a-hydroxyl

group which changes the hydrophilic-lipophobic bal-

ance of the bile acid leading to an overall higher

hydrophilicity of the compound (Monte et al. 2009).

When DCA was used in a whole cell biotransforma-

tion at 200 mL scale with 200 mg DCA, the single

obtained product was isolated in 35% yield after

column chromatography. Its structure was identified

by NMR spectroscopy to be 3a-, 6b-, 12a-trihydroxy-

5b-cholan-24-oic acid, which is the 6b-hydroxylated

product of deoxycholic acid (Supplementary Figs. 4,

5, 6). The synthesis of 6b-hydroxylated DCA starting

from DCA was previously described in 11 steps with

an overall yield below 20% (Iida et al. 1991). This

further indicates CYP107D1 as beneficial candidate

for future processes compared to multistep chemical

pathways.
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Conclusions

We could show that CYP107D1 is able to selectively

hydroxylate the secondary bile acids LCA and DCA to

the corresponding 6b-OH productsMDCA and 3a, 6b,

12a-trihydroxy-5b-cholan-24-oic acid. The product

formation was followed over 24 h and the products

were confirmed by NMR spectroscopy. We thus

achieved the formation of the valuable compound

MDCA which has gallstone solubilization properties

(Cohen et al. 1990, 1991). The specificity of the

hydroxylation using CYP107D1 provides a valuable

entry point for the late stage modification of secondary

bile acids and holds promise for applications in

biotechnology and medicinal chemistry.
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droxy-5b-cholan-24-oic acid according to the IUPAC nomen-

clature

Supplementary Fig. 5—2D NMR of the purified 3a,6b,12a-

trihydroxy-5b-cholan-24-oic acid.
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Supporting Information 

Work-up of preparative scale biotransformations and isolation of products 

The biotransformation mixture was acidified with concentrated H2SO4 to pH 2. Cells were separated 

from the broth via centrifugation and washed with acetone, then filtered. The aqueous fermentation 

broth was extracted 4x with ethyl acetate. The combined organic fractions were dried over MgSO4 and 

evaporated. The product was isolated from the crude mixture via column chromatography on silica 

gel. Eluent: dichloromethane: acetone: acetic acid 60:30:1. The 6β-hydroxylated bile acids appeared 

as off-white powder. 

 

Product quantification/substrate conversion by HPLC-RI 

The quantification of the observed products was done by HPLC-RI using the by NMR-spectroscopy 

confirmed off white powder resulting from the preparative scale biotransformations of MDCA as well 

as commercially available LCA. Different concentration ranging from 4 mg·mL-1 to 0.1 mg·mL-1 of MDCA 

and LCA were prepared and measured by HPLC-RI. The resulting equation was used to calculate the 

amount of produced MDCA over time. The internal standard was used to evaluate the quality of the 

extraction process. The results of the standard series are displayed in the Supplementary Figures 8 

and 9. 

 

Supplementary Figure 1: Numbering of MDCA according to the IUPAC nomenclature.  

 

3α,6β-dihydroxy-5β-cholan-24-oic acid. [M-]: 391.5; 1H-NMR δ (ppm, MeOD): 0.72 (s, 18-Me), 1.10 (s, 

19-Me), 3.51 (tt, J=4.7, 11Hz, 3-H), 3.69 (H-6); 13C-NMR δ (ppm, MeOD): 12.6 (C-18), 26.16 (C-19), 72.1 

(C-3), 74.04 (C-6) 



 

Supplementary Figure 2: 2D-NMR of the purified MDCA (3α,6β-dihydroxy-5β-cholan-24-oic acid). 

 



 

Supplementary Figure 3: MS verification of MDCA. 



 

Supplementary Figure 4: Numbering of 3α,6β,12α-trihydroxy-5β-cholan-24-oic acid according to the IUPAC 

nomenclature.  

3α,6β,12α-trihydroxy-5b-cholan-24-oic acid. [M-]: 407.4; 1H-NMR δ (ppm, MeOD): 0.74 (s, 18-Me), 

1.09 (s, 19-Me), 3.50 (tt, J=4.7, 11Hz, 3-H), 3.69 (q, J=2.60Hz, H-6), 3.98 (t, J=2.70Hz, H-12); 13C-NMR 

δ (ppm, MeOD): 13.80 (C-18), 26.40 (C-19), 72.83 (C-3), 74.55 (C-6), 74.60 (C-12). 



 

Supplementary Figure 5: 2D NMR of the purified 3α,6β,12α-trihydroxy-5β-cholan-24-oic acid. 



 

Supplementary Figure 6: MS verification of 3α,6β,12α-trihydroxy-5β-cholan-24-oic acid. 
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Supplementary Figure 7: HPLC-RI chromatograms of E. coli C43 (DE3) pET-28a oleP, pACYC pdR/pdX 

(black) and E. coli C43 (DE3) pACYC pdR/pdX (grey) are overlayed.  Peaks marked with numbers 1 

correspond to MDCA, 2 corresponds to the internal standard used CDCA and 3 corresponds to LCA. 

 



 

Supplementary Figure 8: Product quantification of MDCA based on HPLC-RI measurements. 

 

Supplementary Figure 9: Substrate quantification of LCA based on HPLC-RI measurements. 
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Supplementary Table 1: Tested bile acid for conversion using CYP107D1. 

CYP107D1 was tested with the following bile acids as substrate for activity of which only LCA and DCA 

showed conversion.  

No Substrate Systematic name Con-

version 

1 Cholanic acid 5β-cholan-24-oic acid - 

2 Lithocholic acid (LCA) 3α-hydroxy-5β-cholan-24-oic acid + 

3 Allolithocholic acid 3α-hydroxy-5α-cholan-24-oic acid - 

4 Chenodeoxycholic acid (CDCA) 3α,7α-dihydroxy-5β-cholan-24-oic acid - 

5 Deoxycholic acid (DCA) 3α,12α-dihydroxy-5β-cholan-24-oic acid + 

6 Hyodeoxycholic acid (HDCA) 3α,6α-dihydroxy-5β-cholan-24-oic acid - 

7 Ursodeoxycholic acid (UDCA) 3α,7β-dihydroxy-5β-cholan-24-oic acid - 
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Protein Engineering Very Important Paper

Engineering Regioselectivity of a P450 Monooxygenase Enables the
Synthesis of Ursodeoxycholic Acid via 7b-Hydroxylation of Lithocholic
Acid

Sascha Grobe, Christoffel P. S. Badenhorst, Thomas Bayer, Emil Hamnevik, Shuke Wu,

Christoph W. Grathwol, Andreas Link, Sven Koban, Henrike Brundiek, Beatrice Großjohann,

and Uwe T. Bornscheuer*

Abstract: We engineered the cytochrome P450 monooxyge-

nase CYP107D1 (OleP) from Streptomyces antibioticus for

the stereo- and regioselective 7b-hydroxylation of lithocholic

acid (LCA) to yield ursodeoxycholic acid (UDCA). OleP was

previously shown to hydroxylate testosterone at the 7b-position

but LCA is exclusively hydroxylated at the 6b-position,

forming murideoxycholic acid (MDCA). Structural and

3DM analysis, and molecular docking were used to identify

amino acid residues F84, S240, and V291 as specificity-

determining residues. Alanine scanning identified S240A as

a UDCA-producing variant. A synthetic “small but smart”

library based on these positions was screened using a colori-

metric assay for UDCA. We identified a nearly perfectly regio-

and stereoselective triple mutant (F84Q/S240A/V291G) that

produces 10-fold higher levels of UDCA than the S240A

variant. This biocatalyst opens up new possibilities for the

environmentally friendly synthesis of UDCA from the biolog-

ical waste product LCA.

Ursodeoxycholic acid (UDCA) is a valuable bile acid
frequently prescribed for the treatment of cholecystitis as it
can solubilize cholesterol gallstones with fewer side effects
than chenodeoxycholic acid (CDCA).[1] UDCA also has anti-

inflammatory properties[2] and is applied in the therapy of
cystic fibrosis[3] and liver diseases like primary biliary
cholangitis.[4] The major natural source of UDCA is bear
bile,[5] a popular traditional medicine obtained by biliary
catheterization of farmed bears. Alternatively, semi-synthetic
UDCA can be produced from cholic acid (CA)[6] or
CDCA.[7, 8] The synthesis route starting from CA forms
CDCA within 5 steps, including a Wolff–Kishner reduction,
and an epimerization at C7 to produce UDCA (Scheme 1a,
Scheme S1).[9] The yields of this pathway do not exceed 30%.
To overcome these limitations, a shorter synthesis route based
on the biocatalytic epimerization of CDCA to UDCA
(Scheme 1a) has been developed.[7, 10]

LCA is an abundant and inexpensive waste product of
meat production[11] as this bile acid is found in farmed animals
like sheep,[12] cattle,[12] and pigs.[13] Currently, no biotechno-
logical process[14] utilizing LCA originating from these
sources is known, making it a desirable starting material for
the synthesis of UDCA.A fewmicrobial organisms have been
reported to form UDCA from LCA.[15] For example, the
fungus Fusarium equiseti converts LCA to a number of
products, including UDCA at 35% yield.[16]

However, there is currently no enzyme known to selec-
tively hydroxylate LCA at the 7b-position to formUDCA and
its synthesis pathway in microbial organisms, starting from
LCA, remains enigmatic. An enzyme for direct 7b-hydroxyl-
ation would be a valuable tool for direct conversion of LCA to
UDCA without involving the complex metabolism of fungi
that invariably[16] produce multiple undesired side products,[15]

complicating downstream processing.
A major challenge in the enzymatic conversion of LCA to

UDCA is the hydrophobicity and thus, extremely low water
solubility of LCA compared to the more widely used CA or
CDCA.[17]

P450s are heme-containing enzymes capable of stereo-
and regioselective hydroxylation reactions of a wide variety of
substrates, using molecular oxygen as oxidant.[18]

This enzyme class has been intensively investigated due to
its potential for late-stage hydroxylation of industrially
relevant precursor compounds.[19] Protein engineering is
often employed to produce P450 monooxygenases that meet
the requirements of excellent regio- and stereoselectivity for
the desired applications.[20]

The monooxygenase CYP107D1 (OleP), originally de-
scribed for an epoxidation[21, 22] in the oleandomycin biosyn-
thesis pathway,[23] was found to accept 12-membered macro-
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lactone substrates[24] as well. OleP can also hydroxylate
testosterone at the positions 6b, 7b, 12b, and 15b.[25] However,
bile acids like LCA and deoxycholic acid (DCA) are
hydroxylated exclusively at the 6b-position, forming MDCA
(Scheme 1b) and 3a-, 6b-, 12a-trihydroxy-5b-cholan-24-oic
acid, respectively.[26]

To open up a novel reaction pathway towards UDCA, as
no enzyme is known for selective 7b-hydroxylation, and to
avoid using whole cell fungi, wherein the action of multiple
P450s frequently results in side-product formation, we
decided to engineer OleP and create an Escherichia coli

(E. coli)-based whole-cell system for the regio- and stereose-
lective hydroxylation of LCA at the 7b-position to form
UDCA (Scheme 1b).

Initially, we determined which amino acid residues could
influence the positioning of LCA in the OleP active site.
Using crystal structures[21, 22] of OleP with bound inhibitors
and a natural substrate analog, we were able to dock LCA
into the OleP active site in multiple conformations (Figure 1).
In this evaluation process, a docked structure was found
matching three desired criteria. First, LCA had to be
positioned at most 5 � away from the heme iron. Second,
the 6b-hydrogen had to be oriented towards the heme,
mimicking the binding of LCA for MDCA formation. This
resulted in the elimination of perpendicular orientations.
Finally, since the steroid nucleus can flip in the horizontal
orientation, we used the most frequently occurring confor-
mations in our docking experiment (Figure 1a). Based on this
docking pose, residues in a zone of 5–14 � around the heme

were chosen. Important P450
specificity-determining resi-
dues known from litera-
ture[21, 24,27] were also
selected. Finally, residues
interacting with the substrate
analog[24] were also selected.
In total, 24 active site resi-
dues were identified for fur-
ther investigation.

Alanine scanning was
used to generate space in
the active site to allow LCA
to shift from the 6b- towards
7b-hydroxylation orientation
and to investigate the contri-
butions of residues to hy-
droxylation activity.

Of the 24 residues
selected (Figure 1b), four
were already alanine or gly-
cine. The remaining 20 were
exchanged to alanine by site-
directed mutagenesis. The
variants were co-expressed
with the redox partner pro-
teins Putidaredoxin (PdX)
and Putidaredoxin reductase
(PdR), employing a two-plas-
mid system in E. coli C43-

(DE3). Whole-cell biotransformations were performed with
5 mM LCA. HPLC analysis revealed five UDCA-producing
variants (F84A, V93A, L94A, S240A, and V291A). L179A
and S295A produced no product and the remaining variants
produced exclusively MDCA, like wild-type OleP.

The variants F84A, S240A, and V291A were most
promising as they produced mostly MDCA and UDCA,
compared to V93A and L94A, which produced several
unidentified products.

The residue F84 of the BC loop is associated with
substrate recognition.[22] S240 is part of the I-helix and
coordinates parts of the hydrogen-bond network, which
connects OleP with the substrate. V291 is within a b-hairpin
(b3) and part of a hydrophobic bulge facilitating coordination
of the substrate by van der Waals interactions.[22] This
suggested that manipulation of the water network and
taking advantage of the hydrophobic interactions, which
have significant effects in the positioning of the substrate,
could enhance the 7b-hydroxylation of LCA to form UDCA.

A 3DM[28] database of P450 monooxygenases was used to
evaluate the most frequently occurring amino acids at each of
the residues altered in the initial UDCA-forming variants
(F84A, V93A, L94A, S240A, and V291A). Each residue was
mutated to the four most frequently occurring amino acids.
The aim was to diversify these positions without the
introduction of amino acids which are evolutionarily unfa-
vored and likely to result in inactive variants. With these
variants created, UDCA formation and the occurrence of side
products were analyzed by HPLC. Substitutions of F84, S240,

Scheme 1. a) Chemoenzymatic synthesis routes towards UDCA starting from CA or CDCA. b) The desired

7b-hydroxylation of LCA towards UDCA by an engineered OleP variant and wild-type OleP mediated

formation of MDCA, starting from LCA.
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and V291 resulted in increased UDCA production. We then
designed a “small but smart” 3DM library[29] focused on F84,
S240, and V291 (Table S2). The library, containing 4,480
unique variants, was ordered from Twist Bioscience, thereby
eliminating bias, and cloned into the pET-28a vector.[30] E. coli
C43(DE3) was co-transformed with the library and the redox
partner system pACYCDuet-1-pdR/pdX. Sequencing
a random sample revealed only the desired codons. Culti-
vation and whole-cell biotransformations took place in 24
deep-well plates, which allowed us to standardize the process.
Detection of the product initially depended on HPLC
measurements.

Screening of libraries towards desired regio- and stereo-
selective hydroxylation of steroids and bile acids has—with
some exceptions[31]—mostly been done by chromatographic
methods. A colorimetric UDCA assay, employing an
NADP+-dependent 7b-hydroxysteroid dehydrogenase,[32]

allowed us to screen 600 variants per round (Scheme S2).

The S240A variant, which was the most active variant
resulting from the initial alanine scanning, was used as
a positive control during screening (Figure S5). Screening
a set of 3,400 clones actually led to the identification of S240A
as a hit. In total, 34 clones, with up to 18-fold higher
absorbance than that of the S240A variant, were identified
(Figure S5). Of these 34 hits, 32 were confirmed to produce
UDCA by HPLC in comparison to a commercial standard.

We observed a clear correlation between the colorimetric
UDCA assay signals and the number of side products formed.
An increased signal in the 7b-HSDH assay correlated with
fewer side products as confirmed by HPLC (Figure 2). The
variants showing the highest colorimetric signal mostly
produced MDCA and UDCA in different ratios ranging
from 25.9% UDCA formation (F84Q/S240A), through
31.9% UDCA formation (F84C/S240A/V291A), up to
72.8% UDCA formation (F84Q/S240A/V291D) (Table S3).
The specificity of F84Q/S240A/V291D for UDCA formation
was remarkable, considering that wild-type OleP exclusively
produces MDCA and the S240A variant forms only 8.2%
UDCA. None of the UDCA-producing mutants formed the
7a-hydroxylation product (CDCA), demonstrating perfect
stereoselectivity.

We continued by sequencing the HPLC-confirmed
UDCA-producing variants and found very clear amino acid
preferences at each of the randomized positions (Figure S6).
In UDCA-producing variants, F84 was most frequently
mutated to Q (44%) or T (19%). For S240, a clear preference
for A (87%) was observed. For V291, the most common
variants were G (34%), A (14%) and E (14%). By the
introduction of a polar and more flexible amino acid like Q or
T at position F84, the flexibility of the BC-loop is enhanced.
This loop is involved in substrate recognition and stabilization

Figure 1. a) Structure of OleP (PDB ID: 4XE3) with docked LCA.

b) Active site residues surrounding the docked LCA. The heme cofactor

is colored blue and the iron atom in red, LCA is orange with its surface

shown in white. Residues selected for alanine scanning are colored

white and the selectivity influencing residues F84, S240, and V291 are

green.

Figure 2. UDCA-producing variants with increased selectivity. OleP

variants show increasing selectivity towards UDCA (blue) and

increased UDCA formation (red). UDCA was quantified by HPLC of

three replicate reactions.
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of the bile acid. Since S240 is both a key residue establishing
the water network of the active site and associated with the
water-mediated coordination of substrates, we hypothesize
that with the introduction of a nonpolar and small residue, the
water network in the active site is remodeled, favoring the 7b-
hydroxylation. This concept is in line with recent findings
reported for a testosterone hydroxylation using the P450
monooxygenase BM3.[34] As V291 is part of a hydrophobic
cleft, its mutation to glycine could be beneficial for the 7b-
hydroxylation by the generation of space to position the more
dented bile acid in the active site better compared to flat
steroids such as testosterone.

To get further insights into the contribution of each
position and to find the most selective variant, we created
a set of 37 single, double, and triple mutants at residues F84,
S240A, and V291. This selection was based on
UDCA:MDCA ratios of the individual variants and sequenc-
ing of UDCA producing variants (Figure S6 and Table S3).
All newly created variants were analyzed by the colorimetric
assay as well as HPLC. Several single, double, and triple
mutants (Figure 2) were capable of producing UDCA
(Table S3) although the selectivity towards UDCA formation
varied significantly. The most striking variant, F84Q/S240A/
V291G, produced 67 mMof UDCA and exhibited outstanding
selectivity. Only trace amounts of MDCAwere formed as the
sole side-product. Interestingly, this mutant combines the
most frequently occurring residues in UDCA-producing
variants (Figure S6). By scaling the reaction to 500 mL using
OleP F84Q/S240A/V291G, we were able to isolate the
product and confirmed it as UDCA by NMR-spectroscopy
(Figures S11 and S12). The side-product formed only in traces
was confirmed as MDCA (Figure S13 and S14).

We were thus able to engineer OleP, which exclusively
formed MDCA from LCA, towards UDCA production. The
variant F84Q/S240A/V291G showed perfect stereoselectivity
and excellent regioselectivity for the 7b-hydroxylation of
LCA. This discovery opens up new synthesis routes towards
7b-hydroxylated therapeutic agents like UDCA. These results
also expand our knowledge about P450-mediated hydroxyla-
tions.

We successfully engineered the P450 monooxygenase
OleP for the regio- and stereoselective 7b-hydroxylation of
LCA to form UDCA. We started with alanine scanning of
important active site residues identified from literature,
inspection of crystal structures, and molecular docking. The
bioinformatic tool 3DM was then used to design a “small but
smart” synthetic library, which was efficiently screened
employing a high-throughput colorimetric UDCA assay.
Starting from an enzyme which did not even have trace
activity in the formation of the target compound, we were
able to create a variant that produces mainly UDCA, with
only traces of MDCA formed. The near complete inversion of
regioselectivity from 6b- (MDCA formation) to 7b-hydrox-
ylation (UDCA production) demonstrates how protein
engineering can be used to create custom biocatalysts, even
for reactions where no naturally occurring counterpart has yet
been identified.

Acknowledgements

We thank the Technologie-Beratungs-Institut GmbH for
funding of the P450-OH project (grant number: TBI-V-1-
198-VBW-068). We are also grateful to Dr. Henk-Jan Joosten
for useful discussions related to the 3DM database used. T.B.
was supported by the Austrian Science Fund (FWF) through
the Erwin Schrçdinger Fellowship (grant number: J4231-
B21). S.W. was supported by a Humboldt research fellowship.
Open access funding enabled and organized by Projekt
DEAL.

Conflict of interest

S.K. and H.B. are employees of Enzymicals AG and B.G. is an
employee of HERBRAND PharmaChemicals GmbH.

Keywords: 7b-hydroxylation ·

cytochrome P450 monooxygenase · lithocholic acid ·

protein engineering · Ursodeoxycholic acid

[1] U. Leuschner, M. Leuschner, J. Sieratzki, W. Kurtz, K. H�bner,
Dig. Dis. Sci. 1985, 30, 642 – 649.

[2] a) P. Santiago, A. R. Scheinberg, C. Levy, Ther. Adv. Gastroenter.

2018, 11, 1 – 15; b) J.-F. Goossens, C. Bailly, Pharmacol. Ther.

2019, 203, 107396.
[3] K. Cheng, D. Ashby, R. L. Smyth, Cochrane Db. Syst. Rev. 2017,

9, CD000222.
[4] a) A. F. Gulamhusein, G. M. Hirschfield, Nat. Rev. Gastro.

Hepat. 2020, 17, 93 – 110; b) A. Goel, W. R. Kim, Clin. Liv.

Dis. 2018, 22, 563 – 578; c) D. M. H. Chascsa, K. D. Lindor, J.
Gastroenterol. 2020, 55, 261 – 272.

[5] L. R. Hagey, D. L. Crombie, E. Espinosa, M. C. Carey, H. Igimi,
A. F. Hofmann, J. Lipid Res. 1993, 34, 1911 – 1917.

[6] X.-L. He, L.-T. Wang, X.-Z. Gu, J.-X. Xiao, W.-W. Qiu, Steroids
2018, 140, 173 – 178.

[7] M.-M. Zheng, R.-F. Wang, C.-X. Li, J.-H. Xu, Process Biochem.

2015, 50, 598 – 604.
[8] F. Tonin, I. W. C. E. Arends, Beilstein J. Org. Chem. 2018, 14,

470 – 483.
[9] a) A. F. Hofmann, G. Lundgren, O. Theander, J. S. Brimacombe,

M. C. Cook,Acta Chem. Scand. 1963, 17, 173 – 186; b) T. Eggert,
D. Bakonyi, W. Hummel, J. Biotechnol. 2014, 191, 11 – 21.

[10] a) P. P. Giovannini, A. Grandini, D. Perrone, P. Pedrini, G.
Fantin, M. Fogagnolo, Steroids 2008, 73, 1385 – 1390; b) F. Tonin,
L. G. Otten, I. W. C. E. Arends, ChemSusChem 2019, 12, 3192 –
3203.

[11] R. J. Park, Steroids 1981, 38, 383 – 395.
[12] G. M. Sheriha, G. R.Waller, T. Chan, A. D. Tillman,Lipids 1968,

3, 72 – 78.
[13] S.-J. J. Tsai, Y.-S. Zhong, J.-F. Weng, H.-H. Huang, P.-Y. Hsieh, J.

Chromatogr. A 2011, 1218, 524 – 533.
[14] S. Wu, R. Snajdrova, J. Moore, K. Baldenius, U. T. Bornscheuer,

Angew. Chem. Int. Ed. 2020, 59, https://doi.org/10.1002/anie.
202006648; Angew. Chem. 2020, 132, https://doi.org/10.1002/
ange.202006648.

[15] V. V. Kollerov, D. Monti, N. O. Deshcherevskaya, T. G. Lobas-
tova, E. E. Ferrandi, A. Larovere, S. A. Gulevskaya, S. Riva,
M. V. Donova, Steroids 2013, 78, 370 – 378.

[16] S. Kulprecha, T. Ueda, T. Nihira, T. Yoshida, H. Taguchi, Appl.

Environ. Microbiol. 1985, 49, 338 – 344.

Angewandte
ChemieCommunications

756 www.angewandte.org � 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 753 –757



[17] A. F. Hofmann, L. R. Hagey, Cell. Mol. Life Sci. 2008, 65, 2461 –
2483.

[18] V. B. Urlacher, M. Girhard, Trends Biotechnol. 2019, 37, 882 –
897.

[19] a) H. Park, G. Park, W. Jeon, J.-O. Ahn, Y.-H. Yang, K.-Y. Choi,
Biotechnol. Adv. 2020, 40, 107504; b) Y. Wei, E. L. Ang, H.
Zhao, Curr. Opin. Chem. Biol. 2018, 43, 1 – 7.

[20] G. Qu, A. Li, Z. Sun, C. G. Acevedo-Rocha, M. T. Reetz,Angew.

Chem. Int. Ed. 2020, 59, 13204 – 13231; Angew. Chem. 2020, 132,
13304 – 13333.

[21] L. C. Montemiglio, G. Parisi, A. Scaglione, G. Sciara, C. Savino,
B. Vallone, Biochim. Biophys. Acta Gen. Subj. 2016, 1860, 465 –
475.

[22] G. Parisi, L. C. Montemiglio, A. Giuffr�, A. Macone, A.
Scaglione, G. Cerutti, C. Exertier, C. Savino, B. Vallone,
FASEB J. 2019, 33, 1787 – 1800.

[23] a) S. Shah, Q. Xue, L. Tang, J. R. Carney, M. Betlach, R.
McDaniel, J. Antibiot. 2000, 53, 502 – 508; b) C. Olano, A. M.
Rodriguez, J. M. Michel, C. M�ndez, M. C. Raynal, J. A. Salas,
Mol. Gen. Genet. 1998, 259, 299 – 308; c) S. Gaisser, R. Lill, J.
Staunton, C. M�ndez, J. Salas, P. F. Leadlay, Mol. Microbiol.

2002, 44, 771 – 781.
[24] S. K. Lee, D. B. Basnet, J. S. J. Hong,W. S. Jung, C. Y. Choi, H. C.

Lee, J. K. Sohng, K. G. Ryu, D. J. Kim, J. S. Ahn, et al., Adv.

Synth. Catal. 2005, 347, 1369 – 1378.
[25] H. Agematu, N. Matsumoto, Y. Fujii, H. Kabumoto, S. Doi, K.

Machida, J. Ishikawa, A. Arisawa, Biosci. Biotechnol. Biochem.

2006, 70, 307 – 311.
[26] S. Grobe, A. Wszołek, H. Brundiek, M. Fekete, U. T. Bornsche-

uer, Biotechnol. Lett. 2020, 42, 819 – 824.

[27] O. Gotoh, J. Biol. Chem. 1992, 267, 81 – 90.
[28] R. K. Kuipers, H.-J. Joosten, W. J. H. van Berkel, N. G. H.

Leferink, E. Rooijen, E. Ittmann, F. van Zimmeren, H. Jochens,
U. Bornscheuer, G. Vriend, V. A. P. Martins dos Santos, P. J.
Schaap, Proteins Struct. Funct. Bioinf. 2010, 78, 2101 – 2113.

[29] a) H. Jochens, U. T. Bornscheuer, ChemBioChem 2010, 11,
1861 – 1866; b) H. Jochens, M. Hesseler, K. Stiba, S. K. Padhi,
R. J. Kazlauskas, U. T. Bornscheuer, ChemBioChem 2011, 12,
1508 – 1517; c) H. Jochens, D. Aerts, U. T. Bornscheuer, Protein
Eng. Des. Sel. 2010, 23, 903 – 909.

[30] A. Li, C. G. Acevedo-Rocha, Z. Sun, T. Cox, J. L. Xu, M. T.
Reetz, ChemBioChem 2018, 19, 221 – 228.

[31] a) D. Appel, R. D. Schmid, C.-A. Dragan, M. Bureik, V. B.
Urlacher, Anal. Bioanal. Chem. 2005, 383, 182 – 186; b) M.
Lisurek, M.-J. Kang, R. W. Hartmann, R. Bernhardt, Biochem.

Biophys. Res. Commun. 2004, 319, 677 – 682.
[32] L. Liu, A. Aigner, R. D. Schmid, Appl. Microbiol. Biotechnol.

2011, 90, 127 – 135.
[33] F. Gielen, R. Hours, S. Emond, M. Fischlechner, U. Schell, F.

Hollfelder, Proc. Natl. Acad. Sci. USA 2016, 113, E7383 –E7389.
[34] A. Li, C. G. Acevedo-Rocha, L. D’Amore, J. Chen, Y. Peng, M.

Garcia-Borr�s, C. Gao, J. Zhu, H. Rickerby, S. Osuna, J. Zhou,
M. T. Reetz, Angew. Chem. Int. Ed. 2020, 59, 12499 – 12505;
Angew. Chem. 2020, 132, 12599 – 12605.

Manuscript received: September 17, 2020
Accepted manuscript online: October 21, 2020
Version of record online: November 12, 2020

Angewandte
ChemieCommunications

757Angew. Chem. Int. Ed. 2021, 60, 753 –757 � 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org



Supporting Information

Engineering Regioselectivity of a P450 Monooxygenase Enables the
Synthesis of Ursodeoxycholic Acid via 7b-Hydroxylation of Lithocholic
Acid

Sascha Grobe, Christoffel P. S. Badenhorst, Thomas Bayer, Emil Hamnevik, Shuke Wu,

Christoph W. Grathwol, Andreas Link, Sven Koban, Henrike Brundiek, Beatrice Großjohann,

and Uwe T. Bornscheuer*

anie_202012675_sm_miscellaneous_information.pdf



SUPPORTING INFORMATION          

2 

 

Table of Contents 

Experimental procedures ...............................................................................................................................3 

Materials ......................................................................................................................................................3 

Bacterial strains ............................................................................................................................................3 

Plasmids .......................................................................................................................................................3 

Site-directed mutagenesis .............................................................................................................................3 

Library creation .............................................................................................................................................3 

Expression and purification of recombinant Collinsella aerofaciens 7β-HSDH ..................................................4 

UDCA assay using the recombinant Collinsella aerofaciens 7β-HSDH ...............................................................4 

Whole-cell biocatalysis ..................................................................................................................................4 

HPLC .............................................................................................................................................................5 

Determination of the P450 concentration ......................................................................................................5 

Preparative-scale biotransformation ..............................................................................................................5 

NMR spectroscopy and MS analysis ...............................................................................................................5 

Molecular docking .........................................................................................................................................5 

3DM analysis .................................................................................................................................................6 

Additional results ..........................................................................................................................................7 

Calibration curves ....................................................................................................................................... 13 

Sequences ................................................................................................................................................... 15 

Chemoenzymatic synthesis of UDCA ............................................................................................................ 16 

7β HSDH assay ............................................................................................................................................ 17 

NMR spectra ............................................................................................................................................... 18 

References .................................................................................................................................................. 20 

Author contributions ................................................................................................................................... 20 

  



SUPPORTING INFORMATION          

3 

 

Experimental procedures 

Materials 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification. Oligonucleotides were 
purchased from Thermo Fisher Scientific (Hennigsdorf, Germany). 

Bacterial strains 

Escherichia coli C43(DE3), purchased from Lucigen (Middleton, WI, USA), was used for expression and whole-cell biotransformations. 
For plasmid amplification after site-directed mutagenesis, E. coli TOP10 cells purchased from Thermo Fisher Scientific (Hennigsdorf, 
Germany) or NEB5α cells from New England Biolabs (Ipswich, MA, USA) were used. 

Plasmids 

The plasmid for expression of the redox partners PdR and PdX was a gift from Prof. Anett Schallmey (Technical University 
Braunschweig, Braunschweig, Germany). A codon-optimized synthetic gene encoding CYP107D1 (UniProtKB entry: Q59819) was 
purchased from GenScript and subcloned into pET-28a using the NcoI and XhoI restriction sites. A three-domain low-diversity 
combinatorial library of OleP (randomized at F84, S240, and V291) was purchased from Twist Bioscience (San Francisco, CA, USA) 
and cloned into pET-28a using the restriction sites NcoI and XhoI. 

Site-directed mutagenesis 

Site-directed mutagenesis was performed using the QuikChangeTM method. PCRs contained 2.5 µL 10x Pfu+ buffer, 1.25 µL (5%) 
DMSO, 0.25 µM forward and reverse primer (each 1.25 µL), dNTPs (0.25 mM each), 50 ng of template (pET-28a-oleP), 0.4 µL Pfu+ 
polymerase and 17.35 µL ddH2O. After initial denaturation for 30 s at 95 °C, 19 cycles of denaturation at 95 °C for 30 s, annealing at 
63 °C (all primers were designed to anneal at this temperature) for 30 s, and extension at 72 °C for 7 min were followed by a final 
elongation step at 72 °C for 10 min. After DpnI digest, the PCR mixtures (2 µL) were used for heat shock transformation of chemo-
competent E. coli TOP10 or NEB5α cells, which were plated on Luria Bertani broth (LB, Miller) agar containing 25 µg/mL kanamycin 
and incubated at 37 °C overnight. Three colonies for each mutagenesis reaction were picked, cultured in LB supplemented with 
25 µg/mL kanamycin at 37 °C and 220 rpm for 10 h, followed by plasmid isolation (innuPREP Plasmid Mini Kit 2.0, Analytik Jena, Jena, 
Germany) and Sanger sequencing (Eurofins Genomics Germany GmbH, Ebersberg, Germany). Confirmed mutants were co-
transformed with pACYCDuet-1-pdR/pdX into E. coli C43(DE3) for further studies and biotransformations. 

Library creation 

The synthetic oleP library was ordered as codon-optimized gene strings from Twist Bioscience (San Francisco, CA, US). Residue F84 
was fully saturated while S240 (A, D, E, F, G, H, I, L, M, N, Q, S, T, and V) and V291 (A, D, E, F, G, I, L, M, N, P, Q, R, S, T, V, and W) 
were varied to residues naturally occurring at these positions (see 3DM analysis in the Supporting Figures 1-4). The flanking sequence 
prior to the start codon was CCCGTCACCTTTGGCTTATCAGTAGAAGGAGATATACC. After the stop codon, the sequence 
TGACTCGAGCACCACAGTGACATCTGGACGCTAAGACCG was added. The flanking regions included restriction sites for NcoI and 
XhoI. The DNA sequence is given in the Additional results section. The library was cloned into pET-28a using these restriction sites. 
The vector was digested in a reaction containing 1x CutSmart® Buffer (New England Biolabs, Ipswich, MA, USA), 579 ng pET-28a 
(concentration of 57.9 ng/µL), 1 µL XhoI (20000 U/mL), 1 µL NcoI-HF (10000 U/mL), 23 µL ddH2O in a final volume of 25 µL. For the 
digestion of the insert, 5 µL CutSmart buffer were used, 1 µL XhoI (20000 U/mL), 1 µL NcoI-HF (10000 U/mL), 7.5 µL oleP library 
(150 ng), and 35.5 µL ddH2O. The digestion reactions were incubated for 16 h at 37 °C, followed by heat inactivation of restriction 
enzymes at 80 °C for 20 min. The digested vector was separated on a 1% (w/ν) agarose gel and isolated using a gel purification kit 
(NucleoSpin™ Gel and PCR Clean-up Kit, Macherey-Nagel, Düren, Germany). The library was isolated after the double digestion by 
PCR clean up (NucleoSpin™ Gel and PCR Clean-up Kit, Macherey-Nagel, Düren, Germany). 
The ligation of vector and insert was done in a 30 µL reaction containing 10 µL of digested pET-28a vector (100 ng) and 8.8 µL insert 
(75.38 ng), 3 µL of 10x ligase buffer, 1.5 µL T4-ligase, and 6.7 µL ddH2O. The amounts of DNA required for a 1:3 vector to insert ratio 
was calculated using NEBioCalculator. The ligase was heat-inactivated at 70 °C for 15 min and dialyzed against ddH2O. The pET-28a-
oleP library was co-transformed with pACYCDuet-1-pdR/pdX by electroporation into E. coli C43(DE3) using a 1:8 molar ratio[1]. A QPix 
420 Bench-top Colony Picker (Molecular Devices, LLC. San Jose, CA, US) was used to transfer 10,560 clones into 96-well microtiter 
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plates containing 150 µL LB medium per well (supplemented with 25 µg/mL kanamycin and 25 µg/mL chloramphenicol). Cultures were 
grown at 37 °C and 250 rpm for 16 h and glycerol stocks were prepared by adding 150 µL of 60% (v/v) glycerol to each well, resulting 
in a final concentration of glycerol of 30% (v/v). 

Expression and purification of recombinant Collinsella aerofaciens 7β-HSDH 

We initially considered the 7β-hydroxysteroid dehydrogenases (7β-HSDH) from Clostridium absonum and Collinsella aerofaciens. The 
C. absonum enzyme[2] has a high specific activity (89 U/mg) and about 24 mg can be expressed per liter of culture. The C. aerofaciens[3] 

enzyme has a lower specific activity (17 U/mg) but about 300 mg can be expressed per liter of culture. Most importantly, the enzyme 
can be stored at -20 °C for several months, not losing activity after more than 100 freeze-thaw cycles[2,3,4]. 
A synthetic gene encoding the C. aerofaciens 7β-HSDH (GenBank accession number: ZP_01773061.1) was ordered from BioCat 
GmbH (Heidelberg, Germany) and subcloned into pET-28a(+). DNA and protein sequences are provided below in the section 
Sequences. E. coli BL21(DE3) was transformed using approximately 50 ng of the expression vector and plated on LB agar containing 
50 µg/mL kanamycin and 1% (w/ν) glucose. After overnight incubation at 37 °C, single colonies were used to inoculate three 2 L flasks, 
each containing 200 mL of autoinduction medium (terrific broth supplemented with 0.05% glucose, 0.2% lactose, and 100 µg/mL 
kanamycin). Cultures were incubated at 30 °C and 200 rpm for 24 h. The three 200 mL cultures were pooled, and the cells harvested 
by centrifugation at 4500 g and 4 °C for 30 min. Cells were resuspended in 20 mL LEW buffer (300 mM sodium chloride, 50 mM sodium 
phosphate, pH 8.0) and lysed by a single pass through a French press. Crude lysate was clarified by centrifugation at 10000 g and 
4 °C for 1 h. The clarified lysate was applied to a 2 mL column of Protino Ni-TED resin (Macherey-Nagel, Düren, Germany) 
preequilibrated with LEW buffer. After washing the column with 20 mL of LEW buffer, 10 mL of elution buffer (LEW containing 250 mM 
imidazole, pH 8.0) was applied to the column and the eluate was collected in ~1 mL fractions. Fractions containing the most protein 
were identified by measuring absorbance at 280 nm and pooled. An equal volume of 80% (v/v) glycerol was added before storage at -
20 °C. 

UDCA assay using the recombinant Collinsella aerofaciens 7β-HSDH 

The UDCA produced by OleP variants was quantified using a spectrophotometric assay. The NADP+-dependent 7β-hydroxysteroid 
dehydrogenase (7β-HSDH) from C. aerofaciens was used to convert UDCA and NADP+ to 7-ketolithocholic acid and NADPH, 
respectively. NADPH formation was coupled to the reduction of the tetrazolium salt WST-1 using 1-methoxyphenazine methosulfate 
(mPMS). Reduction of WST-1 results in formation of a water-soluble yellow formazan dye (ε455nm = 34,660 M-1cm-1).  
Samples (200 µL) of biotransformations using the OleP variants were transferred to 96-well microtiter plates. Because this crude 
supernatant gives significant background absorbance at 450 nm, all assay components except the 7β-HSDH were added and the 7β-
HSDH-independent absorbance was measured. The 7β-HSDH was then added and a second absorbance measurement was 
performed. To each 200 µL sample, 40 µL of a 5x master mix was added, giving final concentrations of 40 mM Tris-HCl (pH 7.5), 
100 µM NADP+, 10 µM mPMS, and 100 µM WST-1. Plates were gently shaken for 5-10 min before absorbance at 450 nm was 
measured using a Varioskan™ LUX plate reader (Thermo Fisher Scientific, Hennigsdorf, Germany). Next, 10 µL (25 µg) of 7β-HSDH 
(2.5 mg/mL in 40% v/v glycerol) was added. Plates were gently shaken for about 10 min before absorbance at 450 nm was measured 
again. A 7β-HSDH-dependent increase in absorbance between the two measurements reflected the presence of UDCA in the sample. 
To allow UDCA quantification, a standard curve was set up. A series of UDCA concentrations (0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 
and 100 µM) was prepared in control biotransformation supernatant harboring only the reductase system PdR/PdX on a pACYCDuet-
1 vector, closely mimicking the screening conditions. The 40 µL assay master mix was added and plate was shaken for about 5 min 
before the first absorbance measurement was taken. The 7β-HSDH was then added and the plate gently shaken for about 10 min 
before taking the second absorbance measurement. The difference in absorbance (450 nm) was calculated and plotted against UDCA 
concentration. A linear relationship (R2 = 0.99) between absorbance at 450 nm and UDCA concentration was observed, with a detection 
limit of 6 µM (Supplementary Figure 10). This method allowed accurate quantification of UDCA formation. 
The 7β-HSDH from Collinsella aerofaciens, like that from Clostridium absonum, is highly selective for oxidation of 7β-OH groups and 
has no measurable activity towards 3α-, 7α-, or 12α-OH groups[4,5]. Therefore, it can be used for the selective quantification of 
ursodeoxycholic acid in samples like human and bear bile, which contain complex mixtures of bile acids [4]. 

Whole-cell biocatalysis 

The whole-cell biocatalysis was performed as described before[6]. Starter cultures were prepared by inoculating 96-well microtiter plates 
containing 240 µL LB (Miller) medium per well (supplemented with 25 µg/mL kanamycin and 25 µg/mL chloramphenicol) using the 
library glycerol stocks. Plates were sealed using air permeable membranes and grown for 12–16 h at 37 °C and 250 rpm (Infors 
Multitron Standard, Bottmingen, Switzerland). Prewarmed TB medium (2 mL per well of a 24-deepwell pate, supplemented with 
25 µg/ml kanamycin and 25 µg/mL chloramphenicol) was inoculated with 1% (v/v) of the starter culture and grown at 37 °C for 4–5 h 
until an OD600 of 1 was reached. The plates were sealed with air permeable membranes. The cultures were cooled to 28 °C and 
supplemented with 0.64 mM 5-aminolevulinic acid and 0.3 mM FeSO4, followed by induction of protein expression using 0.4 mM IPTG 
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(isopropyl-β-D-thiogalactoside) and incubation for 16 h at 28 °C and 250 rpm (Infors Multitron Standard, Bottmingen, Switzerland). Cells 
were harvested by centrifugation (3000 g, 30 min, 4 °C), the supernatant was discarded, and the cells were washed with resting cell 
medium (200 mM potassium phosphate, 20 mM sodium chloride, 1% (w/v) glucose, and 0.4% (v/v) glycerol, pH 7.4) followed by 
resuspension in 1 mL of resting cell medium (final OD600 ≈ 30). LCA was added from a 100 mg/mL stock solution in DMSO to a final 
concentration of 5 mM (2 mg/mL) for the initial screening procedure and 2.5 mM (1 mg/mL) for tests of individual variants, respectively. 
Reactions were incubated at 28 °C and 250 rpm for 24 h. The reactions were stopped by centrifugation (3000 g, 30 min, 4 °C) followed 
by transfer of the supernatant (1 mL) to a 96-deepwell plate. The supernatants were used for quantification of the UDCA produced 
either by HPLC or the 7β-HSDH assay. 

HPLC 

Samples (500 µL) were extracted twice using 1 mL ethyl acetate. The combined organic phases were dried over anhydrous sodium 
sulfate. After complete evaporation of the ethyl acetate, the residue was dissolved in 250 µL ethanol. Samples (10 µL) were then 
analyzed using a Hitachi LaChrom Elite HPLC System (Hitachi High-Technologies Europe GmbH, Krefeld, Germany) equipped with a 
Luna Omega 5 µm PS C18 100Å LC column (Phenomenex LTD, Aschaffenburg, Germany). The mobile phase was acetonitrile:water 
1:1 (v/v) containing 0.1% trifluoroacetic acid. An isocratic method (1 mL/min) was employed at 40 °C oven temperature. The bile acids 
were detected using a LaChrom Elite L-2490 Refractive Index Detector (Hitachi High-Technologies Europe GmbH, Krefeld, Germany) 
which was heated to 40 °C. 

Determination of P450 concentrations 

The concentration of P450-monooxygenase was determined as described by Omura and Sato [7]. To a 2 mL lysate sample, 2 µM 
Safranin T (in 50 mM phosphate buffer pH 7.5) was added, followed by the addition of a spatula tip of sodium dithionite[8]. The tube 
was inverted and split into two 1 mL samples. Carbon monoxide (CO) was bubbled through one sample at a rate of one bubble per 
second for one minute. A CO-differential spectrum (Jasco V-550, Pfungstadt, Germany) was recorded between 400 and 500 nm and 
the concentration of the P450 monooxygenase was calculated based on the given extinction at 450 nm. 

Preparative-scale biotransformation 

Whole-cell biocatalysis was performed with the P450 monooxygenase CYP107D1 F84Q/S240A/V291G as described before, but on 
500 mL reaction scale. After 24 h, the reaction was stopped, and cells and supernatant were separated by centrifugation at 4000 g for 
20 min. The supernatant was extracted twice with ethyl acetate, the organic phases combined, and dried with anhydrous sodium sulfate. 
The solvent was evaporated, the residue dissolved in 10 mL ethanol and applied to preparative and analytical HPLC measurements. 
Preparative and analytical HPLC were performed using the Shimadzu devices CBM-20A, LC-20A P, SIL-20A, and FRC-10A with an 
ELSD-LTII detector. A semi-preparative post-column adjustable-flow splitter (Analytical Scientific Instruments) was utilized for 
evaporative light scattering detection in preparative mode. A LiChroCART® (250×4 mm, Merck) and a Hibar® RT (250×25 mm, Merck) 
column, both containing LiChrospher® 100 RP-18e (5 µm), were used in analytical and preparative mode, respectively. The UDCA 
product was separated from impurities and remaining substrate by preparative HPLC. The fractions containing UDCA were pooled, the 
solvents evaporated, and the residue dried in vacuo. The dried residue was dissolved in 500 µL deuterated methanol and analyzed by 
NMR-spectroscopy. 

NMR spectroscopy and MS analysis 

NMR spectra were recorded on a Bruker Avance III instrument (1H NMR: 400 MHz, 13C NMR: 100.6 MHz). Chemical shifts were 
referenced to tetramethylsilane (TMS) as internal standard in deuterated methanol and reported in parts per million (ppm). Proton 
signals are described using the abbreviations: br = broad, s = singlet, m = multiplet, and combinations thereof. To assign proton and 
carbon atoms, 2D NMR techniques (H,H-COSY, HSQC, HMBC) were used. High accuracy mass spectra were recorded on a Shimadzu 
LCMS-IT-TOF using ESI. Purity of final compounds was determined by HPLC using a DAD detector at 220 and 254 nm. 

Molecular docking 

Molecular docking experiments were performed with YASARA (Vienna, Austria). The structures of OleP in complex with clotrimazole 
(PDB ID: 4XE3) and OleP in complex with 6-deoxyerythronolide B (PDB ID: 5MNS) were used as template structures. Visualization 
and structural analysis was performed using UCSF Chimera[9]. Prior to the docking experiments, water and ligands were removed from 
the PDB files and the simulation cell moved to the heme cofactor. The compounds to dock were LCA (PDB-ligand: 4OA) and 
testosterone. Afterwards, the dock_run and dockrunensemble macros from YASARA were used with its standard settings for all docking 
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experiments. The resulting clusters were viewed with Chimera and compared to proper positioning of the B-ring of the steroid in 5 Å 
distance towards the heme center and a horizontal orientation in binding towards the heme cofactor. The results for LCA were compared 
with the docking experiments for testosterone and residues for the alanine scanning picked based on a zone of 5–11 Å around the 
heme iron. 

3DM analysis 

The distribution of the amino acids at the positions F84, V93, L94, S240, and V291 was determined using 3DM (Bio-Prodict, Nijmegen, 
The Netherlands) based on a P450 monooxygenase superfamily database. For comparison with the overall dataset, two subsets 
originating from the P450 monooxygenase superfamily were built and used. One of these corresponds to OleP (PDB ID: 4XE3A) and 
the other to the human P450 monooxygenase CYP3A4. The resulting distributions at each position are displayed in the Supplementary 
Figures S1–S4. Based on this analysis, the amino acids substitutions for the library were chosen for site-directed mutagenesis. 
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Additional results 

Alanine scanning 
The residues picked for the alanine scanning were: F84, E89, V93, L94, L179, S240, I243, H246, E247, T248, S249, L290, V291, S292, 
S295, F296, F321, M395, and I397. The residues G82, A95, A244, and G 294 were also within the 14 Å zone around the heme but 
were not mutated to alanine. 

Table S1. Oligonucleotides used for site-directed mutagenesis. 

Oligonucleotide sequence Position of the exchanged amino acid 

CAACCCCGCGTATGGCGCCGACCCCGCCGG F84A_Fwd 

CCGGCGGGGTCGGCGCCATACGCGGGGTTG F84A_Rev 

CGACCCCGCCGGCCCCGGATGGTGTTC E89A_Fwd 

GAACACCATCCGGGGCCGGCGGGGTCG E89A_Rev 

GAACCGGATGGTGCGCTGGCCCAGGATC V93A_Fwd 

GATCCTGGGCCAGCGCACCATCCGGTTC V93A_Rev 

CCGGATGGTGTTGCGGCCCAGGATCC L94A_Fwd 

GGATCCTGGGCCGCAACACCATCCGG L94A_Rev 

CAGCGATGCGATGGCGAGCTCTACCCG L179A_Fwd 

CGGGTAGAGCTCGCCATCGCATCGCTG L179A_Rev 

GTGAATATGGGTGTTGCGCTGCTGATCGCCGG S240A_Fwd 

CCGGCGATCAGCAGCGCAACACCCATATTCAC S240A_Rev 

GGTGTTAGTCTGCTGGCGGCCGGTCATGAAAC I243A_Fwd 

GTTTCATGACCGGCCGCCAGCAGACTAACACC I243A_Rev 

GCCGGTCATGAAGCGTCCGTGAACC T248A_Fwd 

GGTTCACGGACGCTTCATGACCGGC T248A_Rev 

CGCTACACGCCGGCGGTTTCAGCGG L290A_Fwd 

CCGCTGAAACCGCCGGCGTGTAGCG L290A_Rev 

CACGCCGCTGGCGTCAGCGGGCTCG V291A_Fwd 

CGAGCCCGCTGACGCCAGCGGCGTG V291A_Rev 

GTTTCAGCGGGCGCGTTTGTTCGTG S295A_Fwd 

CACGAACAAACGCGCCCGCTGAAAC S295A_Rev 

CAGCGGGCTCGGCGGTTCGTGTCGCC F296A_Fwd 

GGCGACACGAACCGCCGAGCCCGCTG F296A_Rev 

GTGCGTGGTTCACGCGGCATCGGCTAACC F321A_Fwd 

GGTTAGCCGATGCCGCGTGAACCACGCAC F321A_Rev 

GAAACAGGGTATGGCGATTCGCGGTCTGG L396A_Fwd 

CCAGACCGCGAATCGCCATACCCTGTTTC L396A_Rev 

GAAACAGGGTATGCTGGCGCGCGGTCTGGAACGTC I397A_Fwd 

GACGTTCCAGACCGCGCGCCAGCATACCCTGTTTC I397A_Rev 

GACCGGCGATCAGCAGCACAACACCCATATTCAC S240V_Rev 

GAATATGGGTGTTATTCTGCTGATCGCCGG S240I_Fwd 

CCGGCGATCAGCAGAATAACACCCATATTC S240I_Rev 
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GTGAATATGGGTGTTCTGCTGCTGATCGCCGGTC S240L_Fwd 

GACCGGCGATCAGCAGCAGAACACCCATATTCAC S240L_Rev 

GTGAATATGGGTGTTGGCCTGCTGATCGCCGG S240G_Fwd 

CCGGCGATCAGCAGGCCAACACCCATATTCAC S240G_Rev 

GAATATGGGTGTTACTCTGCTGATCGCCG S240T_Fwd 

CGGCGATCAGCAGAGTAACACCCATATTC S240T_Rev 

GAACCGGATGGTCTTCTGGCCCAGG V93L_Fwd 

CCTGGGCCAGAAGACCATCCGGTTC V93L_Rev 

GAACCGGATGGTATTCTGGCCCAGG V93I_Fwd 

CCTGGGCCAGAATACCATCCGGTTC V93I_Rev 

CGGAACCGGATGGTATGCTGGCCCAGGATCC V93M_Fwd 

GGATCCTGGGCCAGCATACCATCCGGTTCCG V93M_Rev 

GAACCGGATGGTGGCCTGGCCCAGGATC V93G_Fwd 

GATCCTGGGCCAGGCCACCATCCGGTTC V93G_Rev 

GAACCGGATGGTGTTTTTGCCCAGGATCCGCC L94F_Fwd 

GGCGGATCCTGGGCAAAAACACCATCCGGTTC L94F_Rev 

GAACCGGATGGTGTTATTGCCCAGGATCCGCC L94I_Fwd 

GGCGGATCCTGGGCAATAACACCATCCGGTTC L94I_Rev 

CCGGATGGTGTTGTGGCCCAGGATC L94V_Fwd 

GATCCTGGGCCACAACACCATCCGG L94V_Rev 

GAACCGGATGGTGTTAGCGCCCAGGATCCGCC L94S_Fwd 

GGCGGATCCTGGGCGCTAACACCATCCGGTTC L94S_Rev 

CCCCGCGTATGCAGCCGACCCCGCC F84Q_Fwd 

GGCGGGGTCGGCTGCATACGCGGGG F84Q_Rev 

CCCCGCGTATGTGCCCGACCCCGCC F84C_Fwd 

GGCGGGGTCGGGCACATACGCGGGG F84C_Rev 

CAACCCCGCGTATGGCGCCGACCCCGCCGG F84A_Fwd 

CCGGCGGGGTCGGCGCCATACGCGGGGTTG F84A_Rev 

CCCCGCGTATGATGCCGACCCCGCCG F84M_Fwd 

CGGCGGGGTCGGCATCATACGCGGGG F84M_Rev 

GTGAATATGGGTGTTGCGCTGCTGATCGCCGG S240A_Fwd 

CCGGCGATCAGCAGCGCAACACCCATATTCAC S240A_Rev 

CACGCCGCTGGCGTCAGCGGGCTCG V291A_Fwd 

CGAGCCCGCTGACGCCAGCGGCGTG V291A_Rev 

CACGCCGCTGGGCTCAGCGGGCTCG V291G_Fwd 

CGAGCCCGCTGAGCCCAGCGGCGTG V291G_Rev 

CTACACGCCGCTGGATTCAGCGGGCTCG V291D_Fwd 

CGAGCCCGCTGAATCCAGCGGCGTGTAG V291D_Rev 
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3DM analysis of the residues F84, V93, L94, S240, and V291 

F84 was not part of the 3DM core alignment and could, therefore, not be analyzed. CYP3A4 as prominent member of P450s with a 
broad substrate scope was used as second reference with its derived subset besides the overall dataset. 
 
Residue V93 

 

Figure S1. 3DM analysis of residue V93 which is assigned as core position 56 in the 3DM database for P450 monooxygenases showing detailed occurrence of 
each of the amino acids at this position. Three different subsets are shown: the full dataset to the left covering 77,699 sequences of which 13,306 have gaps followed 
by the subset used for comparisons based on CYP3A4 harboring 4,774 sequences of which 1,900 have gaps and to the right the subset of OleP with 306 sequences 
of which 45 have gaps. 

 

Residue L94 

Figure S2. 3DM analysis of residue L94 which is assigned as core position 57 in the 3DM database for P450 monooxygenases showing detailed occurrence of 
each of the amino acids at this position. Three different subsets are shown: the full dataset to the left covering 77,776 sequences of which 13,321 have gaps followed 
by the subset used for comparisons based on CYP3A4 harboring 4,775 sequences of which 1899 have gaps and to the right the subset of OleP with 306 sequences 
of which 45 have gaps. 
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Residue S240 

Figure S3. 3DM analysis of residue S240 which is assigned as core position 211 in the 3DM database for P450 monooxygenases with detailed occurrence of each 
of the amino acids at this position. Three different subsets are shown: the full dataset to the left covering 86,622 sequences of which 4,385 have gaps followed by 
subset used for comparisons based on CYP3A4 harboring 6,452 sequences of which 222 have gaps and to the right the subset of OleP with 332 sequences of 
which 19 have gaps. 

 

Residue V291 

Figure S4. 3DM analysis of residue V291 which is assigned as core position 281 in the 3DM database for P450 monooxygenases with detailed occurrence of each 
of the amino acids at this position. Three different subsets are shown: the full dataset to the left covering 89,903 sequences of which 1,104 have gaps followed by 
subset used for comparisons based on CYP3A4 harboring 6,595 sequences of which 79 have gaps and to the right the subset of OleP with 351 sequences of which 
0 have gaps. 
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Library design 

Table S2. Showing the library design used for synthetic library 

Variant 1 2 3 

Amino acid 
(position)- ORF 

104 260 311 

Amino acid (F) (S) (V) 
Base pair 
(start)-ORF 

310 778 931 

Codon TTC AGT GTT 
A A A A 
C C   
D D D D 
E E E E 
F F F F 
G G G G 
H H H  
I I I I 
K K   
L L L L 
M M M M 
N N N N 
P P  P 
Q Q Q Q 
R R  R 
S S S S 
T T T T 
V V V V 
W W  W 
Y Y   
Variant AA´s 20 14 16 

DNA sequence of the OleP library (blue) with attached linker regions (black), mutation sites (red) 

AGAAGGAGATATACCatgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccatatgaccgatacgcataccggcccgaccccggcagac
gcagtcccggcatacccgtttagcctgccgcacgccctggacctggacccgcattatgcggaactgcgtcgcgatgaaccggtcagccgtgtgcgtctgccgtacggcgagggtacggcat
ggctggtcacccgcatgtctgacgctcgtattgtgctgggcgatagtcgcttctccaccgccgcggcaaccgatccggcaaccccgcgtatgTTCccgaccccgccggaaccggatggtg
ttctggcccaggatccgccggaccatacccgtctgcgtcgcctggttggtaaagcgtttaccgcccgtcgcgtcgaagaaatgcgtccgcgcgttcgtagcctggtcgactctctgctggatga
catggttgcgcacggcagtccggccgatctggttgaatttctggcagtcccgttcccggtcgctgtgatttgcgaactgctgggtgtgccgctggaagatcgcgacctgtttcgtacgttcagcgat
gcgatgctgagctctacccgcctgacggctgcggaaatccagcgtgtgcagcaagactttatggtttatatggatggcctggtcgcacaacgtcgcgatgctccgaccgaagatctgctgggt
gctctggcgctggccacggataacgatgaccatctgaccaaaggcgaaattgtgaatatgggtgttAGTctgctgatcgccggtcatgaaacgtccgtgaaccagatcaccaatctggttc
acctgctgctgaccgaacgcaaacgttatgaatctctggttgcagatccggctctggtcccggcagcagtggaagaaatgctgcgctacacgccgctgGTTtcagcgggctcgtttgttcgt
gtcgccaccgaagacgtggaactgtcaaccgtgaccgttcgtgcgggtgaaccgtgcgtggttcacttcgcatcggctaaccgtgatgaagaagtgtttgatcatgcagacgaactggatttc
caccgcgaacgtaatccgcatattgcgtttggccacggtgcccatcactgtatcggcgcccagctgggtcgtctggaactgcaagaagcgctgagcgcactggttcgtcgcttcccgaccctg
gatctggcagaaccggtggctggtctgaaatggaaacagggtatgctgattcgcggtctggaacgtcaaatcgtgagctggtaaTGACTCGAGCACCAC 
 
Furthermore, additional flanking regions were incorporated by TwistBioscience: 
CCCGTCACCTTTGGCTTATCAGTnnn…nnnAGTGACATCTGGACGCTAAGACCG 

Amino acid sequence of the OleP library 

MGSSHHHHHHSSGLVPRGSHMTDTHTGPTPADAVPAYPFSLPHALDLDPHYAELRRDEPVSRVRLPYGEGTAWLVTRMSDARIVLG
DSRFSTAAATDPATPRM(F)PTPPEPDGVLAQDPPDHTRLRRLVGKAFTARRVEEMRPRVRSLVDSLLDDMVAHGSPADLVEFLAVPF
PVAVICELLGVPLEDRDLFRTFSDAMLSSTRLTAAEIQRVQQDFMVYMDGLVAQRRDAPTEDLLGALALATDNDDHLTKGEIVNMGV(S
)LLIAGHETSVNQITNLVHLLLTERKRYESLVADPALVPAAVEEMLRYTPL(V)SAGSFVRVATEDVELSTVTVRAGEPCVVHFASANRDE
EVFDHADELDFHRERNPHIAFGHGAHHCIGAQLGRLELQEALSALVRRFPTLDLAEPVAGLKWKQGMLIRGLERQIVSW* 
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Results from prescreening the library 

 

Figure S5. Screening results using the colorimetric UDCA assay. OleP variants showing up to 18-fold increased absorbance compared to the positive control OleP 
S240A were identified. S240A was the 35th best variant found in the screening by the colorimetric assay and is indicated with a red bar. The level of relative 
absorbance of S240A is indicated with a red line. 

Sequencing results of screening hits after HPLC confirmation 

 
Figure S6. Amino acid distribution at residues F84, S240, and V291 of variants confirmed to produce UDCA by HPLC. 
  



SUPPORTING INFORMATION          

13 

 

UDCA formation of selected variants 

Table S3. UDCA formation after 24 h whole-cell reactions of selected single, double, and triple mutants of OleP. 

Mutant UDCA formation [µM] Variant UDCA formation [µM] 

S240A  8.7 ± 3.1 F84Q V291A 8.5 ± 3.4 

F84A 0.1 F84Q V291G 4.2 

F84Q 0.1 F84Q V291D 9.5 

F84C 0.1 F84C S240A 0.1 

F84M 3.7 F84C V291A 7.7 

V291A 0.7 F84C V291G 0.1 

V291G 5.4 F84C V291D 2.4 

V291D 3.7 F84M S240A 0.1 

F84A S240A 5.7 F84M V291A 0.1 

F84A V291A 65.2 ± 3.2 F84M V291G 1.2 

F84A V291G 0.1 F84M V291D 2.9 

F84A V291D 14 ± 2 S240A V291A 18.2 ± 3.8 

F84Q S240A 2.4 S240A V291D 2.8 

S240A V291G 6.4 F84A S240A V291G 4.2 

F84A S240A V291A 58.5 ± 20.2 F84A S240A V291D 3.2 

F84Q S240A V291A 9.7 ± 3.1 F84Q S240A V291G 67.1 ± 5.1 

F84Q S240A V291D 10.4 ± 3.1 F84C S240A V291A 7.2 ± 2.8 

F84C S240A V291G 9.2 ± 2.6 F84C S240A V291D 5.6 ± 1.8 

F84M S240A V291A 10.2 ± 2.6 - - 

 

Calibration curves 

Calibration curve for lithocholic acid (LCA) 

Figure S7. Calibration curve for HPLC-RI of the substrate LCA. 
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Calibration curve for murideoxycholic acid (MDCA) 

Figure S8. Calibration curve for HPLC-RI of the 6β-hydroxylation product MDCA. 

 

Calibration curve for ursodeoxycholic acid (UDCA) 

Figure S9. Calibration curve for HPLC-RI of the 7β-hydroxylation product UDCA. 
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Calibration curve for the 7β-HSDH assay 

Figure S10. Calibration curve for the 7β-HSDH assay. 

Sequences 

DNA sequence of the 7β HSDH from Collinsella aerofaciens 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGAACCTGAGGGAGAAGTACGG
TGAGTGGGGCCTGATCCTGGGCGCGACCGAGGGCGTCGGCAAGGCGTTCTGCGAGAAGATCGCCGCCGGCGGCATGAACGT
CGTCATGGTCGGCCGTCGCGAGGAGAAGCTGAACGTGCTCGCAGGCGAGATCCGCGAGACCTACGGCGTGGAGACCAAGGTC
GTGCGCGCCGACTTTAGCCAGCCCGGCGCTGCCGAGACCGTCTTCGCCGCGACCGAGGGCCTGGACATGGGCTTCATGAGCT
ACGTGGCCTGCCTGCACAGCTTCGGTAAGATCCAGGACACCCCCTGGGAGAAGCACGAGGCCATGATCAACGTCAACGTCGTG
ACCTTCCTCAAGTGCTTCCACCACTACATGCGGATCTTTGCCGCCCAGGACCGCGGCGCCGTGATCAACGTCTCGTCGATGACC
GGCATCAGCTCCAGCCCCTGGAACGGCCAGTACGGCGCGGGCAAGGCCTTCATCCTCAAGATGACCGAGGCCGTGGCCTGCG
AGTGCGAGGGCACCGGCGTCGACGTCGAGGTCATCACCCTCGGCACCACCCTAACCCCCAGCCTGCTGTCCAACCTCCCCGG
CGGCCCGCAGGGCGAGGCCGTCATGAAGATCGCCCTCACCCCCGAGGAGTGCGTTGACGAGGCCTTTGAGAAGCTGGGTAAG
GAGCTCTCCGTCATCGCCGGCCAGCGCAACAAGGACTCCGTCCACGACTGGAAGGCAAACCACACCGAGGACGAGTACATCCG
CTACATGGGGTCGTTCTACCGCGACTAG 

Amino acid sequence of the 7β HSDH from Collinsella aerofaciens 

MGSSHHHHHHSSGLVPRGSHMNLREKYGEWGLILGATEGVGKAFCEKIAAGGMNVVMVGRREEKLNVLAGEIRETYGVETKVVRA

DFSQPGAAETVFAATEGLDMGFMSYVACLHSFGKIQDTPWEKHEAMINVNVVTFLKCFHHYMRIFAAQDRGAVINVSSMTGISSSP

WNGQYGAGKAFILKMTEAVACECEGTGVDVEVITLGTTLTPSLLSNLPGGPQGEAVMKIALTPEECVDEAFEKLGKELSVIAGQRNK

DSVHDWKANHTEDEYIRYMGSFYRD 
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Chemoenzymatic synthesis of UDCA 

 

Scheme S1. Chemical and chemoenzymatic synthesis routes towards UDCA starting from CA or CDCA. 
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7β HSDH assay 

Scheme S2. Reaction scheme for the detection of UDCA formation by monitoring the NADP+ dependent conversion of UDCA to 7-oxo LCA using a coupled assay. 
The electron coupling reagent 1-methoxy-5-methylphenazinium methyl sulfate (mPMS) reduces 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium (WST-1) to form the yellow formazan dye[10]. 
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NMR spectra 

NMR analysis of the isolated fraction UDCA 

Figure S11. 1H-NMR spectroscopy of the isolated product confirmed as UDCA. 

 

Figure S12. 13C-NMR spectroscopy of the isolated product confirmed as UDCA. 
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The signal for the carboxylic acid function at 178 ppm in the 13C-NMR spectrum is not clearly observed, which is expected when using 
deuterated methanol as solvent. Peak broadening, even diminishing, of carboxylic acid functional groups can be attributed to the 
Nuclear Overhauser effect in NMR-spectroscopy.  
The 1H-NMR spectrum together with the 13C-NMR spectrum supported by the 2D spectra and HRMS clearly identified the isolated 
product as UDCA.  
 

1H NMR, H,H-COSY (400 MHz, CD3OD): δ (ppm) = 3.55–3.46 (m, 2H), 2.41–2.17 (m, br, 2H), 2.07–2.04 (m, 2H), 1.96–1.75 (m, 5H), 
1.66–0.98 (m, 19H), 0.98 (s, 3H), 0.97 (s, 3H), 0.73 (s, 3H); 13C NMR, DEPT135, HSQC, HMBC (101 MHz, CD3OD): δ (ppm) =72.1 
(7), 72.0 (3), 57.5 (17), 56.6 (14), 44.8 (13), 44.5 (8), 44.1 (5), 41.6 (12), 40.7 (9), 38.6 (4), 38.0 (6), 36.7 (20), 36.1 (1), 35.2 (10), 32.6 
– 32.5 (22+23), 31.0 (2), 29.6 (16), 27.9 (15), 23.9 (19), 22.4 (11), 18.9 (21), 12.6 (18); ESI-HRMS: calcd. for [C24H40O4-H]+ 391.2854, 
found 391.2870 

NMR analysis MDCA produced in trace amounts 

 

Figure S13. 1H-NMR spectroscopy of the isolated MDCA. 
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Figure S14. 13C-NMR spectroscopy of the isolated MDCA. 

 

1H NMR, H,H-COSY (400 MHz, CD3OD): δ (ppm) = 3.68 (s, br, 1H, 6-H), 3.55–3.46 (m, 1H, 3-H), 2.40–2.14 (m, 2H), 2.04–2.00 (m, 
1H), 1.95–1.73 (m, 4H), 1.66–0.92 (m, 28H), 0.72 (s, 3H, 18-H); 13C NMR, DEPT135, HSQC, HMBC (101 MHz, CD3OD): δ (ppm) 
=74.0 (6), 72.1 (3), 57.8, 57.5, 44.0, 42.1, 41.5, 37.3, 37.1, 36.8, 35.5, 35.4, 32.2, 29.3, 26.1 (19), 25.3, 21.8, 18.8, 12.5 (18). 
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