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Abstract

Cytochrome P450 monooxygenase enzymes are versatile catalysts capable of selective

C-H bond oxidation reactions. Mutation of the highly conserved active site threonine

to a glutamate residue is able to convert P450 monooxygenases into peroxygenases

that can utilise H2O2 alone for catalysis and without relying on expensive co-factors or

electron transfer partner proteins. Mutant T252E of CYP199A4 is an engineered P450

peroxygenase and was first used in this thesis to study peroxide-driven activity with

both H2O2 and a gentler chemical oxygen surrogate, urea-hydrogen peroxide (UHP).

UHP and H2O2 both showed comparable levels of product formation when used by the

T252E mutant for P450-catalysed O-demethylation of 4-methoxybenzoic acid. It was

also demonstrated that the T252E mutant had higher stability towards H2O2 in the

presence of a substrate that can undergo C-H bond abstraction. Deuterated substrates

were used with both monooxygenase and peroxygenase pathways. It was found that no

kinetic isotope effect was present in the C-H bond abstraction step of either pathway. A

light-driven flavin system that generates H2O2 was then tested with T252E-CYP199A4

and a natural P450 peroxygenase, P450BSβ. Efficient product formation was observed

using this light-driven system with both P450 peroxygenases.

Three different oxidase enzymes that generate H2O2, alditol oxidase (AldOx) from

Streptomyces coelicolor A3(2), formate oxidase (AoFOx) from Aspergillus oryzae and

an engineered choline oxidase (AcC06-AcChOx) from Arthrobacter cholorphenolicus

were investigated for biocatalytic cascade reactions with P450 peroxygenases. Two of

these oxidase enzymes, AldOx and AcC06-AcChox were expressed in sufficient yield

in E.coli for further study. Both AldOx and AcC06-AcChox enzymes were able to

generate H2O2 for T252E-CYP199A4 to drive P450 peroxygenase reactions. Reactions

of T252E-CYP199A4 involving AldOx formed higher levels of P450 product compared

to AcC06-AcChox. AldOx also allowed metabolite formation with P450BSβ through

peroxygenase activity.

Isothermal (Gibson) DNA assembly was then used to construct two-domain multifunc-

tional fusion enzymes consisting of an oxidase joined by an amino acid linker to a P450

enzyme. Plasmids containing the DNA sequence of fusion enzymes of AldOx, AcC06-

AcChOx and AoFOx linked to T252E-CYP199A4 were successfully constructed but

production of these larger constructs in E.coli was poor. Peroxygenase reactions in-

volving immobilising the T252E mutant of CYP199A4 to SOURCE15Q ion exchange

media were undertaken. The immobilised T252E mutant was able to catalyse P450

peroxygenase activity levels comparable to the enzyme in free solution. Peroxygenase
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activity remained even after the T252E mutant was immobilised for 100 h. Biocat-

alytic flow reactions were then performed using the T252E mutant immobilised to a

bed of SOURCE15Q media within a chromotography column. Low levels of product

formation were observed in these flow biocatalysis reactions.

The engineered P450 peroxygenase, T252E-CYP199A4 was crystallised with 4-

methoxybenzoic acid and used for in crystallo peroxygenase reactions that were mon-

itored through X-ray crystallography. Crystals of the substrate-bound T252E mutant

were soaked in different concentrations of H2O2 for varying lengths of time. The struc-

tures of three of these H2O2-soaked crystals were solved and reported. In crystallo

demethylation of the substrate to form 4-hydroxybenzoic was observed within these

crystals to different degrees depending on the conditions tested. The active site struc-

ture of the enzyme in these crystals after soaking with H2O2 did not differ significantly

from a previously reported structure of the T252E mutant. An X-ray crystal struc-

ture of T252E-CYP199A4 directly co-crystallised with 4-hydroxybenzoic acid was also

solved and used for comparison.

CYP17A1 is steroid metabolising mammalian P450 enzyme capable of catalysing a

challenging C-C bond cleavage reaction. Seeking to study the mechanism of C-C bond

cleavage reactions in more detail using a microbial P450, α-hydroxy ketone probes were

synthesised as substrates for the benzoic acid metabolising P450, CYP199A4. Low ac-

tivity with these substrate probes was observed with WT CYP199A4 and mutagenesis

was carried out to improve the C-C cleavage activity of this enzyme. The F182L

mutant had the capability of enzyme-catalysed C-C bond cleavage with one of the α-

hydroxy ketone substrates, JCM 1. Further experiments with the F182L mutant with

other α-hydroxy ketone substrates generated in a one-pot reaction from initial ketone

compounds also showed metabolite formation consistent with C-C cleavage activity.

The C-C cleavage reaction of the F182L mutant with JCM 1 showed an inverse kinetic

solvent isotope effect (KSIE), while hydroxylation reactions with this mutant showed

a standard KSIE. This implies that the C-C cleavage step between JCM 1 and F182L-

CYP199A4 would involve a different reaction intermediate than that of P450-catalysed

hydroxylation. A crystal structure of the F182L mutant co-crystallised with JCM 1

was also solved. The structure of the active site revealed the (S )-enantiomer of JCM 1

was the preferred enantiomer and was held in a position that could mimic the topology

of the C-C cleavage reaction of CYP17A1.

CYP199A4 was then used to explore P450-catalysed aromatic hydroxylations. WT

CYP199A4 is unable to oxidise the aromatic substituent of 4-phenylbenzoic acid de-

spite efficiently oxidising aliphatic C-H bonds on the similarly sized substrate, 4-
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cyclohexylbenzoic acid. Co-crystallisation of this enzyme with 4-phenylbenzoic acid

was carried out and its structure solved. The active site of this enzyme when bound

to 4-phenylbenzoic acid was found to be similar to that of the same enzyme bound to

4-cyclohexylbenzoic acid. Based on the structure of WT CYP199A4 complexed with 4-

phenybenzoic acid, the F182L mutant was tested and it was able to catalyse metabolite

formation consistent with P450-dependent aromatic hydroxylation. A control reaction

with the F182L mutant with 4-cyclohexylbenzoic acid showed aliphatic hydroxylation

but there were changes in regioselectivity compared to the same reaction with the WT

enzyme.

vii



Declaration

I certify that this work contains no material which has been accepted for the award of

any other degree or diploma in my name, in any university or other tertiary institution

and, to the best of my knowledge and belief, contains no material previously published

or written by another person, except where due reference has been made in the text. In

addition, I certify that no part of this work will, in the future, be used in a submission

in my name, for any other degree or diploma in any university or other tertiary insti-

tution without the prior approval of the University of Adelaide and where applicable,

any partner institution responsible for the joint award of this degree. The author ac-

knowledges that copyright of published works contained within the thesis resides with

the copyright holder(s) of those works. I give permission for the digital version of my

thesis to be made available on the web, via the University’s digital research repository,

the Library Search and also through web search engines, unless permission has been

granted by the University to restrict access for a period of time.

I acknowledge the support I have received for my research through the provision of

an Australian Government Research Training Program Scholarship and the CSIRO

Synthetic Biology Future Science Platform for a PhD Supplementary Scholarship.

Joel Lee

July 7, 2023

viii



Acknowledgements

This thesis was supported by the CSIRO Synthetic Biology Future Science Platform

and I am immensely grateful for a PhD top-up scholarship provided by CSIRO. I

also thank the University of Adelaide for providing me with the Constance Fraser

Scholarship to support my studies.

This thesis would also not have been possible without my supervisor, A/Prof Stephen

Bell. I first worked with him in 2014 and he has never stopped being a wealth of

ideas, inspiration and motivation. Many thanks Stephen for giving me the chance to

work with you and the support you have given me all this time. I would like to also

thank Dr Charlotte Williams from CSIRO for being so immensely helpful with all the

feedback, support and ideas through various points of my PhD. Your positivity and

encouragement has been invaluable to me. Many thanks to A/Prof Keith Shearwin

for being kind and supportive while also providing feedback on the Molecular Biology

portions of this thesis. I would also like to thank Dr John Bruning for all the feedback

and assistance with the crystallography portions of this thesis.

I am also immensely grateful for the support and friendship of all members of Bell

group past and present. Thanks to Daniel Doherty for always willing to provide help

whenever needed and for reading a chapter. Alecia Gee for assisting me during her

placement with our lab, for reading a chapter and also being such a friendly and

kind person. Amna Ghith for being so supportive, encouraging and fun to talk to

through various stressful times in the lab. Jinia Akter for always organising outings

for everyone and also sharing my interests in food and bubble tea. Matthew Podgorski

for providing such detailed protocols whenever we ask for help. Many thanks to Alix

Harlington for also reading another chapter of this thesis and for providing witty and

friendly conversation whenever we meet. I would also like to thank Matthew Bull for

all the work and effort he has put into maintaining all the analytical instruments I

used throughout my PhD. You have always provided a welcoming environment for me

to commiserate any troubles I’ve had over the past few years.

I could not have gotten through doing a PhD during a pandemic without the friendship

and camaraderie of all the friends I have met since working in Level 3 of MLS. To

Timothy Allen, my office writing buddy, thanks for the banter and for sending me

home all the time. Thank you Claudia Neramitr for being a ray of sunshine and

kindness whenever you drop by to our office. To Emily Kirby, Brooke Trowbridge and

Xavier Montin for providing good, funny conversations with great company and taking

care of me. Thanks Emily and Xavier for also sending me home. To Eunice Lee, thank

ix



you for your friendship and heart-warming talks since our first year of university. To

Byron Shue, your friendship and fun-loving ways have supported me so much these

past few years and thanks for all the happiness and fun adventures.

This thesis was also blessed with support from friends in my home town of Ipoh,

Malaysia. To the Morris siblings, Andrina, Alex and Alicia thank you for 15 years

(probably more) years of friendship, support and sessions of “ inspiration ”. I am also

immensely grateful to your parents, Angelica and Anthony for always being kind and

welcoming to me. To the Jalleh family, Valarie, Julian, Martin and Terry, I am always

very touched by your warmth, friendship and humour. To Terry especially, for being a

kind, warm and gracious mother figure in my life. To Freddie Choong, we have known

each for a long time and I cannot express how grateful I am of your friendship, support

and banter. To Isaac Stephen, I am proud to call you my friend, your resilience and

friendship will always hold a special place in my heart. To the late Brother Matthew

Bay, thank you for the unspoken lessons on responsibility and what it means to lead

through actions and not words. Thank you Br. Matt and Isaac for giving a quiet and

lonely person like me, a place where he felt like he belonged.

To my mom, Francisca Lo, words cannot describe the sacrifice and hard work that you

went through all my life to give me the future you never had. Thank you for the love

and support. To my sister, Rachel Lee, thank you for keeping me company and the

bubble tea you always buy me.

Finally, if you are reading this, thank you for taking the time to do so.

x



Abbreviations

AcCO6 Mutant S101A/D250G/F253R/V355T/F357R/M359R
ADH Alcohol Dehydrogenase
AldOx Alditol Oxidase from Streptomyces coelicolor
AcChOx Choline Oxidase from Arthrobacter cholorphenolicus
AoFOx Formate Oxidase from Aspergillus oryzae
DTT Dithiothreitol
E.coli Escherichia Coli
EtOH Ethanol
EtOAc Ethyl Acetate
GC-MS Gas Chromatography-Mass Spectrometry
HCl Hydrochloric Acid
HPLC High Performance Liquid Chromatography
HS High Spin
IPTG Isopropyl β-D-thiogalactopyranoside
IS Internal Standard
KIE Kinetic Isotope Effect
KSIE Kinetic Solvent Isotope Effect
LB Luria-Bertani Medium
UHP Urea-hydrogen peroxide
PDB Protein Data Bank
NADH Reduced form of Nicotinamide Adenine Dinucleotide
NaHCO3 Sodium Bicarbonate
NMR Nuclear Magnetic Resonance
SOC Super Optimal Broth with Catabolite Repression
WT Wild-Type enzyme
TIC Total Ion Count

xi



List of Figures

1.1 Enzymatic synthesis of L-tertiary leucine. . . . . . . . . . . . . . . . . . 1

1.2 Structure of iron prophorphyrin IX. . . . . . . . . . . . . . . . . . . . . 2

1.3 The catalytic cycle of P450 Enzymes. . . . . . . . . . . . . . . . . . . . 4

1.4 Radical rebound mechanism of P450 Enzymes. . . . . . . . . . . . . . . 5

1.5 Different intermediates of the P450 catalytic cycle and reactions catalysed. 6

1.6 Radical trapping of P450 hydroxylation. . . . . . . . . . . . . . . . . . 7

1.7 Proposed reaction mechanism for Cpd 0 mediated hydroxylation. . . . 8

1.8 Two-State Reactivity Model for P450 Hydroxylation. . . . . . . . . . . 9

1.9 Proposed reaction mechanism for Cpd I mediated sulfoxidation. . . . . 10

1.10 Sulfoxidation or N -demethylation of dimethyl-(4-

methylsulfanylphenyl)amine by P450BM3. . . . . . . . . . . . . . . . . 10

1.11 Sulfoxidation mechanism of P450s proposed using the FeIII-H2O2 complex. 11

1.12 P450 C-C cleavage reactions involved in steroid biosynthesis. . . . . . . 11

1.13 Proposed mechanisms for CYP11A1 lyase activity with vicinal diol car-

bon centres. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.14 Proposed mechanisms for CYP17A1 lyase activity with pregnenolone. . 13

1.15 Proposed mechanisms for CYP51A1 C-C cleavage activity. . . . . . . . 14

1.16 Electron transfer systems of P450 Enzymes. . . . . . . . . . . . . . . . 15

1.17 Peroxide shunt pathway. . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.18 Crystal structure of AaeAPO. . . . . . . . . . . . . . . . . . . . . . . . 17

1.19 Crystal structures of CYP152 enzymes compared to CYP199A4 . . . . 18

1.20 (a) Crystal structure and (b) Cpd I formation of CPO. . . . . . . . . . 19

1.21 The proposed catalytic reaction mechanism of P450 peroxygenases. . . 20

1.22 An alternate proposed catalytic reaction mechanism of P450 peroxyge-

nases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.23 Enzymatic reactions catalysed by CYP199A4 with para-substituted ben-

zoic acids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.24 Crystal structure of CYP199A4 with with 4-methoxybenzoic acid. . . . 23

1.25 Crystal structure of CYP199A4-T252E . . . . . . . . . . . . . . . . . . 25

1.26 In situ generation of H2O2 using free flavins. . . . . . . . . . . . . . . . 26

1.27 In situ generation of H2O2. . . . . . . . . . . . . . . . . . . . . . . . . 27

1.28 The use NADES in the in situ generation of H2O2 for peroxygenase

reactions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.29 Different approaches to immobilising enzymes. . . . . . . . . . . . . . . 28

1.30 Functionalisation of epoxy-silica beads with enzyme. . . . . . . . . . . . 29

1.31 Deuterated 4-methoxybenzoic acid. . . . . . . . . . . . . . . . . . . . . 30

xii



3.1 Reactions carried out by oxidases enzymes. . . . . . . . . . . . . . . . . 45

3.2 Biocatalytic cascade of oxidase and P450. . . . . . . . . . . . . . . . . . 46

3.3 Reaction scheme of the two-domain Oxidase-P450 fused protein. . . . . 46

3.4 Map showing the binding sites of sequencing primers for the cloned insert

of the AldOx + T252E-CYP199A4 fusion enzyme. . . . . . . . . . . . . 52

3.5 Scheme for continuous flow reactions with T252E-CYP199A4. . . . . . 54

3.6 UV-visible spectrum of purified AldOx. . . . . . . . . . . . . . . . . . . 55

3.7 SDS-PAGE analysis of the purification of AldOx . . . . . . . . . . . . . 55

3.8 UV-visible spectrum of purified AcC06-AcChOx. . . . . . . . . . . . . . 56

3.9 UV-visible spectrum of the concentrated fractions of AoFOx from Histag

purification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.10 HPLC analysis of initial screening reactions of T252E-CYP199A4 with

oxidase enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.11 HPLC analysis of T252E-CYP199A4 with oxidase enzymes with nega-

tive controls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.12 Product formation analysis comparing reactions of T252E-CYP199A4

with either AldOx and AcC06-AcChOx. . . . . . . . . . . . . . . . . . 59

3.13 Product formation analysis comparing different ratios of AldOx to

T252E-CYP199A4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.14 GC-MS analysis of the reaction of P450BSβ oxidation of tetradecanoic

acid with AldOx. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.15 Isothermal Assembly of Oxidase-P450 fusion plasmids. . . . . . . . . . 61

3.16 Agarose gel electrophoresis analysis of AldOx + T252E-CYP199A4. . . 61

3.17 UV-visible spectra of T252E-CYP199A4 before and after immobilising

to SOURCE15Q media. . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.18 HPLC analysis of the peroxygenase reactions of T252E-CYP199A4 im-

mobilised to SOURCE15Q media. . . . . . . . . . . . . . . . . . . . . . 63

3.19 HPLC analysis of successive peroxygenase reactions of immobilised

T252E-CYP199A4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.20 HPLC analysis of continuous flow peroxygenase reactions with immo-

bilised T252E-CYP199A4. . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.1 Peroxide shunt pathway of P450 Enzymes. . . . . . . . . . . . . . . . . 70

4.2 Active site structure of T252E-CYP199A4. . . . . . . . . . . . . . . . . 71

4.3 O-demethylation reaction of T252E-CYP199A4 with 4-methoxybenzoic

acid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.4 Fo-Fc maps of T252E-CYP199A4 complexed with 4-hydroxybenzoic acid. 75

4.5 Fo-Fc maps of T252E-CYP199A4 complexed with 4-methoxybenzoic

acid and soaked with 1 mM H2O2. . . . . . . . . . . . . . . . . . . . . 76

xiii



4.6 Fo-Fc maps of T252E-CYP199A4 complexed with 4-methoxybenzoic

acid and soaked with 4 mM H2O2. . . . . . . . . . . . . . . . . . . . . 77

4.7 Fo-Fc maps of T252E-CYP199A4 complexed with 4-methoxybenzoic

acid and soaked with 2 mM H2O2. . . . . . . . . . . . . . . . . . . . . 78

4.8 Comparison of crystal structures of T252E-CYP199A4 soaked with H2O2. 79

4.9 Superimposed structures of T252E-CYP199A4 complexed with

4-methoxybenzoic acid compared to when complexed with 4-

hydroxybenzoic acid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.10 Comparison of the crystal structures of T252E-CYP199A4 soaked with

4 mM H2O2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.11 Comparison of the crystal structures of T252E-CYP199A4 soaked with

2mM H2O2 for 10 min. . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.12 Comparison between WT CYP199A4 and T252E-CYP199A4 complexed

to 4-hydroxybenzoic acid. . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.13 In crystallo reaction of CYP121 using the peroxide shunt. . . . . . . . 86

5.1 CY17A1 reaction pathway for DHEA production and proposed C-C

cleavage mechanism. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.2 Formation of Cpd I by iodosylbenzene. . . . . . . . . . . . . . . . . . . 88

5.3 Reaction of 4-propionylbenzoic acid and 4-(2′-oxopropyl)-benzoic acid

with WT CYP199A4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.4 α-Hydroxyketone substrates to be tested with CYP199A4. . . . . . . . 89

5.5 HPLC analysis of the in vitro oxidation reactions of WT CYP199A4

with 4-propionylbenzoic acid and 4-(2′-oxopropyl)-benzoic acid. . . . . 97

5.6 P450 catalysed cleavage of 4-(2′-hydroxypropanoyl)benzoic acid and 4-

(1′-hydroxy-2′-oxopropyl)benzoic acid. . . . . . . . . . . . . . . . . . . 98

5.7 HPLC analysis of the in vitro oxidation reactions of WT CYP199A4 with

4-(2′-hydroxypropanoyl)benzoic acid using driven by NADH or H2O2. . 99

5.8 HPLC analysis of the in vitro oxidation reactions of CYP199A4 variants

with 4-(2-hydroxypropanoyl)benzoic acid using H2O2. . . . . . . . . . . 99

5.9 HPLC analysis of the in vitro oxidation reactions of WT CYP199A4

with 4-(1′-hydroxy-2′-oxopropyl)benzoic acid using peroxygenase or

monooxygenase pathways. . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.10 Structures of 4-acetylbenzoic acid, JCM 1, JCM 2 and 17α-pregnenolone. 101

5.11 Possible reaction pathway of WT CYP199A4 with JCM 2 to form

terephthalic acid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.12 HPLC analysis of the reaction of WT CYP199A4 with JCM 2. . . . . . 103

5.13 HPLC analysis of the reaction of JCM 2 in the presence of H2O2. . . . 103

xiv



5.14 HPLC analysis of the in vitro turnover of WT CYP199A4 with JCM 1

(tR = 8.8 min) and JCM 2 (10.9 min). . . . . . . . . . . . . . . . . . . 104

5.15 HPLC analysis of reactions using a NADH regenerating system with

alcohol dehydrogenase with WT CYP199A4 and JCM 1. . . . . . . . . 105

5.16 HPLC analysis of H2O2-driven reactions using T252E-CYP199A4 with

JCM 1 and 4-acetylbenzoic acid. . . . . . . . . . . . . . . . . . . . . . . 106

5.17 Crystal structure of WT CYP199A4 with 4-methoxybenzoic acid and

4-trifluoromethoxybenzoic acid. . . . . . . . . . . . . . . . . . . . . . . 107

5.18 UV-visible spectra of F182L-CYP199A4 with JCM 1. . . . . . . . . . . 108

5.19 Spin-state shift analysis of F182L-CYP199A4 and JCM 2 . . . . . . . . 108

5.20 UV-visible spectra of F298V-CYP199A4 with JCM 1. . . . . . . . . . . 109

5.21 UV-visible spectra of F182L-CYP199A4 with 4-acetylbenzoic acid. . . . 109

5.22 HPLC analysis of the NADH oxidation reaction of F182L-CYP199A4

with JCM 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.23 HPLC analysis of the reactions F182L-CYP199A4 with JCM 2 with

NADH or H2O2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.24 HPLC analysis of the oxidation reaction of F182L and F298V CYP199A4

with JCM 1 using the NADH regenerating system. . . . . . . . . . . . 112

5.25 HPLC analysis of the oxidation reaction of F182L and F298V CYP199A4

with 4-acetylbenzoic acid using the NADH regenerating system. . . . . 113

5.26 Possible reaction pathways of JCM 1 with F182L/F298V CYP199A4. . 114

5.27 HPLC analysis of the oxidation reaction between F182L-CYP199A4 and

4-(2-hydroxypropanoyl)benzoic acid with the NADH regenerating system.115

5.28 HPLC analysis of the oxidation reaction between F182L-CYP199A4 and

4-(1′-hydroxy-2′-oxopropyl)benzoic acid with the NADH regenerating

system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.29 HPLC analysis of the oxidation reaction of F182L-CYP199A4 with JCM

1 using with H2O2 or NADH. . . . . . . . . . . . . . . . . . . . . . . . 117

5.30 Reaction pathways of the intermediates within the P450 catalytic cycle. 117

5.31 HPLC analysis of the metabolites formed from the oxidation of JCM 1

and 4- acetylbenzoic acid in H2O and D2O. . . . . . . . . . . . . . . . 119

5.32 Crystal structure of F182L-CYP199A4 with co-crystallised with JCM 2. 121

5.33 The (S )- and (R)- enantiomers of JCM 1. . . . . . . . . . . . . . . . . 121

5.34 Crystal structure of F182L-CYP199A4 modelled with (R)-JCM 1. . . . 122

5.35 Active of the crystal structure of F182L-CYP199A4 modelled with (S )-

JCM 1 as substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

xv



5.36 Active site of F182L-CYP199A4 complexed with (S )-JCM 1 showing
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5.7 Distances measured (in Å) for the α-carbon and β-carbonyl of the (S )-

JCM 1 substrate to the heme centre of F182L-CYP199A4 compared to

equivalent carbons of 17α-hydroxy-progesterone in CYP17A1. . . . . . 127

6.1 Kinetic and substrate data for WT CYP199A4 with 4-phenyl- and 4-

cyclohexylbenzoic acid. . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

6.2 Distances and angles of the active site structure for WT CYP199A4

bound to 4-phenylbenzoic acid. . . . . . . . . . . . . . . . . . . . . . . 141

6.3 Kinetic data for F182L/F298V-CYP199A4 with 4-cyclohexylbenzoic

acid and 4-phenylbenzoic acid. . . . . . . . . . . . . . . . . . . . . . . . 142

C1 Statistics for data collection and refinement of crystal structures

of T252E-CYP199A4 complexed with 4-hydroxybenzoic acid and 4-

methoxybenzoic acid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

C2 Distances of notable features within the active site of different crystals

of T252E-CYP199A4 soaked with H2O2. . . . . . . . . . . . . . . . . . 214

D.1 B-factor comparison between W291, W267, W107 and W255 with their

respective closest residues in F182L-CYP199A4. . . . . . . . . . . . . . 229

D1 Statistics for data collection and refinement of crystal structures of The

F182L mutant of CYP199A4 in complex with JCM1 and JCM2. . . . . 229

E1 Statistics for data collection and refinement of crystal structures of WT

CYP199A4 in complex with 4-phenylbenzoic acid. . . . . . . . . . . . . 231

xx



Publications

This thesis is based on the following publications (currently published and under prepa-

ration as of the 17th of April 2023) that detail some of the research undertaken during

the period of candidature.

Lee, J.H.Z.; Podgorski, M.N.; Moir, M.; Gee,A. R.; Bell S. G., Selective Oxidations

Using a Cytochrome P450 Enzyme Variant Driven with Surrogate Oxygen Donors and

Light, Chem. Eur. J. 2022, 28.

Lee, J.H.Z.; Akter, J.; Harlington, A.C.; Whelan, F.; Bell, S.G., Regio- and Stereo-

selective Carbon-Hydrogen Bond Oxidations using an Oxidase and an Engineered

Monooxygenase Cascade.

Lee, J.H.Z.; Bruning, J.B.; Bell, S.G., Evidence of In Crystallo Peroxygenase Reac-

tions with T252E-CYP199A4.

Miller, J.C.*; Lee, J.H.Z.*; Mclean, M.A.; Chao, R.R.; Stone, I.S.J.; Pukala, T.L.;

Bruning, J.B.; De Voss, J.J.; Schuler, M.A.; Bell, S.G., Engineering C–C Bond Cleavage

Activity into a P450 Monooxygenase Enzyme, J. Am. Chem. Soc. 2023.

Coleman T.*; Lee, J.H.Z.*; Podgorski, M.N.; Bruning, J.B.; De Voss, J.J.; Bell, S.G.,

Investigation of α-Hydroxycarbonyl Formation and Subsequent C-C Bond Cleavage by

Cytochrome P450 Monooxygenase Enzymes.

Coleman T.; Kirk, A.M.; Lee, J.H.Z.; Doherty, D.Z.; Bruning, J.B.; Krenske, E.H.;

De Voss, J.J.; Bell, S.G., Different Geometric Requirements for Cytochrome P450-

Catalyzed Aliphatic Versus Aromatic Hydroxylation Results in Chemoselective Oxida-

tion, ACS Catal. 2022, 6, 1-15.

Coleman, T.; Lee, J.H.Z.; Kirk, A.M.; Doherty, D.Z.; Podgorski, M.N.; Pinidiya,

D.K.; Bruning, J.B.; De Voss, J.J.; Krenske, E.H.; Bell, S.G., Enabling Aromatic

Hydroxylation in a Cytochrome P450 Monooxygenase Enzyme through Protein Engi-

neering, Chem. Eur. J. 2022, 28.

*These authors contributed equally to this work.

xxi



This page is intentionally left blank

xxii



1 Introduction

1.1 Biocatalysis in Sustainable Chemistry

Biocatalysis is defined as the use of natural or biologically derived substances to en-

able a chemical reaction to occur at increased rates, these involve proteins known as

enzymes.1 Enzymes in particular have remarkable capability as catalysts. Different

enzymes can accept a wide array of molecules with complex architectures as substrates

and enzymatic reactions often occur with unparalleled regioselectivity and enantiose-

lectivity.2 This high selectivity provides a distinct advantage over organic synthesis,

whereby tedious blocking and de-blocking steps to protect vital functional groups in

conventional chemistry is common to achieve regio- and enantioselectivity. The lack

of additional synthetic steps also results in highly efficient reactions with fewer by-

products; this, alongside the mild reaction temperatures afforded with enzymes provide

an environmentally friendly alternative to conventional chemistry.

Early use of enzymes in industry have primarily focused on the synthesis of chiral in-

termediates for pharmaceutical applications.2,3 In the next decade, changing current

chemical manufacturing processes towards greener and sustainable approaches will be-

come vital and biocatalysis is an important route to achieve this change. Enzymes

are typically used either as isolated proteins in vitro, or in whole-cell, in vivo systems.

These two approaches to biocatalysis are both currently used in industry and are ac-

tive areas of research. For example, the synthesis of trimethyl L-leucine, an important

chiral intermediate for pharmaceutical applications has been achieved using isolated en-

zymes and whole-cell systems.4 This intermediate is used as a precursor to synthesise

anti-tumour, anti-viral, anti-inflammatory and anti-HIV drugs.5–8 Trimethyl L-leucine

is produced biocatalytically using leucine dehydrogenase from trimethyl pyruvic acid,

an ammonium ion and NADH (Figure 1.1). A second enzyme, formate dehydroge-

nase regenerates the NADH used in the first enzymatic reaction for a further round of

catalysis.9,10

Figure 1.1: Enzymatic synthesis of L-tertiary leucine.
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Despite the strong capability of enzyme biocatalysis, their stability, cost and need to en-

gineer selectivity to non-physiological substrates via mutagenesis limits their use.11,12

In recent years however, the availability of low cost synthetic genes have allowed for

the rapid and affordable screening of libraries containing diverse enzyme variants and

consequently enabled an acceleration in the development of biocatalysts.11

1.2 Heme-Dependent Oxygenases

Nature is able to carry out the numerous chemical transformations needed to sustain

life through the use of protein-based enzymes that are made from polypeptide chains

from the 20 genetically encoded amino acids.13 The 3-dimensional folding of these

polypeptide chains with the functional groups afforded by the amino acid residues al-

ready allows complex and diverse chemistry to be carried out by enzymes via simple

acid-base catalysis.13 However, many biological reactions often require metallic or or-

ganic cofactors which in concert with the spatial configuration of amino acid residues

provide catalytic capabilities for reactions that can prove challenging for conventional

chemistry.13

An important cofactor that supports life in our predominantly aerobic atmosphere is the

iron-containing heme prophorphyrin IX cofactor (Figure 1.2). Redox active metals such

as iron possess unpaired d -orbital electrons and can act as a mediator in the reductive

activation of oxygen.14 This allows metalloenzymes that contain heme to form metal-

oxygen complexes.14,15 These metal-oxygen complexes serve as intermediates within

many biological pathways including aerobic respiration and photosynthesis.15 For the

purpose of biocatalysis, metalloenzymes with heme centres that are able to activate

atmospheric oxygen and insert oxygen atoms into C-H bonds are known as oxygenases.

Figure 1.2: Structure of iron prophorphyrin IX.

Cytochrome P450 enzymes are a class of heme metalloenzymes which primarily func-
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tion as monooxygenases (Section 1.3).16 Chloroperoxidase (CPO) is another heme

metalloenzyme that catalyses halogenation and monooxygenase reactions.17

1.3 Cytochrome P450 Enzymes

Cytochrome P450 (P450) enzymes are a ubiquitous superfamily of heme metalloen-

zymes with 300,000 catalogued P450 sequences (as of 2017) across all domains of

life with more to be discovered.18 The majority of these P450 enzymes function as

monooxygenases that oxidise unactivated C-H bonds through the insertion of an oxy-

gen atom (Equation 1.1). Oxidation of these bonds occur with high regio- and stere-

oselectivity.

R-H + O2 +H+ +NAD(P)H → R-OH + H2O+NAD(P)+ (1.1)

The primary reaction catalysed by P450s is hydroxylation. (Equation 1.1).19 However,

P450s have been studied extensively for decades16 and have been observed to catalyse

reactions including, but not limited to, epoxidation,20,21 desaturation,22,23 aromatic

oxidation,24,25 carbon-carbon bond cleavage,26,27 Baeyer-Villiger oxidation,28 hetero-

atom dealkylations and oxidations.29,30

P450 enzymes are categorised according to families and subfamilies. Family members

share ≥ 40 % amino acid sequence similarity and subfamily members share ≥ 55 %

similarity.31 These enzymes are designated by the prefix CYP, that indicates it is

a P450 enzyme, followed by its family number. For example, CYP1 - CYP49 are

mammalian P450 families and CYP101 to CYP281 are bacterial families.18 Following

the family number, its subfamily is denoted by the subsequent letter and number.31

For example, CYP101A1 from Pseudomonas putida,32 is a member of family 101 and

is the first member identified for subfamily A of this family.

All cytochrome P450 enzymes contain an iron protoporphyrin IX (heme) centre within

the polypeptide structure.33 This centre is similar to those found in hemoglobin and

heme peroxidases such as horseradish peroxidase. The ferric iron centre when re-

duced to its ferrous form will bind strongly to O2 but will preferentially bind CO. The

heme proximal ligand binding site is bound to a highly conserved cysteine thiolate

residue.34,35 The formation of the ferrous-CO complex gives rise to a Soret maxima

at ∼450 nm that is a defining spectral property for these enzymes of which the name

“P450” comes from.36 This Soret peak is attributed to the coordination of the heme

to cysteine thiolate.36
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The distal binding site contains a water ligand that is easily displaced upon the binding

of a suitable substrate and is observed in most crystal structures of substrate-free

P450.16,34 Substrate binding will initiate the catalytic cycle of P450s in the presence

of suitable redox partners and cofactors (Section 1.4).

1.4 The Catalytic Cycle of P450s

The catalytic reaction cycle of monooxygenase P450s and its various intermediates was

first studied spectroscopically by Estabrook et. al in 1971 (Figure 1.3).37

Figure 1.3: The catalytic cycle of P450 enzymes. The peroxide shunt pathway is shown in green while
uncoupling reactions that generate hydrogen peroxide (H2O2) are shown in red.33,38 The oxidase
uncoupling pathway is shown in blue.39

This multi-step cycle (Figure 1.3)40 is first initiated through the binding of substrate

to displace the bound distal water ligand in its resting state (a). This causes the

heme-iron complex to shift from low-spin to high-spin (b). The 5 coordinate high-

spin complex is easily reduced and can accept an electron from NAD(P)H via electron

transport partners that will reduce the ferric (Fe3+) centre to the ferrous (Fe2+) form

(c). Subsequently, the binding of O2 generates the ferrous dioxygen complex (d). This

complex then accepts an electron to form the ferric-peroxo anion (e).41 The delivery of

a proton to complex (e) acting as a Lewis base forms the ferric-hydroperoxo complex
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(f). This hydroperoxo complex is known as Compound 0 (Cpd 0). Cpd 0 then accepts

another proton and its dioxygen bond undergoes heterolytic cleavage to form a water

molecule and the active oxidant in this cycle, a ferryl-oxo-porphyrin-cation radical

complex, Compound I (Cpd I) (g).42

Cpd I will undergo a radical rebound mechanism to insert its activated oxygen atom

into the coordinated substrate (Figure 1.4).43,44 The oxidised product then dissociates

from the enzyme and a water molecule binds distally to the ferric centre to reform the

resting state. This cycle is thought to be highly conserved across most members of the

P450 superfamily.45

Figure 1.4: Radical rebound mechanism carried out by Compound I (Cpd I) within the catalytic
cycle of P450 enzymes. Cpd I has a radical cation centre associated with the heme of the P450.46

Cpd I first abstracts a hydrogen from the substrate to form Compound II (Cpd II) and the substrate
radical.46 Radical rebound then occurs to insert the activated oxygen atom from Cpd II into the
substrate radical.

The displacement of the P450-bound water ligand by a substrate results in a shift from

low spin (LS) to high spin (HS) ferric state. This is accompanied by a spectroscopically

detectable shift from ∼ 418 nm (LS, substrate-free) to ∼ 390 nm (HS, substrate-

bound).47 This is known as a type I spectrum and the amplitude of this spectral shift

can be used to determine the proportion of enzyme in the LS and HS state.48 A type

II spectrum can be observed when a red-shift from ∼ 418 nm to ≥ 420 nm occurs

that is indicative of a ligand forming a 6-coordinate enzyme complex with a stronger

field ligand than H2O.47 The presence of a type II shift is usually characteristic of an

inhibitory ligand but type II inducing ligands can also be substrates.49

As observed in Figure 1.3, the reaction catalysed by the P450 is not necessarily produc-

tive. Uncoupling reactions can occur at several different points in the cycle. Uncou-

pling reactions in the catalytic cycle can generate H2O2 from the ferric-hydroperoxo

complex (Figure 1.3, f) or the ferric-dioxygen complex (Figure 1.3, d). The electron

transfer events occurring in the P450 catalytic cycle also requires the use of an electron

transport chain system and electrons sourced from NAD(P)H. Cpd I is highly electron

deficient and capable of being reduced by electrons from NAD(P)H.50 The reaction of

Cpd I with electrons will reduce the heme-bound oxygen to form water and is known

as the oxidase uncoupling pathway.39 These uncoupling reactions are unproductive
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pathways that lowers efficiency of P450 systems in large scale-syntheses.51

1.5 Oxidants in P450 Reactions

One of the major functions of P450 enzymes in humans is the detoxification of xeno-

biotics through hydroxylation occurring in the liver.52 The introduction of an alcohol

group renders xenobiotics more soluble and susceptible to further modification for later

metabolism and elimination. In particular, CYP3A4 in humans is responsible for the

metabolism of half of all currently used drugs.52 P450s are also responsible for the

biosynthesis of steroidal compounds.52

Activation of a C-H bond is difficult to achieve chemically due to the high energy

requirements in cleaving this bond (∼ 100 kcal mol-1).53,54 The radical rebound mech-

anism that was primarily developed from the work of Groves et.al,44 uses Cpd I (Figure

1.3 and Figure 1.4) as the oxidant in this mechanism.33 The radical rebound mechanism

proceeds via a two-step H atom abstraction/oxygen rebound mechanism (Figure 1.4).44

The H-atom abstraction of an alkyl substrate first proceeds to generate a Fe(IV)-OH

complex and the substrate radical (Figure 1.4). The substrate radical then recom-

bines with the hydroxyl radical from the Fe(IV)-OH complex to form the hydroxylated

product (Figure 1.4).

Cpd I has been established as the main oxidant in most P450 reactions.55,56 Different

reaction intermediates within the general P450 catalytic cycle are also theorised to be

capable of catalysing certain oxidation reactions depending on the type of substrate

(Figure 1.5).55–57 For example, the ferric-peroxo species (Figure 1.5) has been proposed

to be responsible for oxidative C-C cleavage in CYP17A1, which plays a significant role

in steroidal biosynthesis.58–61

Figure 1.5: Different intermediates of the P450 catalytic cycle and possible reactions catalysed shown
in italics.
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1.5.1 P450 Hydroxylations

The role of Cpd I in P450 hydroxylations has been extensively studied. Green et. al

reported the long-sought isolation and capture of Cpd I of CYP119A1 through reaction

of the ferric P450 with meta-chloroperoxybenzoic acid (mCPBA).43 The captured Cpd

I was characterised using Mössbauer and EPR spectroscopy, whereby its spectral prop-

erties matched the spectra elicited by Cpd I of chloroperoxidase (CPO). The isolated

Cpd I of CYP119A1 was directly observed to hydroxylate lauric acid.43

Radical clock studies have been used in determining the lifetime of the radical interme-

diate in the P450 rebound mechanism (Figure 1.4).62 Radical clock substrates contain

strained cyclic structures such as cyclopropyl, bonded to an adjacent carbon atom

from which the C-H bond is abstracted. This adjacent carbon atom will then undergo

H-atom abstraction by the P450 to become a radical centre that forms a cyclopropyl-

carbinyl radical. The strained ring structure of the radical can irreversibly rearrange to

form the corresponding homoallylic radical.33 The cyclopropylcarbinyl and homoallylic

radical can both be hydroxylated by the P450 forming hydroxylation products for two

alternate routes.

Figure 1.6: Radical trapping of P450 hydroxylation. Strained cyclopropyl substrates after H-
abstraction can be trapped (kt) by P450 hydroxylation or undergo rearrangement (kr) before hy-
droxylation.

The ratio between the amount of products from two different hydroxylation pathways

can then be used to calculate the lifetime of the radical intermediate.33,62 Early trap-

ping experiments for the P450 rebound mechanism gave radical lifetimes consistent with

reaction intermediates (50 ps).62 But, these reactions with later ultrafast radical clock

substrates were significantly shorter (70 - 200 fs).62–68 These shorter radical lifetimes

were more consistent with that of transition states being used in P450 hydroxylation
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rather than reaction intermediates as previously theorised.64

Newcomb et. al also employed bespoke radical clock substrates designed to distin-

guish between radical or carbocation intermediates based on the rearrangement prod-

ucts.65,67 The hydroxylation products formed from P450 reactions with these newly-

designed substrates gave evidence of a carbocation intermediate being involved in P450-

mediated hydroxylation.65 The short radical lifetimes and evidence for carbocation

intermediates cast doubt on the radical rebound mechanism for P450 hydroxylation

reactions and it was theorised that oxidants other than Cpd I were involved in hydrox-

ylation.65 Cpd 0 was initially theorised to be able to catalyse hydroxylation through

direct insertion of a hydronium ion (H3O
+) that forms a carbocation intermediate

with the substrate (Figure 1.7).65 The proposal that multiple oxidants are involved in

P450 reactions is known as the “two-oxidant” theory, where the more abundant oxidant

species (Cpd I or Cpd 0) dictates product distribution.69

Figure 1.7: Proposed reaction mechanism for Cpd 0 mediated hydroxylation.65

Theoretical studies that involve the use of density functional theory (DFT) and quan-

tum mechanical/molecular mechanical (QM/MM) calculations showed that Cpd 0 is

too weak an oxidant to facilitate C-H hydroxylation.70 Shaik et. al then proposed

an alternate to the two-oxidant theory that relies upon two spin states of Cpd I that

were determined using QM/MM calculations.71,72 In Cpd I, the 3dπ∗ (π∗FeO) of the

heme-iron centre has two unpaired electrons and one electron in the porphyrin (a2uπ
∗)

(Figure 1.8, inset).73 In the quartet high spin state (4A2u), all three electrons are

parallel but in the doublet low spin state (2A2u) the electron in the porphyrin a2uπ
∗

orbital is inverted (Figure 1.8, inset).73

The two spin-states have relatively the same energy requirements for the initial hydro-

gen abstraction step (Figure 1.8).74 The quartet 4A2u pathway has high energy barrier

during radical rebound that could lead to a carbocation intermediate as determined by

DFT calculations.72 The doublet 2A2u pathway has no significant energy barrier for

radical rebound and proceeds directly to the hydroxylated product (Figure 1.8).74
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Figure 1.8: Two-state reactivity model for P450 hydroxylation begins with Cpd I in either the quartet
4A2u (red) or doublet 2A2u spin state (black). The electronic configuration of Cpd 1 is shown inset.
The two spin-states leads into the transition state for hydrogen abstraction, TSH, followed by the
hydrogen abstraction intermediate (I). The quartet 4A2u pathway possesses an additional higher
energy cation intermediate during radical rebound (R+, TSreb). The two pathways will eventually
end with a hydroxylation product (P).

The “barrierless” doublet pathway provides an explanation of the short-radical lifetimes

observed by previous radical clock experiments. While the large energy barrier in the

quartet pathway that possesses an additional cationic intermediate which would ex-

plain the longer radical lifetimes and cationic rearrangement products as discovered in

previous experiments.63,65 This proposed theory is known as the “two-state” reactivity

model, and the intermediates (radical or cation) formed depends on the dominant spin-

state of Cpd I.74 The dominance and distribution of the spin-state of Cpd I will depend

on the residues surrounding the heme and also the substrate being oxidised.75–77

1.5.2 P450 Sulfoxidations

P450 enzymes have also been observed to oxidise organic sulfide molecules either

through sulfur dealkylation or direct sulfur oxidation (sulfoxidation).78 It has been

observed both experimentally and through theoretical calculations that the sulfoxida-

tion pathway of sulfide is more favourable over (S )-dealkylation with heme-containing

enzymes.30,56,79,80

Sulfoxidation reactions by P450s have been theorised to involve either Cpd I or Cpd 0.

The ferryl oxygen of Cpd I could react directly with the sulfur heteroatom in sulfides

(Figure 1.9).78 Cpd I can also abstract a single electron from the sulfur atom to form

a cation radical and oxygen transfer from the ferryl centre to the sulfur occurs to give
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the sulfoxide product (Figure 1.9).78

Figure 1.9: Proposed reaction mechanism for Cpd 1 mediated sulfoxidation that proceeds via single-
electron transfer from the sulfur atom to heme-iron centre to form a sulfur cation radical.

The ferric-hydroperoxo intermerdiate, Cpd 0 has also been implicated in P450 sulfox-

idation.70,81,82 Mutagenesis studies with CYP102A1 (P450BM3) designed to hinder

Cpd I but promote Cpd 0 formation by mutating an active site threonine (T268) to an

alanine (Mutant T268A) were carried out to investigate the oxidants involved in P450

sulfoxidation reactions.81,82 Volz et. al used dimethyl-(4-methylsulfanylphenyl)amine

that can undergo either sulfoxidation (Cpd 0 mediated) or N -dealkylation (Cpd I

mediated) (Figure 1.10).82 The T268A mutant of P450BM3 was shown to favour sul-

foxidation products 60 times more over dealkylation products.82 Cryle et. al have also

used the same T268A mutant of P450BM3 to investigate the oxidation of thia fatty

acids and found sulfoxidation rates were not decreased with this mutation.81 They

also found sulfoxidation of thia fatty acids and equivalent hydroxylation of fatty acids

by P450BM3 displayed completely opposite enantioselectivity.81 This once again infers

that alternate oxidants may be involved in sulfoxidation.

Figure 1.10: Sulfoxidation or N -demethylation of dimethyl-(4-methylsulfanylphenyl)amine by
P450BM3 conducted by Volz et. al.82

These mutagenesis studies strongly imply that Cpd 0 is involved in sulfoxidation re-

actions but theoretical calculations have shown that Cpd 0 is a weak oxidant.70 Shaik

have proposed another possible oxidant in P450 sulfoxidation reactions which uses a

FeIII-H2O2 complex.83 Theoretical calculations have shown that this complex is an ef-

ficient oxidant for P450 sulfoxidation reactions and could oxidise sulfur at a faster rate

than Cpd I.83 The mechanism for this complex begins with the sulfur heteroatom of

the substrate undergoing nucleophilic attack by the distal oxygen of heme bound H2O2

(Figure 1.11). This is followed by heterolytic O-O bond cleavage of the heme-bound

H2O2 and proton transfer to insert an oxygen atom into the substrate (Figure 1.11).83
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Figure 1.11: Sulfoxidation mechanism of P450s proposed using the FeIII-H2O2 complex.

1.5.3 P450 C-C Bond Cleavage Reactions

The capability of cytochrome P450s as powerful oxidants is none more apparent in

their ability to catalyse the cleavage of carbon-carbon (C-C) bonds. These P450

catalysed C-C cleavage reactions (lyase reactions) can sometimes involve significant

rearrangements of the substrate architecture, multistep oxidative transformations and

substrate fragmentation.84 P450 lyase reactions are usually involved in biosynthetic

pathways that generate secondary metabolites such as steroidal compounds (Figure

1.12).61 Known C-C cleavage reactions in mammals include: side-chain cleavage of

cholesterol to form pregnenolone (CYP11A1, Figure 1.12a), 17α-hydroxylation/lyase

reaction of pregnenolone (CYP17A1, Figure 1.12b) and 14α-demethylation of lanos-

terol (CYP51A1, Figure 1.12c).85,86 CYP17A1 reactions are of significant interest as

a target of drug inhibition in the growth of tumours of certain cancers.87–89

(a)

(b)

(c)

Figure 1.12: P450 C-C cleavage reactions involved in steroid biosynthesis. (a) Side-chain cleavage
of cholesterol by CYP11A1. (b) 17α-hydroxylation and subsequent lyase reaction of pregnenolone by
CYP17A1.(c) 14α-demethylation of lanosterol by CYP51.90
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The C-C cleavage reactions for these P450 systems require different oxidised carbon-

carbon bonds. CYP11A1 carries out sequential oxidation steps to produce a vicinal -diol

centre of which the bond between the hydroxylated centres is cleaved by the P450 to

form pregnenolone and an isocaproic aldehyde (Figure 1.12a).84,91,92 Pregnenolone is

also a substrate of CYP17A1, where this P450 will first hydroxylate its C17 centre to

generate an α-hydroxy ketone moiety. This moiety is then cleaved by CYP17A1 to

form a new ketone centre and acetic acid (Figure 1.12b).93,94 Lastly, CYP51A1 first

hydroxylates lanosterol at the C14 position to form an OH group and this is further

oxidised to generate an aldehyde through gem-diol formation. The aldehyde carbon

centre then undergoes C-C cleavage to form a ring alkene and formic acid (Figure

1.12c).84,95

The P450 oxidants and reaction mechanisms involved in the various C-C cleavage reac-

tions described in Figure 1.12 are varied depending on the individual P450 system.90

For CYP11A1, electron paramagnetic spectroscopy (EPR) experiments with Cpd I

derived from γ-irradiated CYP11A1 showed both the hydroxylation and C-C cleav-

age steps were catalysed by Cpd I.96 The reaction mechanism by which the Cpd I of

CYP11A1 catalyses the lyase step is still unconfirmed but 18O isotopic labelling stud-

ies have proposed two different lyase mechanisms for this P450 (Figure 1.13).84,97,98

The first mechanism involves Cpd I acting as an electrophilic species to allow nucle-

ophilic attack by one of the vicinal hydroxy groups to form a Fe-hydroperoxide adduct.

The diol carbons undergo heterolytic cleavage to generate the resultant carbonyl com-

pounds (Figure 1.13).97 The second mechanism involves initial H-abstraction from a

vicinal hydroxyl group and the resultant radical species undergoes homolytic cleavage

across the diol carbon bonds to generate a new radical centre (Figure 1.13).90,98 This

new centre will undergo radical rebound (Figure 1.4) with the protonated Cpd I com-

plex to form a gem-diol compound that will undergo dehydration to form the observed

carbonyl compounds (Figure 1.13).90

Figure 1.13: Proposed mechanisms for CYP11A1 lyase activity with vicinal diol carbon centres.90
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18O isotopic labelling studies were used to investigate CYP17A1’s reaction pathway

and the key oxidative species in the cleavage of hydroxylated pregnenolone.58,99 It

is proposed that the ferric-peroxo anion of CYP17A1 will attack the C=O centre of

the α-hydroxy carbonyl group to form a peroxo adduct. This peroxo-adduct can then

undergo different Baeyer Villiger oxidative cleavage reactions (Figure 1.14) to form

the final ketone product and acetic acid.60,100 CYP17 that has been enriched with

the 18O isotope (Figure 1.14) incorporates the 18O label into the acetic acid cleavage

product.94,99 This provides evidence that the CYP17 ferric peroxo species was involved

as a nucleophile in Baeyer Villiger type reactions.94,99

Figure 1.14: Proposed mechanism for CYP17A1 lyase activity. 18O labelling studies showed the 18O
(red) is incorporated into the acetic acid product that supports a Baeyer-Villiger mechanism with the
ferric-peroxo form of CYP17A1.

CYP51A1 was also used in NMR and 18O isotope labelling experiments to determine

the main oxidant and reaction mechanism involved in the C-C cleavage reaction of this

P450 enzyme.95,101 Isolation of a 14α-formyloxy compound by Fisher et. al has led to

the proposal of another Baeyer-Villiger like mechanism for C-C cleavage by CYP51A1

that arises from the addition of a P450 ferric-peroxo anion to the electrophilic aldehyde

centre (Figure 1.15).84,95 Akhtar et. al also proposed an alternate mechanism involving

O-O homolytic cleavage to form a radical intermediate that will undergo decomposition

to form the cleavage product.60
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Figure 1.15: Proposed mechanisms for CYP51A1 C-C cleavage activity.60

1.6 P450 Electron Transport Systems

In the P450 catalytic cycle (Figure 1.3), NAD(P)H or NADH serves an electron source

through the donation of a hydride ion but the catalytic cycle requires two sequential

single electron transfer steps (Figure 1.3). Electron transfer systems are therefore

needed to convert a hydride derived from NAD(P)H into electrons and relay these one

at a time to the P450 for oxidation activity.

Ten different classes of electron transport chains have been identified in the literature

and are classified according to the topology of the proteins involved in the electron

relay.102 These chains can be found in different species ranging from bacterial, mito-

chondrial, fungi and mammalian systems.103–105

The complete P450 systems can be classified into either one, two or three component

systems (Figure 1.16).102 The multi-component systems utilise reductase enzymes that

contain flavin cofactors (FAD or FMN) that catalyse the oxidation of NAD(P)H and

allows for subsequent electron relay to another electron transfer centre or the P450

heme centre.38,102 Three-component systems can also contain an iron-sulfur [2Fe-2S]

ferredoxin that relay the electrons needed from the reductase to the P450.103 A well-

known example of a three-component system is that of CYP101A1 (P450cam) from

Pseudomonas putida that consists of putidaredoxin and putidaredoxin reductase, which

shuttles electrons from NADH to P450cam for hydroxylation reactions.106
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Figure 1.16: Electron transfer systems of P450s. Fd: Ferredoxin. CPR: Cytochrome P450 reductase.
Uncoupling reactions that generate H2O2 is shown in red.

Multicomponent P450 systems require specific redox protein partners to enable electron

transfer activity to the P450 centre. For example, CYP101A1 will only accept electrons

from putidaredoxin, its physiological redox partner.107 The need to pair specific redox

partners to individual P450s hampers widespread use of these enzymes on a larger

scale.

A separate but well-known issue with multicomponent electron transfer systems is that

reduced electron transfer proteins such as the reductase or ferredoxin can be highly sen-

sitive to oxygen and temperature.38 Reactions of these reduced proteins with oxygen

can result in uncoupling, to produce H2O2 that will therefore result in an unproductive

reaction (Figure 1.16).38,108 The uncoupling reactions within the P450 electron trans-

port chain and alongside those occurring in the P450 catalytic cycle diverts the reducing

power of NADPH cofactors away from the desired oxidative reactions and towards fu-

tile side reactions that produce reactive oxygen species (ROS) such as H2O2.
102 The

effects of ROS and its role in the damage of proteins is well-known, whereby it impacts

cell viability and enzyme stability/lifetime in biocatalytic systems.109

Enzymes that function as ROS-scavengers such as catalases and superoxide dismu-

tatases have been employed with in vitro biocatalytic systems to remove said reactive

species. While this alleviates the immediate issue with uncoupling reactions, further

scale up of biocatalytic monooxygenase systems would introduce further problems,

such as additional amounts of ROS-scavengers and the need for a molar surplus of
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NAD(P)H to mitigate unproductive uncoupling reactions to drive substrate conversion

to completion.102

NAD(P)H cofactors have high costs associated with their production and therefore

are too expensive for use as stoichiometric agents but these cofactors can be regener-

ated in situ. Whole-cell systems are often used when co-factor regeneration is needed

but regeneration with in vitro systems is possible also.110 These regeneration meth-

ods often make use of additional enzymes such glucose and/or alcohol dehydrogenases

and sacrificial substrates (isopropanol/glucose) that can generate superstoichiometric

quantities of carbon waste and will often require continuous pH monitoring and ad-

justment.110,111

These issues related to uncoupling and NAD(P)H use alongside the need to co-express

electron transport proteins makes P450 monooxygenase systems less appealing for large

scale industrial applications. An alternative to the monooxygenase system is the use of

peroxygenases. Peroxygenases utilise readily available hydrogen peroxide as an electron

source that is cheaper112 and therefore more cost-effective.

1.7 H2O2 Peroxygenases

In nature, there are heme enzymes that are capable of binding H2O2 or other reactive

oxygen species, these include catalases and peroxidases which function as ROS scav-

engers through cleavage of the peroxide bond to form water.113,114 Another class of

H2O2-dependent heme enzymes are the peroxygenases, which functionalise the C-H

bonds of organic substrates using H2O2.
108 These include P450 peroxygenases and the

related unspecific fungal peroxygenases.108,115

The heme centre of peroygenases forms the active oxidant, Cpd I through the use of

a peroxide shunt pathway (Figure 1.3 and 1.17).33 This pathway involves the binding

of hydrogen peroxide to the heme to directly form the hydroperoxo species which

subsequently forms Cpd I for substrate oxidation.33,116

Figure 1.17: Peroxide Shunt Pathway of P450 or peroxygenase enzymes. The binding of hydrogen
peroxide to the 5-coordinate high-spin complex allows the direct formation of Cpd I without the need
for electron transfer steps.33
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Hydrogen peroxide and organic surrogates such as cumene hydroperoxide and iodosyl-

benzene can utilise this peroxide shunt pathway or through direct transfer of an oxygen

atom to the heme centre.117 These oxygen surrogates bypasses the need for cofactors

and electron transfer partner proteins in P450 reactions.118 The oxyfunctionalisation

reactions catalysed by P450 peroxygenases will introduce an oxygen atom from the

bound peroxide rather from dioxygen.119,120

Unspecific fungal peroxygenases (UPO) are a distinct class of peroxygenases exclusively

found in fungal species.121 These peroxygenases possess a heme thiolate centre similar

to P450s (Figure 1.18) but differ significantly in that these fungal enzymes are secreted

into extracellular space as opposed to P450s that are expressed within intracellular

environments.108 The reactions catalysed by UPOs are similar to those of P450s and

include aliphatic hydroxylations, alkene epoxidation, aromatic oxidation and dealkyla-

tions.122 The physiological role UPOs play in the fungal species is not known, though

their catalytic versatility may play a role in unspecific oxidation and detoxification of

xenobiotics that is likened to an extracellular “fungal liver”.123

Figure 1.18: Crystal structure of AaeAPO from Agrocybe aegerita showing its active site and heme-
centre (PDB: 2YP1).123 The heme-thiolate structure is similar to those in P450s and it is noted that
a glutamine residue (E196) is present above the heme on the distal side. An acetate molecule was
present in the active site as substrate.

While UPOs offer greater stability as extracellular proteins, they offer poor yields

when expressed in conventional recombinant expression systems, which is due to host

expression systems that lack capability for post-translational modifications and missing

chaperones.122 Therefore, reported expression of UPOs in the literature often require

extensive host strain engineering and directed evolution campaigns to achieve high

expression.108,124 The most successful example of UPO engineering and expression is

AaeUPO from Agrocybe aegerita which underwent several rounds of laboratory directed

evolution to achieve high expression (200 mg L-1) in P.pastoris.124,125
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Natural P450 peroxygenases that have been discovered primarily come from the

CYP152 family, such CYP152A1 (P450BSβ), CYP152B1 (P450SPα), CYP152A2

(P450CLA), CYP152K6, CYP152N1 and CYP152L1 (P450OleT).
126–130 These P450

enzymes primarily bind and hydroxylate fatty acids driven by the presence of H2O2.

Decarboxylation of these fatty acids to form alkenes have also been observed with

P450 peroxygenaseses.131 P450BSβ primarily hydroxylates long chain fatty acids at

the β (3-hydroxy) position while P450SPα hydroxlates at the α (2-hydroxy) position.

The turnover activity of P450BSβ with the hydroxylation of myristic acid is reported to

be 1400 min-1 and has high affinity towards H2O2 with a KM value of 32 µM that indi-

cates these enzymes can function as efficient peroxygenases at low H2O2 levels.132,133

The majority of P450 monooxygenase enzymes possess a highly conserved acid-alcohol

pair within the active site that function as proton relays to the iron-oxygen species dur-

ing the catalytic cycle, for example D251 and T252 in both CYP101A1 (P450cam)16

and CYP199A4 (Figure 1.19a).134 The substrate-bound crystal structures of various

P450 peroxygenases in the CYP152 family,132,135,136 revealed their active sites instead

contain carboxylate binding arginine and proline residues, such as R241 and P242 in

P450SPα or R242 and P243 in P450BSβ (Figure 1.19b and 1.19c).132,135 The guani-

dinium of the arginine residue (Figure 1.19b and 1.19c) in particular forms a strong

bidentate interaction with the carboxylate group of the substrate.135

(a) (b) (c)

Figure 1.19: (a) Crystal structure of CYP199A4 (PDB: 4DO1)137 bound to 4-methoxybenzoic acid,
whereby the D251 and T252 residue are the acid-alcohol pair conserved in P450 monooxygenases.
b) Crystal structure of CYP152B1 (P450SPα, PDB: 3AWM) bound to palmitic acid.132 (c) Crystal
structure of CYP152A1 (P450BSβ, PDB: 1IZO)135 bound to palmitic acid.132

Crystal structures of P450 peroxygenases (Figure 1.19) showed that the interaction of

the arginine residue (R241 in Figure 1.19b) with the fatty acid carboxylate is simi-

lar to that of interactions between active site histidine and glutamate residues of the
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chloroperoxidase (CPO) enzyme from Caldariomyces fumago.17 CPO exhibits cata-

lase, peroxidase and P450-like activity with H2O2.
17 The reaction mechanism of CPO

involves the active site glutamate (E183) functioning as an acid-base catalyst for O-O

bond cleavage of H2O2 and an adjacent histidine residue modulates the basicity of the

glutamate through hydrogen bonding (Figure 1.20).138

(a)

(b)

Figure 1.20: (a) Crystal structure of chloroperoxidase (CPO) from Caldariomyces fumago. (b) H105
and E183 form acid-base interactions during Cpd I formation of CPO with H2O2.

Using CPO as a mechanistic basis (Figure 1.20b), Lee et. al proposed a similar molecu-

lar mechanism for P450 peroxygenase reactions whereby the active site arginine (R241

in P450SPα) will modulate the basicity of the substrate carboxylate and allow it to act as

an acid-base catalyst.135 This was confirmed by Shoji et. al using decoy molecules and

crystallography, whereby the addition of short alkyl chain molecules that contain car-

boxylate groups allowed P450SPα to oxidise non-native substrates such as styrene, and

highlights the importance of this substrate carboxylate for catalytic function.135,139

The proposed mechanism for Cpd I formation with these P450 peroxygenases is shown

in Figure 1.21. The peroxygenase mechanism begins after the displacement of the distal

water ligand by the substrate. Subsequently, the substrate carboxylate abstracts a

proton from H2O2 (Figure 1.21) forming a peroxide anion. The peroxide anion binds to

the heme ferric centre to form the hydroperoxo complex (Figure 1.21). The hydroperoxo
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complex then abstracts a proton from the substrate to undergo O-O cleavage to form

Cpd I (Figure 1.21).135,139,140

Figure 1.21: The proposed catalytic reaction mechanism of P450 peroxygenases in the hydroxylation
of long chain fatty acids.

An alternate mechanism for heme enzyme peroxygenase reactions has also been pro-

posed by Shaik et. al shown in Figure 1.22.141,142 This mechanism proposed by Shaik

et. al involves the formation of a FeIII-H2O2 complex (Figure 1.22) that is stabilised

by the substrate carboxylate. The O-O bond of the peroxide undergoes homolytic

cleavage to form a hydroxyl radical and a FeIV-OH. The hydroxyl radical is stabilised

by interactions with the substrate carboxylate and a free water molecule, which would

then lead to the radical abstracting a proton from FeIV-OH to form Cpd I.143

Figure 1.22: An alternate catalytic reaction mechanism of P450 peroxygenases to form Cpd I. This
mechanism involves a O-O homolytic cleavage of the hydrogen peroxide.
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Natural P450 peroxygenases are self-sufficient catalysts without any of the dependen-

cies on external partner proteins required by monooxygenases. However, the impor-

tance of the substrate carboxylate group in the catalytic mechanism of the CYP152

family peroxygenases limits their substrate range almost exclusively to fatty acids and

hampers their use in more useful oxidative reactions. The use of decoy molecules

could expand their substrate range but requires bespoke molecules for specific sub-

strate/enzyme combinations. Thus, efforts have been undertaken by Shoji et. al to

engineer peroxygenase activity in natural P450 monooxygenases.135,139,140

Shoji et. al achieved this through the introduction of an acidic glutamate residue

in the active site of P450 monooxygenases such as P450cam, CYP102A1 (P450BM3),

CYP119 and also within a natural peroxygenase, P450SPα. Single-point mutagenesis of

a highly conserved active site threonine to a glutamate residue in these monooxygenases

was able to introduce peroxygenase activity in these P450s. An equivalent residue

in P450SPα, A245, was mutated also (Figure 1.19c). The introduction of an acidic

glutamate near the heme centre of these P450s would mimic the effect of the substrate

carboxylate in the CYP152 family of natural P450 peroxygenases such as in P450SPα

and P450BSβ. Mutant A245E-P450SPα showed significantly improved peroxygenase

activity in the oxidation of styrene with a turnover rate of 280 min-1 without the use

of decoy molecules.140 Mutants T252E-P450cam and T268E-P450BM3 both showed

improved turnover activity towards their natural substrates in the presence of H2O2

over their wild-type (WT) counterparts, with the latter displaying a turnover rate of

110 min-1 with styrene and H2O2.

Other efforts undertaken to convert P450 monooxygenases to peroxygenases includ-

ing single-point mutagenesis of the F87 residue of P450BM3 to an alanine or glycine

residue resulted in increased peroxygenase function for P450BM3 but still showed rapid

destruction towards H2O2.
144–146 An extensive directed evolution campaign was also

carried out to improve peroxygenase activity with P450cam.147

I propose to use this single-point mutagenesis approach, in this thesis to study P450

peroxygenase reactions.

1.8 CYP199A4 from Rhodopseudomonas palustris HaA2

CYP199A4 was discovered within strain HaA2 of the bacterium, Rhodopseudomonas

palustris.148 This bacterium is gram-negative and has been found in many diverse envi-

ronments including swine waste lagoons, pond water and earthworm droppings.149 The

wide range of environments they can survive in is owed to its incredible metabolic di-
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versity that allows them to grow and adapt using energy from any of the following path-

ways: photoautotrophic and photoheterotrophic (energy from light and CO2/organic

compounds as a carbon source), chemoautotrophic and chemoheterotrophic (carbon

and energy from inorganic/organic compounds and CO2).
149

There are different strains of R. palustris that possess differing genomes depending

on the micro-environment of the strain. The vast metabolic diversity of this bac-

terium has led to different strains containing a number of different P450s for varied

metabolic function. Strain CGA009 of R. palustris contained 7 P450 genes within

its genome that belong to at least 4 different P450 families, whereby four of these

P450s (CYP195A2, CYP199A2, CYP203A1, and CYP153A5) have been expressed in

Escherichia coli (E.coli).150 CYP199A2 has been reconstitued in vitro with palus-

trisredoxin A and putidaredoxin reductase of the P450cam system.150 Ferredoxin and

ferredoxin reductase gene sequences were also found in the genome of strain CGA009

that are likely part of the electron transfer chain system with some of these P450s.150

CYP199A4 was discovered in strain HaA2 of R. palustris.148 This strain was found in

the sediment of a pool of rainwater near Haren, the Netherlands.151 Initial genomic

analyses of this strain found that it is more suited for oxidative aerobic metabolism

rather than phototrophic or anaerobic metabolism.151,152 CYP199A4 alongside a ferre-

doxin (HaPux) and ferredoxin reductase (HaPuR) were identified from its genome after

BLAST searches using the amino acid sequences of CYP199A2 and the related electron

transfer partners from strain CGA009 were undertaken.148 Furthermore, CYP199A4,

HaPux and HaPuR were expressed in E.coli and successfully purified in high-yield.148

It is noted that CYP199A4 and HaPux are purified in greater yield (> 5-fold) than the

equivalent proteins of CYP199A2. Enzyme activity has been successfully reconstituted

with CYP199A4 with HaPux and HaPuR using NADH as an electron source.150

CYP199A4 and CYP199A2 are closely related P450s that are able to bind para-

substituted benzoic acids (Figure 1.23) and catalyse their oxidation.30,48,137,153,154

CYP199A4 strongly prefers this para-substituted benzoic framework as meta sub-

stituents are often oxidised less efficiently compared their para counterparts, for exam-

ple 3-methoxybenzoic acid with CYP199A4 produces a NADH consumption rate of 498

min-1 but no product formation is observed.155 This is in contrast to 4-methoxybenzoic

acid, whereby CYP199A4 has significantly higher NADH consumption and product for-

mation rates (> 1000 min-1), as well as a coupling efficiency (ratio of product formed

: NADH added) of 91 % (Figure 1.23).30

22



Figure 1.23: Enzymatic reactions catalysed by CYP199A4 with para-substituted benzoic acids.

Several crystal structures with CYP199A4 have been solved.30,134,153,155,156 These

crystal structures have been used to elucidate its binding modes and preference towards

the para-substituted benzoic acids.157

Figure 1.24: Crystal structure of the active site of CYP199A4 complexed with 4-methoxybenzoic acid
(PDB: 4DO1). The carboxylate moiety of the substrate is essential for tight binding with this enzyme
owing to interactions with polar residues (R92, R243, S95 and S244) surrounding the moiety.157 The
T252 residue is highlighted in cyan.

The high yield expression and purification of CYP199A4 and its electron transfer part-

ners, HaPux and HaPuR from recombinant E.coli coupled with easy access to crystal

structures allows this enzyme to be used as a model system and therefore detailed

mechanistic studies for P450 reactions.48 The relatively simple para-substituted ben-

zoic acid architecture enables a variety of different P450 monooxygenase reactions to

be studied with this enzyme with enantiomerically available compounds.
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CYP199A4 has been used as a model system to study P450 reactions such as sulfoxida-

tion, N -dealkylation and amide formation (Figure 1.23).30 CYP199A4 also catalyses

hydroxylation and desaturation reactions with 4-ethylbenzoic acid to produce a mix-

ture of products from both reactions.48 Protein engineering approaches in conjunction

with crystal structures complexed with 4-ethylbenzoic acid have been used to inves-

tigate the partition between reaction pathways of hydroxylation and desaturation.48

Mutation of active site residue, F185 to a less bulky isoleucine (F185I) residue favoured

the desaturation pathway (100% desaturation product). This was hypothesised to be

due to the additional space in the active site caused by the mutation, which positions

the substrate alkyl carbons further away from the heme centre during the catalytic

cycle. The further distance hinders the radical rebound mechanism that favours hy-

droxylation.48

Initial efforts to convert CYP199A4 into a peroxygenase have been done based on the

work of Shoji et al..140,156 This was achieved through mutagenesis of the conserved

threonine (T252, Figure 1.24) residue to a glutamate residue to introduce an acid-base

catalyst within the active site of CYP199A4.156 The glutamate residue mimics the

conditions necessary for P450 peroxygenase reactions to occur (Figure 1.21).140 As

a result, peroxygenase activity was successfully introduced in CYP199A4. Reactions

with 4-methoxybenzoic acid yielded turnover numbers (> 100) comparable to P450

peroxygenases with their respective substrates.156 The T252E mutant also exhibited

poor catalytic efficiency while oxidising 4-methoxybenzoic acid using NADH/O2 and

electron transfer partners, with product formation rates (0.8 min-1) and coupling effi-

ciencies (10%) significantly lower than the WT enzyme (1971 min-1 and 91 % respec-

tively).156

Substrate binding studies of T252E-CYP199A4 showed only 5 % type I shift with

4-methoxybenzoic acid which is in contrast to the ⩾ 95 % shift observed with WT-

CYP199A4.148 This indicates that the distal water ligand has not been displaced by

the substrate.156 The crystal structure of T252E-CYP199A4 reveals that the sixth

water ligand in this mutant has not been displaced upon substrate binding (Figure

1.25a, PDB: 7REH). This is likely due to the carboxylate of residue E252 interacting

with the heme-bound water which prevents its displacement when substrate binds.156

There were additional changes observed in the oxygen binding groove of the T252E

mutant compared to the WT and the orientation of the D251 residue was also slightly

altered (Figure 1.25b).156
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(a) (b)

Figure 1.25: (a) The active site of T252E-CYP199A4 (PDB: 7REH). The heme distal water ligand is
not displaced by substrate binding and has a strong interaction with E252. (b) Superimposed active
site structures of WT (green) and T252E (cyan) variants of CYP199A4. The 4-methoxy moiety of
the substrate was angled away from the heme centre in the T252E mutant.

T252E-CYP199A4 can be used as a model system to study P450 peroxygenase reac-

tions. Efforts have been made to understand the sulfoxidation reaction mechanism in

P450s using this mutant.158 The T252E mutant showed greater sulfoxidation activity

over O-demethylation using the peroxygenase pathway but the WT enzyme showed no

preference for either reaction when using the monooxygenase pathway. Given that Cpd

I, the proposed active oxidant, is formed in both pathways (Figure 1.17 and Figure 1.3),

the results imply that the peroxygenase pathway likely involved another oxidative in-

termediate involved in the sulfoxidation reaction. It was proposed that the FeIII-H2O2

complex (Figure 1.22) originally theorised by Shaik et. al is the likely oxidant that can

also catalyse sulfoxidation reactions in P450s.143,158

A significant drawback suffered by these peroxygenases is that H2O2 can deactivate the

heme centre.108 Indeed, the binding affinity (KM) of H2O2 with T252E-CYP199A4

was 15 mM156 and lowering this value will be ideal to allow lower H2O2 concentrations

to be used to drive peroxygenase activity.143 Another approach to drive peroxygenase

activity in these enzymes is generating H2O2 in situ.

1.9 In situ H2O2 Generation for Peroxygenase Reactions

An approach that generates H2O2 in situ could mitigate damage to the heme centre

through slowly exposing the peroxygenase to low but replenishing levels of H2O2. Ini-

tial work that demonstrates this by Sheldon et. al uses a H2O2 sensor that continually

monitors and maintains the low H2O2 levels (50 µM) in reaction with CPO.159 This
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approach enabled improved stability over time and greater substrate conversion.159

Efforts have also been undertaken to use reduced flavin molecules that are highly

reactive to molecular oxygen to produce H2O2. Different ways to generate reduced

flavins include the use of visible light and EDTA (Figure 1.26a)160 and a synthetic

NADH analogue, 1-benzyl-1,4-dihydronicotinamide (BNAH) (Figure 1.26b).161

(a) (b)

Figure 1.26: In situ generation of H2O2 using free flavins with (a) light-activation alongside EDTA
and (b) synthetic NADH analogues.

Girhard et. al demonstrated that flavins in the presence of visible light and EDTA

can be reduced and reacts with oxygen to generate H2O2.
160 Paul et. al showed the

NADH analogue, BNAH, was able to reduce flavins with greater reactivity than its

natural counterpart and generate H2O2. Both approaches were used with peroxyge-

nases of the CYP152 family and were successful in demonstrating substrate conversion

with these P450s.160–162 Further optimisation of reaction conditions would be needed

to maximise reaction rates while minimising enzyme deactivation by H2O2. The pho-

tochemical method using light and EDTA have also been used to drive H2O2 depen-

dent activity in chloroperoxidase (CPO) and Agrocybe aegerita aromatic peroxygenase

(AaeAPO).163,164

A chemical approach to generate H2O2 was developed by Karmee et al. that used

supercritical carbon dioxide (scCO2) (Figure 1.27a).165 Liquid scCO2 was used as

medium to produce H2O2 directly from H2 and O2 with Palladium (Pd) as a cata-

lyst (Figure 1.27a). This method produced H2O2 for CPO to generate an optically

enriched (R)-sulfoxide through sulfoxidation.165 A similar sulfoxidation reaction with

CPO was achieved through electrochemical approaches, whereby electrodes containing

catalysts that converts oxygen to H2O2 were used to drive sulfoxidation activity with

CPO (Figure 1.27b).166,167 Zhang et. al used gold and palladium (Au-Pd) nanopar-

ticles loaded on TiO2 to generate H2O2 for peroxygenase reactions with an unspecific

peroxygenase (UPO).168 The heterogenous Au-Pd-TiO2 catalyst generates H2O2 from

oxidising hydrogen gas and reducing O2, where the H2O2 generated is then be supplied
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to UPO.168

(a) (b)

(c)

Figure 1.27: In situ generation of H2O2 using (a) supercritical CO2, (b) an electrochemical approach
and (c) Au-Pd catalysts supported on TiO2.

Oxidase enzymes that can generate H2O2 enzymatically have also been used to sup-

ply H2O2 to CYP152 enzymes.131,169 Gandomkar et. al employed an α-hydroxyacid

oxidase in solution with P450CLA to drive peroxygenase activity.169 Munro et.al pro-

duced an unnatural fusion enzyme where alditol oxidase was attached to P450OleTJE

via a short amino acid linker to generate H2O2 in close proximity to the P450 peroxy-

genase.131 A less conventional application of these oxidases involved the use of natural

deep eutectic solvents (NADES).51 Li et. al successfully employed a eutectic solvent

of choline-chloride and urea with a choline oxidase (ChOx), where the solvent acted

as a co-substrate for the oxidase to generate and supply H2O2 to a UPO enzyme for

sulfoxidation.51

Figure 1.28: The use of a natural deep eutectic solvent (NADES) in the in situ generation of H2O2

for peroxygenase reactions.
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1.10 Enzyme Immobilisation

Peroxygenases presents a more cost-effective and sustainable method to achieving large

scale biocatalytic reactions for green and sustainable chemical production. Industrial

applications of peroxygenases and enzymes in general would be hindered through poor

long-term operational stability, challenging enzyme recovery and re-use.170 Operational

stability in particular is a significant issue for peroxygenases due to enzyme deactiva-

tion by H2O2. These issues can be overcome through enzyme immobilisation,170–172

through which different approaches exist for biocatalysis. These approaches include

binding to a carrier or encapsulation (Figure 1.29).170

Figure 1.29: Different approaches to immobilising enzymes.

Immobilising the enzyme onto a solid surface allows for more convenient handling and

recovery of the enzyme.170 This will also minimise contamination by the enzyme into

the final enzymatic product owing to the ease of separation of solid enzyme from liquid

reaction mixtures. Facile enzyme separation also allows for efficient recovery and re-use

of the enzyme to extend its operational lifetime.172

Binding to a carrier involves attaching the enzyme to solid support either through phys-

ical, ionic or covalent interactions.173 Carriers that have been used include synthetic

organic polymers, natural polymers and inorganic polymers.170 Natural polymers used

for enzyme immobilisation consists of water-insoluble polysaccharides such as cellu-

lose, starch and chitin.170 A well-known example of this employed commercially is the

Tanabe process that is used in the production of L-amino acids through resolution of

racemic acylamino acids by an aminoacylase.174 The aminoacylase is immobilised on

to cellulose modified with diethylaminoethyl groups (DEAE-Sephadex).

Inorganic polymers such as silica have been used to immobilise different enzymes such

as CPO from Caldariomyces fumago 175 and lipases.176,177 The silica used in these

examples were epoxy-functionalised silica. The epoxide functional group on the silica
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beads will react with the the enzyme’s terminal amino group and attach itself to the

silica bead surface (Figure 1.30).

Figure 1.30: Functionalisation of epoxy-silica beads with enzyme.
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1.11 Thesis Aims

CYP199A4 has demonstrated considerable use as model system for P450 reactions ow-

ing to its robust heterologous in recombinant E. coli and ease of crystallisation for

structural studies. Initially, the T252E mutant of CYP199A4 will be expressed and

purified. In Chapter 2, this mutant will be tested with different methods to gener-

ate H2O2 in situ such as oxygen surrogates and photochemical flavin-based reactions.

Reaction conditions will be optimised to drive and maximise product formation with

T252E-CYP199A4. Insights gleaned from these methods with T252E-CYP199A4 will

be applied to other P450 peroxygenase enzymes such as CYP152A1 (P450BSβ). Deuter-

ated para-substituted benzoic acids will also be used to study the peroxygenase and

monooxygenase pathways of CYP199A4 to ascertain if a kinetic isotope effect is present

in the C-H bond abstraction step in either pathway.

Figure 1.31: Deuterated 4-methoxybenzoic acid used to probe kinetic isotope effects of C-H abstraction
with CYP199A4.

In Chapter 3, enzymatic approaches to generate H2O2 in situ for P450 reactions will

also be explored through the use of different oxidases. Oxidase enzymes are able to

generate H2O2 in the presence of a suitable substrate and O2, such oxidases include

alditol oxidase,178 choline oxidase179 and formate oxidase.180 The oxidases will also

be fused to P450 peroxygenases to generate two-domain fusion protein that will have

both H2O2-generating and peroxygenase functions. Optimisation of these oxidase-P450

reactions will be carried out with T252E-CYP199A4 and other P450 peroxygenases to

determine the viability of this approach. The immobilisation of P450 peroxygenases

onto solid surfaces will also be tested to explore future use of flow chemistry with these

P450s.

P450 peroxygenases only require H2O2 for catalytic activity. In Chapter 4, crystals

of T252E-CYP199A4 will be co-crystallised with substrate bound to the active site.

These crystals will be soaked with different concentrations of H2O2 with the aim of

driving an enzymatic reaction within the crystallised enzyme. Crystal structures of

these soaked P450 crystals will be solved to access if any in crystallo enzymatic reaction

has occurred.
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In Chapter 5, CYP199A4 will be used as a model system to investigate carbon-carbon

(C-C) bond cleavage reactions catalysed by P450 enzymes. These bond cleavage re-

actions are of significant interest in the human steroidogenic pathway and its reaction

mechanism is not completely understood. Site-directed mutagenesis will also be used

to generate mutants of CYP199A4 with the aim of introducing C-C cleavage activity

with suitable α-hydroxyketone compounds. These compounds are designed after sim-

ilar substrates in physiological C-C cleavage reactions. X-ray structures of mutants

that are able to catalyse C-C cleavage reactions will be determined to rationalise any

activity observed.

In Chapter 6, CYP199A4 will be used to explore P450 aromatic oxidations. Crystals

of CYP199A4 complexed with an aromatic substrate will be presented. Mutagenesis

approaches will be used to enable aromatic oxidation with CYP199A4.

Finally, Chapter 7 will discuss concluding remarks and possible future directions of the

insights gleaned from this thesis.
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2 Selective Oxidations Using a Cytochrome P450

Enzyme Variant Driven with Surrogate Oxygen

Donors and Light

Accepted for publication in Chemistry: A European Journal.

Lee, J.H.Z.; Podgorski, M.N.; Moir, M.; Gee,A. R.; Bell S. G., Selective Oxidations

Using a Cytochrome P450 Enzyme Variant Driven with Surrogate Oxygen Donors and

Light, Chem. Eur. J. 2022.

Contributions

This chapter presents research contributions by the candidate that first includes

expression and purification of T252E-CYP199A4. This P450 enzyme was then

used by the candidate for heme-bleaching assays with 4-trifluoromethoxybenzoic acid

and 4-methoxybenzoic acid. A structure of T252E-CYP199A4 in complex with 4-

trifluoromethoxybenzoic acid was also crystallised and solved. Peroxygenase reactions

of T252E-CYP199A4 were then optimised by the candidate using H2O2 and urea-

hydrogen peroxide. Further experiments were performed using deuterated substrates

to assess if a kinetic isotope effect was present with peroxygenase and monooxygenase

reactions of CYP199A4. Light-driven reactions using flavin molecules were also carried

out by the candidate to drive peroxygenase reactions with T252E-CYP199A4.
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Selective Oxidations Using a Cytochrome P450 Enzyme
Variant Driven with Surrogate Oxygen Donors and Light
Joel H. Z. Lee,[a] Matthew N. Podgorski,[a] Michael Moir,[b] Alecia R. Gee,[a] and
Stephen G. Bell*[a]

Abstract: Cytochrome P450 monooxygenase enzymes are
versatile catalysts, which have been adapted for multiple
applications in chemical synthesis. Mutation of a highly
conserved active site threonine to a glutamate can convert
these enzymes into peroxygenases that utilise hydrogen
peroxide (H2O2). Here, we use the T252E-CYP199A4 variant to
study peroxide-driven oxidation activity by using H2O2 and
urea-hydrogen peroxide (UHP). We demonstrate that the
T252E variant has a higher stability to H2O2 in the presence of
substrate that can undergo carbon-hydrogen abstraction. This

peroxygenase variant could efficiently catalyse O-demeth-
ylation and an enantioselective epoxidation reaction (94%
ee). Neither the monooxygenase nor peroxygenase pathways
of the P450 demonstrated a significant kinetic isotope effect
(KIE) for the oxidation of deuterated substrates. These new
peroxygenase variants offer the possibility of simpler cyto-
chrome P450 systems for selective oxidations. To demonstrate
this, a light driven H2O2 generating system was used to
support efficient product formation with this peroxygenase
enzyme.

Introduction

Cytochromes P450 (P450s) are a family of heme monooxyge-
nase enzymes that carry out oxidative transformations including
the hydroxylation of carbon-hydrogen bonds and the epoxida-
tion of alkenes.[1] These enzyme-catalysed transformations offer
advantages over synthetic methods in that highly selective
carbon-hydrogen bonds can be functionalised under mild
conditions and in a single step.[2] The high-valent iron-oxo
radical cation intermediate, Compound 1 (Cpd 1) is the reactive
intermediate which abstracts a hydrogen from the substrate
before undergoing an oxygen rebound step to form the
carbon-oxygen bond.[3–4] The multi-step catalytic cycle of these
monooxygenases involve substrate binding, electron transfer,
binding of dioxygen, and electron and proton delivery to
enable Cpd I formation (Scheme 1).

The electrons used to drive oxygen activation are derived
from a nicotinamide cofactor (NAD(P)H) and are delivered via
electron transfer partners.[5] In most CYP enzymes, proton

delivery and oxygen activation is controlled by specific residues
within the I-helix.[6–10] The requirement for electron transfer
proteins and expensive cofactors hampers the use of many of
these P450 enzymes as biocatalysts.[11] If the need for both
could be removed it could result in the simpler application, and
more widespread use of these enzymes.[12–18] An alternative
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Scheme 1. Catalytic cycle of P450 monooxygenases. The peroxide shunt
pathway which enables the enzyme to bypass the electron transfer steps is
highlighted.
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method is to use hydrogen peroxide (H2O2) via the peroxide
shunt mechanism (Scheme 1).[12]

A select number of P450 family members have evolved to
naturally function as peroxygenases. The CYP152 family of
enzymes, whose members include CYP152A1 (P450BSβ) can
oxidise fatty acids using H2O2 by making use of the carboxylate
group of the substrate to generate Cpd I with hydrogen
peroxide.[19–22] Cytochrome P450 heme monooxygenase en-
zymes have been converted to peroxygenases by introducing a
single mutation, changing the active site threonine of the I-helix
(part of the acid-alcohol pair involved in dioxygen activation) to
a glutamate.[6–10,23–25] Alternatively molecules, which place an
acid/base functional group close to the heme, can also
introduce peroxygenase activity, though this requires significant
synthetic effort and design of these bespoke molecules for each
enzyme/substrate combination.[26]

Here we use the threonine-252 to glutamate variant (T252E)
of the P450 enzyme CYP199A4, from Rhodopseudomonas
palustris HaA2,[24] to explore how such engineered peroxyge-
nases can be used for catalytic oxidations using hydrogen
peroxide and urea-hydrogen peroxide (UHP) with para-substi-
tuted benzoic acids. The mechanism of enzyme action is
investigated using fluorinated and deuterated substrates. The
oxidation of para-substituted benzoic acids is demonstrated
using a light-activated system that generates hydrogen
peroxide using flavin.

Results and Discussion

The activity and stability of the T252E mutant of CYP199A4,
which converts this enzyme into a H2O2 utilising peroxygenase,
was tested using the oxidation of 4-methoxybenzoic acid as
substrate by H2O2. First, we tested the stability of both the
T252E and wild type (WT) CYP199A4 enzymes to hydrogen
peroxide in the presence and absence of 4-methoxybenzoic
acid. In the presence of �10 mM H2O2, the heme of the
substrate-free T252E mutant was rapidly bleached. Higher H2O2

concentrations resulted in faster heme bleaching (Figure 1,
Figure S1). This occurred more rapidly with the mutant than
with the WT CYP199A4 (Figure S2).

The addition of 4-methoxybenzoic acid significantly reduced
the rate of heme destruction in the T252E peroxygenase mutant
(Figure 1). The fluorinated substrate 4-trifluoromethoxybenzoic
acid, which is not oxidised by T252E-CYP199A4 (or WT
CYP199A4) due to the strong C� F bonds,[27] was demonstrated
to hinder bleaching of the enzyme by H2O2 compared to the
absence of a substrate (Figure 1). However, the rate of
bleaching was slower in the presence of 4-methoxybenzoic
acid. 4-Trifluoromethoxybenzoic acid did not induce a spin state
change on addition to the T252E mutant (Figure S3). However,
we were able to determine a crystal structure of T252E-
CYP199A4 with this substrate bound (Figures 2 and S4,
Tables S1 and S2). This demonstrated that 4-trifluorometh-
oxybenzoic acid was bound to the peroxygenase variant in a
similar fashion to 4-methoxybenzoic acid in the T252E variant.
Importantly the glutamate residue maintains a strong inter-

action with the heme aqua ligand which is not displaced on
substrate binding explaining the lack of a change in the UV-vis
spectrum on substrate addition.

We propose that quenching of reactive intermediates
through substrate oxidation is partly responsible for preventing
rapid heme destruction. We demonstrated that after bleaching

Figure 1. Rate of heme bleaching of the T252E-CYP199A4 enzyme (3 μM)
exposed to 60 mM H2O2 with (a) 1 mM 4-methoxybenzoic acid, (b) in the
absence of substrate and (c) 1 mM 4-trifluoromethoxybenzoic acid. After
1 minute spectra were recorded at 2 minute intervals.
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through exposure to H2O2 the enzyme was inactivated, and no
product formation was observed (Figure S5). Recently P450
peroxygenases have been demonstrated to display catalase
activity.[28–29] This catalase activity has also been linked to
protection against heme degradation and it was shown that in
the presence of suitable substrates it acts as a scavenger
pathway preventing heme degradation. Despite the similar
binding modes of the fluorinated substrate and 4-meth-
oxybenzoic acid we yet cannot rule out that the interaction of
peroxide with the heme is weaker in the presence of this
ligand.[30]

Next, we optimised the peroxygenase activity of T252E-
CYP199A4 by varying the concentrations of enzyme, H2O2 or
urea-hydrogen peroxide (UHP), and the temperature. UHP is a
crystalline solid that slowly yields free hydrogen peroxide when
added to an aqueous solution.[31–32] 4-Methoxybenzoic acid was
oxidised with 1, 3 or 5 μM T252E-CYP199A4 and 1 to 64 mM
H2O2 or 16 to 64 mM UHP (Scheme 2). The differences in the
levels of product formation when using UHP and H2O2 were
moderate (Figure 3). Increasing the concentration of both to
32 mM and 64 mM yielded the highest levels of oxidised
metabolite (Figure 3). The highest total turnover numbers were
achieved with 3 μM enzyme, 1 mM substrate and at 30 °C rather
than 16 °C (Figure S6).

Previous experimental evidence and theory suggests the
P450 CYP152 family peroxygenases use the Cpd I intermediate
to catalyse hydroxylations and O-demethylations.[33–34] To inves-
tigate if this was the case in the engineered T252E variant, we
synthesised the deuterated substrate, 4-(methoxy-d3)benzoic-d4
acid (see Experimental Section for details). This deuterated
substrate could be used to measure if there was a kinetic
isotope effect during the peroxygenase reactions of T252E-
CYP199A4.

The deuterated substrate bound to WT CYP199A4 and
induced a complete change in the spin-state of the heme from
low-spin to high-spin as measured using UV-vis spectroscopy
(Figure S7). In contrast a minimal change in the spectrum was
observed on addition of 4-(methoxy-d3) benzoic-d4 acid to the
T252E variant (Figure 4). This is consistent with what has been
observed for 4-methoxybenzoic acid and is related to the
occupancy of the heme aqua ligand which is retained in the
T252E variant as it interacts with the introduced glutamate
residue.[24]

This was compared to the monooxygenase reactions of WT-
CYP199A4 in which electron transfer is the rate determining
step in bacterial P450s.[35] Comparative oxidation reactions were
performed with deuterated and non-deuterated 4-meth-
oxybenzoic acid individually and as a mixture (Figure S7–S10).
For both monooxygenase and peroxygenase systems there was
not a significant difference in the levels of product arising from
the deuterated or non-deuterated substrates or in the turnover
rate of the catalytic cycle (Figure 4, Table S3 and Figures S7–
S10). There was also no change in the proportion of the
deuterated versus non-deuterated substrate over the time of
the reactions (Figure S11, Table S4). The comparable results
across both the monooxygenase and peroxygenase systems

Figure 2. Crystal structure of 4-trifluoromethoxybenzoic acid bound to
T252E-CYP199A5 solved at 1.95 Å. A composite omit map of the 4-
trifluoromethoxybenzoic acid substrate is shown as a grey mesh contoured
at 1.0 (1.5 Å carve). b) The superimposed crystal structures of T252E-
CYP199A4 bound to 4-trifluoromethoxybenzoic acid (yellow) and 4-meth-
oxybenzoic acid (green). When bound to the fluorinated substrate, the F298
residue moves away from the heme centre compared to 4-methoxybenzoic
acid to accommodate the trifluoro moiety.

Scheme 2. Oxidation of para-substituted benzoic acids carried out by T252E-
CYP199A4.
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were indicative that C� H bond abstraction is not involved in
the rate determining step of either the peroxygenase or
monooxygenase reaction mechanisms. This would be consistent
with both C� H bond activation steps in these O-demethylation
reactions proceeding via the radical rebound mechanism using
Cpd I which is known to be fast.[36–37]

We next investigated if the peroxygenase activity of the
T252E variant could catalyse the epoxidation of 4-vinylbenzoic
acid. WT CYP199A4 has been demonstrated to catalyse this
reaction with high enantioselectivity for the (S)-enantiomer
(99% ee).[38] The T252E peroxygenase enzyme was able to
epoxidise 4-vinylbenzoic acid using H2O2 more efficiently than
the WT enzyme (Figure 5). The high enantioselectivity for the
(S)-enantiomer was also maintained in these peroxygenase
reactions (94% ee, by HPLC Scheme 2).

The T252E peroxygenase variant of CYP199A4 opens the
possibility of using new methods to drive C� H bond activation
by cytochrome P450 enzymes. We wanted to assess if the

catalytic activity of the system could be supported by
generating H2O2 over time using light, flavin mononucleotide
(FMN), and the electron donor ethylenediaminetetraacetate
(EDTA).[39]

To assess the efficiency of this method, control reactions
were performed, using the natural CYP152 family peroxygenase
enzyme P450Bsβ. This enzyme is reported to catalyse the α-
and β-hydroxylation of fatty acids.[40] GC-MS analysis of the
reaction of this enzyme with tetradecanoic acid demonstrated
the formation of a complex mix of metabolites (Figures 6 and
S12a–d). This included metabolites arising from α- and β-
hydroxylation but also from α-oxidative decarboxylation to
yield shorter-alkyl-chain fatty acids including tridecanoic, do-
decanoic, undecanoic and decanoic acid (Scheme 3).[41] Exten-
sive further oxidation of these shorter chain fatty acids also
occurred (Figure 6). This control reaction highlighted that the
light driven system could generate enough H2O2 to support
these peroxygenase enzymes.

We then applied this system to T252E-CYP199A4 to assess if
it could drive C� H bond activation. We were able to demon-

Figure 3. (a) HPLC analysis of 4-methoxybenzoic acid O-demethylation by
T252E-CYP199A4 (1 μM) using different concentrations of H2O2. Products are
labelled as is the internal standard (IS). (b) A comparison of the total
turnover numbers (TTN) obtained with T252E-CYP199A4 (5 μM or 3 μM) in
the presence of 1 mM 4-methoxybenzoic acid and different concentrations
of UHP and H2O2 (32 mM or 64 mM). Reactions were conducted at 30 °C and
left for 24 h.

Figure 4. (a) Spin state shift analysis of 4-(methoxy-d3) benzoic-d4 acid with
T252E-CYP199A4. (b) HPLC analysis of 4-methoxybenzoic acid (black) and 4-
(methoxy-d3) benzoic-d4 acid (red) with T252E-CP199A4 in the presence of
1 mM H2O2 after 24 h of incubation at 16 °C and 70 RPM. Substrate
concentration used was 100 μM.
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strate the oxidative demethylation of 4-methoxybenzoic acid
using light (Figure 7).

Optimisation of the system by varying the enzyme and
substrate concentration resulted in complete conversion of
200 μM substrate with 2.5% molar equivalents of enzyme as
the biocatalyst (40 TTN). While these turnover numbers need
to be improved for practical applications, we have been able
to show complete conversion of substrate to product using a
system that can generate H2O2 in situ. This should enable
greater control of the conditions that enable productive
enzyme activity versus catalyst degradation. We were also
able to demonstrate that T252E-CYP199A4 with FMN and
light was able to epoxidise 4-vinylbenzoic acid (Figure S14).

Conclusion

The T252E-CYP199A4 peroxygenase variant could catalyse the
oxidative demethylation of 4-methoxybenzoic acid and the

stereoselective epoxidation of 4-vinylbenzoic acid by using
H2O2 supplied directly, in the form of urea-hydrogen peroxide
or generated by using a light-driven flavin/EDTA-based system.
The selectivity of the WT enzyme for these reactions was
maintained when using the T252E peroxygenase variant. The
lack of a kinetic isotope effect in our experiments demonstrates
that C� H bond abstraction is not involved in a rate determining
step of the mechanism for the peroxygenase pathway. This
would agree with both peroxygenase and monooxygenase
pathways by using Cpd I as the reactive intermediate. Further
studies with bespoke substrate/enzyme combinations could
enable the measurement of an intrinsic kinetic isotope effect
that would facilitate a more complete analysis. This peroxyge-
nase system is a step towards generating simpler biocatalysts
for selective hydroxylation reactions and eliminating the
requirement for nicotinamide cofactors and electron transfer
partners. The equivalent mutation in other P450s would enable
peroxygenase activity to be conferred for selective oxidations
across a range of substrates by using these enzymes. Further
optimisation of the systems, by rational protein engineering or
directed evolution, could also be undertaken to improve the
catalytic activity and the stability. Flow chemistry methods to

Figure 5. (a) Time course of 4-vinylbenzoic acid conversion into the
corresponding epoxide by peroxygenase activity of WT and T252E CYP199A4
isoforms (b) Enantioselective HPLC analysis of the epoxide generated by the
T252E mutant in a H2O2-driven reaction (60 mM H2O2) over a 60-minute
period (black). In purple is a control reaction omitting the P450.

Figure 6. GC-MS Analysis of light driven oxidation of tetradecanoic acid
(C14) by CYP152A1 (black, P450BSβ). In red is a control reaction with 10 mM
H2O2 and no P450 added. Conditions used are 5 μM P450, 200 μM FMN,
1 mM EDTA and 100 μM substrate for the light-driven reaction. Other
metabolites were indicated by the length of the fatty acid chain (i. e., C10 for
decanoic acid) and by α or β hydroxylation (i. e., α-C14-OH for α-hydroxy
tetradecanoic acid).

Scheme 3. Reaction scheme for the hydroxylation of fatty acids by P450Bsβ
and subsequent α-keto decarboxylation.
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deliver the H2O2 cofactor over an immobilised enzyme could
also be used to improve the catalyst lifetime and therefore the
yield.[42]

Experimental Section
Enzymology - General: General reagents and organics were
purchased from Sigma-Aldrich. Isopropyl-β-D-thiogalactopyrano-
side (IPTG) and buffer components were obtained from Astral
Scientific (Australia). UV/Vis spectroscopy was performed on an
Agilent Cary 60 spectrophotometer.

Analytical high performance liquid chromatography (HPLC) was
performed on a Shimadzu LC-20AD equipped with a Phenomenex
Kinetex 5u XB� C18 100 A column (250 mm x 4.6 mm, 5 μM), SIL-
20 A autosampler, CTO-20 A, SPD-20 A UV detector and CBM-
20Alite communications module. A gradient of 20–95% acetonitrile
in water (both containing trifluoroacetic acid, TFA, 0.1%) was run at
a flow rate of 1 mL min� 1 over 30 minutes and detector wavelength
was set at 254 nm.

Chiral HPLC analysis was carried using the same system as above
using a Lux Cellulose-1 chiral column (1000 Å pore size, 100×
4.6 mm, 3 μm; Phenomenex) using isocratic elution with 20%
Acetonitrile in H2O (0.1% TFA) at a flow rate of 0.4 mL min� 1.

GC-MS analysis was performed using a Shimadzu GC-2010 gas
chromatograph equipped with an autoinjector and a GCMS-
QP2010S detector; the column used was again a DB-5MS UI
column. The interface and injection port temperatures were held at
280 and 250 °C. The column was held at 120 °C for 3 min, and the
temperature was then increased to 240 °C at a rate of 7.5 °C min� 1

and held at 240 °C for 6 min.

Production and purification of enzymes: HaPux, HaPuR, CYP199A4
and its variants were all produced, and purified as described
previously.[24] A pET28 plasmid containing the gene for CYP152 A1
(P450BSβ) with 6 x Histag residues at the N-terminus and a silica
binding amino acid sequence (MPGRARAQRQSSRGR)[43] at the C-
terminus was purchased commercially from Twist Biosciences. This
plasmid was transformed into E. coli BL21 (DE3) competent cells
(New England Biolabs) and the bacteria were incubated overnight
at 37 °C on an LB agar plate containing kanamycin (30 mgL� 1).
Colonies of the bacteria were used to inoculate 1 mL of LB with
kanamycin (30 mgL� 1) and left for 5 h at 37 °C and 200 RPM to
generate a starter culture. The starter culture (50 μL) was used to

inoculate 2 x 750 mL volumes of LB broth containing kanamycin
(30 mg L� 1) and the larger cultures were incubated for 8 h at 37 °C
and 120 RPM. This was followed by incubation at 18 °C and 90 RPM,
while 2% w/v EtOH, 0.02% w/v of benzyl alcohol and 2 mL of trace
elements solution were added to the culture. The resulting culture
was incubated for 30 mins at 18 °C and 90 RPM and ~30 μM IPTG
(isopropyl β-D-1-thiogalactopyranoside) was added to induce
protein expression. After incubating the culture for ~24 h at 18 °C
and 90 rpm, it was centrifuged (5000 g, 10 min, 4 °C) to collect the
cell pellet, which was stored frozen at � 20 °C.

The frozen cell pellet was thawed and resuspended in 100 mL of
lysis buffer (100 mM KPi, pH 7.5, 300 mM KCl, 20 mM imidazole).
The cells were lysed by sonication using an Autotune CV334
Ultrasonic Processor equipped with a standard probe (136 mm x
13 mm; Sonics and Materials, US) using 30×10 s pulses with 50 s
intervals. Cell debris were removed by centrifugation (18000 g,
20 mins, 4 °C). The supernatant was then loaded on to a 5 mL His-
trap column (GE Healthcare) equilibrated with lysis buffer. The
column was then washed with lysis buffer (25 mL). The bound
protein was then eluted with elution buffer (100 mM KPi, pH 7.5,
300 mM KCl, 300 mM imidazole). Samples and buffers were applied
to the column with flowrate of 3 mlmin� 1. Eluted protein was
concentrated by ultrafiltration using a Vivacell 100 centrifugal
concentrator with a 10 kDa molecular weight cut-off membrane
(Sartorius). The concentrated protein was eluted down a PD-10
desalting column (GE Healthcare) to remove excess imidazole and
concentrated again to a final volume of 2 mL and glycerol was
added to a final concentration of 50% v/v. The purified protein was
stored at � 20 °C. Crystals of the T252E variant with 4-trifluorometh-
oxybenzoic acid were prepared and the structure determined using
the same methods described previously for the 4-methoxybenzoic
acid-bound form of this enzyme.[24]

Activity assays

In vitro NADH oxidation assays: Glycerol was removed from
proteins using a 5 mL gel filtration column (PD-10, GE Healthcare)
and the concentration of each protein was quantified using UV-Vis
spectrophotometry. In a final volume of 1.5 mL, oxygenated Tris
buffer (50 mM, pH 7.4), CYP199A4 (0.5 or 0.05 μM), ferredoxin
(HaPux, 5 μM), ferredoxin-reductase (HaPuR, 0.5 μM), bovine liver
catalase (100 ngμL� 1) were combined and equilibrated at 30 °C for
2 min. NADH was added to A340�2.0 (�320 μM). Substrate was
then added to the desired final concentration (1 mM or 0.5 mM)
and the absorbance at 340 nm was monitored. The rate of
oxidation of NADH was determined from the gradient of the plot of

Figure 7. (a) Light driven turnovers of T252E-CYP199A4 (1 μM) and substrate (200 μM) with a control reaction in the dark. (b) Time course experiments of light
activated T252E-CYP199A4 reaction with 4-methoxybenzoic acid. Conditions used are CYP199A4-T252E (3 μM), FMN (200 μM), EDTA (1 mM) and 4-methoxyBA
(200 μM). (c) Optimisation of light-activated systems were then carried out with different enzyme concentrations (1 μM, 3 μM and 5 μM) with 200 μM FMN
Reaction time was 20 hr at room temperature).
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A340 versus time, using the extinction coefficient of NADH, ɛ340=

6.22 mM� 1 cm� 1.

Peroxygenase assays: The peroxygenase oxidation assays were
run at 16 °C or 30 °C in a total volume of 600 μL consisting of Tris
buffer (pH 7.4, 50 mM), 1–5 μM enzyme and 200–1000 μM
substrate. The reaction was started by addition of H2O2 (1–
64 mM) or UHP (16/32/64 mM) and incubated for 20 h at 70 rpm.
UHP was added as a solid powder while H2O2 was added from a
500 mM stock solution.

Light-driven peroxygenase activity of the T252E-CYP199A4 enzyme
was assayed in a reaction mixture containing enzyme (1–5 μM),
substrate (200 μM), EDTA (1 mM), FMN (200 μM) in oxygen
saturated Tris buffer, 50 mM, pH 7.4 with a total reaction volume of
1 mL. Samples were shaken at 70 rpm at room temperature and
assays were initiated by illumination from an Arlec 5700 kW light
source. Total assay time was 20 hr, after which the light was
switched off. The reactions were terminated by the addition of
10 μL catalase (10 mg/mL stock) before being prepared for HPLC
analysis. Dark reactions were carried out in the same conditions but
within a N-Biotek NB-205 L tinted shaking incubator with a dark
cloth covering the incubator.

Heme bleaching assay: A 600 μL aliquot of WT CYP199A4 or the
T252E mutant (3 μM) in Tris buffer (50 mM, pH 7.4) was used to
baseline the UV-vis spectrophotometer. Substrate (1 mM) and H2O2

(1–60 mM) were added, and the UV-Vis spectrum was recorded.
Heme prosthetic group destruction was monitored by recording
UV-Vis spectra at 2 min intervals.

Product analysis: For HPLC analysis, after reactions were com-
pleted, 132 μL of the reaction mixture was mixed with 2 μL of an
internal standard solution (10 mM 9-hydroxyfluorene solution in
EtOH) and 66 μL of CH3CN. Samples were acidified with 0.2 μL of
trifluoroacetic acid. Products were identified by co-elution with
authentic product standards.[38,44] Products were calibrated against
the internal standard. All reactions were performed in triplicate or
duplicate.

For GC-MS analysis, the reaction mixture (1000 μL or 600 μL) was
mixed with 10 μL of an internal standard (10 mM 9-hydroxyfluor-
ene solution in EtOH) and extracted with EtOAc (2×400 μL). The
extracts were dried with MgSO4 and solvent was removed under
N2. The remaining residue was resuspended in anhydrous
acetonitrile (150 μL) and derivatisation agent (15 μL, BSTFA+

TMCS, 99 : 1). The mixtures were left for 2 h at 37 °C prior to
analysis by GC-MS.

Synthesis experiments: All reactions were performed under an
atmosphere of nitrogen unless otherwise specified. Chemicals and
reagents of the highest grade were purchased from Sigma-Aldrich
(Sydney, Australia) and were used without further purification.
Solvents were purchased from Sigma-Aldrich and Merck. NMR
solvents were purchased from Cambridge Isotope Laboratories Inc.
(MA, USA) and Sigma-Aldrich and were used without further
purification. D2O (99.8%) was supplied by AECL, Canada. Analytical
thin-layer chromatography (TLC) was performed using Merck
aluminium backed silica gel 60 F254 (0.2 mm) plates, which were
visualised with shortwave (254 nm) ultraviolet light or with
potassium permanganate, vanillin, Hanessian’s or bromocresol
green stains. Flash column chromatography was performed using
Merck Kieselgel 60 (230-400 mesh) silica gel, with the eluent
mixture reported as the volume:volume ratio. Hydrothermal
reactions were performed in D2O at high temperatures by mixing
the appropriate benzoic acid derivative with NaOH and Pd/C (10%
w/w) in a Mini Benchtop 4560 Parr reactor (450 mL vessel capacity,
3000 psi maximum pressure, 350 °C maximum temperature) (Mo-
line, USA). Nuclear magnetic resonance spectra were recorded at

300 K using either a Bruker AVANCE DRX400 (400 MHz) spectrom-
eter. 1H chemical shifts are expressed as parts per million (ppm)
with residual methanol (δ 3.31) and dimethyl sulfoxide (δ 2.50) as
reference and are reported as chemical shift (δ); relative integral;
multiplicity; coupling constants (J) reported in Hz. 13C chemical
shifts are expressed as parts per million (ppm) with residual
methanol (δ 49.0) and dimethyl sulfoxide (δ 39.52) as reference and
reported as chemical shift (δ); multiplicity. 2H chemical shifts are
reported as parts per million (ppm) and are reported as chemical
shift (δ); multiplicity. Low-resolution mass spectrometry (LRMS) was
recorded using electrospray ionisation (ESI) recorded on a 4000
QTrap AB Sciex spectrometer. The overall percentage deuteration
of the molecules were calculated by MS using the isotope
distribution analysis of the different isotopologues. This was
calculated taking into consideration the 13C natural abundance,
whose contribution was subtracted from the peak area of each M+

1 isotopologue to allow for accurate estimation of the percentage
deuteration of each isotopologue.

Synthetic Procedures

4-Hydroxybenzoic-d4 acid: (Scheme 4; step a) A mixture of 4-
hydroxybenzoic acid (7 g, 50.7 mmol), sodium hydroxide (4.5 g,
111.5 mmol) and palladium on carbon (10% w/w, 1.58 g,
1.52 mmol) in D2O (120 mL) was heated at 210 °C for 2 h in a
450 mL Parr reactor. After cooling to room temperature the mixture
was passed through a pad of Celite and the filtrate concentrated
under reduced pressure to a volume of about 100 mL. The aqueous
solution was acidified (pH=2) with aqueous hydrochloric acid (6 M)
and extracted with ethyl acetate (5×75 mL). The combined organic
extracts were dried over magnesium sulfate and concentrated
under reduced pressure to obtain a crude mixture of the desired
benzoic acid derivative and phenol. The desired product was
isolated by flash column chromatography using ethyl acetate,
hexane (3 :7 to 1:0) as an eluent to obtain 4-hydroxybenzoic-d4 acid
(0.26 g, 3.6%) as a white solid, Rf=0.1 (2 : 3 EtOAc, hexane); 1H NMR
(400 MHz, MeOD) δ 7.88 (residual), 6.82 (residual) ppm; 2H NMR
(6e1.4 MHz, MeOD) δ 7.91 (2D, bs), 6.86 (2D, bs) ppm; 13C[44] NMR
(101 MHz, MeOD) δ 170.1, 163.3, 122.5 ppm; 13C{1H, 2H} NMR
(101 MHz, MeOD) δ 170.1, 163.3, 132.6, 122.5, 115.7 ppm; MS (ESI� )
[M� H]� : 141.2 (major isotopologue), 89.6%D.

4-(Methoxy-d3)benzoic-d4 acid: (Scheme 4; step b) To a suspension
of 4-hydroxybenzoic-d4 acid (0.26 g, 1.83 mmol) and potassium
carbonate (0.76 g, 5.49 mmol) in acetone (5 mL) was added methyl
iodide-d3 (0.34 mL, 5.49 mmol), dropwise. The mixture was warmed
to reflux and stirred for 6 h. Mass spectrometry analysis of an
aliquot of the reaction mixture revealed a mixture of methylated
products. Additional methyl iodide-d3 (0.34 mL, 5.49 mmol) was
added and heating was continued for a further 4 h. Volatiles were
removed under reduced pressure and the residue taken up in a
mixture of CD3OD (5 mL) and tetrahydrofuran (2 mL). To this was
added aqueous lithium hydroxide (2 M, in D2O, 2.7 mL) and the
mixture stirred for 16 h at room temperature. The volatiles were

Scheme 4. Synthesis of 4-(methoxy-d3)benzoic-d4 acid. Reagents and con-
ditions: (a) Pd/C, NaOH, D2O, 210 °C, 2 h, 4%, 89.6%D; (b) i) CD3I, K2CO3,
reflux, 10 h, ii) LiOH (aq.), MeOD, THF, rt, 16 h, 62%, 93.3%D.
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removed under reduced pressure and the residual aqueous solution
washed with dichloromethane (5 mL), acidified (pH=3) with
aqueous hydrochloric acid (6 M) and extracted with ethyl acetate
(4×50 mL). The combined organic extracts were dried over
anhydrous magnesium sulfate and concentrated under reduced
pressure. The resulting crude solid was purified by flash column
chromatography using ethyl acetate, hexane (0 :1 to 7 :13) as an
eluent to obtain 4-(methoxy-d3)benzoic-d4 acid (0.18 g, 62%) as a
white solid, Rf=0.4 (1 : 1 EtOAc, hexane); 1H NMR (400 MHz, DMSO-
d6) δ 7.89 (residual), 7.01 (residual) ppm; 2H NMR (61.4 MHz, DMSO-
d6) δ 7.92 (2D, bs), 7.04 (2D, bs), 3.77 (3D, s) ppm; 13C{1H}NMR
(101 MHz, DMSO-d6) δ 167.0, 162.8, 122.8 ppm; 13C{1H, 2H} NMR
(101 MHz, DMSO-d6) δ 167.0, 162.8, 131.0, 122.8, 113.5, 54.6 ppm;
MS (ESI� ) [M� H]� : 158.1 (major isotopologue), 70.9% d7, 17.4% d6,
2.4% d5, 1.2% d4, 1.5% d3, 93.3%D.
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3 Biocatalytic Cascade Reactions of P450

Peroxygenases and Oxidases

3.1 Introduction

P450 peroxygenases are P450s that are able to use H2O2 to generate the active oxidant

in P450 reactions, Cpd I. However, H2O2 can degrade the heme centre of P450 perox-

ygenases (Chapter 2).181 We have reported the use of chemical oxygen surrogates such

as urea-hydrogen peroxide and light-driven flavin systems to form H2O2 in situ to drive

peroxygenase activty with both natural (P450BSβ) and engineered (T252E-CYP199A4)

P450 peroxygenases (Chapter 2).181 The in situ generation of H2O2 would minimise

the degradation of the peroxygenase through a slow formation of H2O2 at a constant

level in solution with the peroxygenase.160,161,165,168,181

An alternative approach to generate H2O2 is the use of oxidase enzymes.178,182 Ox-

idases are a family of enzymes that possess a domain that binds the flavin adenine

dinucleotide (FAD) cofactor and catalyses oxidation-reduction reactions with dioxygen

(O2) as an electron acceptor.182 Substrate oxidation by oxidase enzymes generates

H2O2 as a by-product from O2 and this characteristic could be exploited to develop

a method of generating H2O2 for P450 peroxygenase activity. Oxidase enzymes that

were targeted for study in this chapter include Alditol Oxidase (AldOx) from Strep-

tomyces coelicolor A3(2), Formate Oxidase (AoFOx) from Aspergillus oryzae and an

engineered choline oxidase (AcC06-AcChOx) from Arthrobacter cholorphenolicus (Fig-

ure 3.1) which has been altered to oxidise 1-hexanol as a substrate.178–180

Figure 3.1: Reactions carried out by oxidases enzymes AldOx, AoFOx and mutant F357R-M359R
(AcCO6) of AcChOx.
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AldOx is an oxidase enzyme that has been reported to be produced in high yield

in E.coli.178 AldOx can oxidise substrates with primary alcohol groups such as glyc-

erol, sorbitol and xylitol (Figure 3.1), and also diols such as 1,2-pentanediol and 1,2-

hexanediol.183 AoFOx is an oxidase enzyme of a fungal origin that possesses an unusual

8-formyl FAD cofactor that is not present in other oxidase enzymes. This enzyme is

able to oxidise formic acid instead of alcohols (Figure 3.1).184 The 8-formyl FAD co-

factor is formed spontaneously in situ through self-oxidation of the FAD cofactor by

AoFOx.185 AcChOx is another bacterial oxidase enzyme that has shown oxidation ac-

tivity towards primary alcohols.179 Structure guided directed evolution was carried out

with AcChOx to generate mutant variant F357R-M359R (AcCO6). Mutant AcCO6

showed improved oxidation activity towards hexanol alongside an increased thermosta-

bility of the enzyme (Figure 3.1).179 The heterologous production of all three oxidases

has been previously reported using E.coli.178,179,184

The three oxidases mentioned above all generate H2O2 while oxidising their respective

substrates (Figure 3.1) and will be tested as an approach to supply H2O2 in situ for

P450 peroxygenase reactions as a biocatalytic cascade (Figure 3.2).178,179,184

Figure 3.2: Biocatalytic cascade of oxidase that generates H2O2. The P450 peroxygenase will then
use the H2O2 generated to carry out P450-catalysed reactions.

A previous study utilising oxidase enzymes to drive P450 peroxygenase activity was

carried out by Munro et. al.131 AldOx was fused to CYP152L1 (P450Olet) through

a short chain of amino acids generating a two-domain multifunctional protein (Figure

3.3).

Figure 3.3: Reaction scheme of the two-domain AldOx fused to P450OleT designed by Munro et.al.131
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The rationale for using this multifunctional enzyme is that H2O2 will be generated in

situ in a controlled manner through measured addition of the AldOx substrate. The

controlled release of H2O2 in close proximity to the P450 would both drive peroxygenase

reactions and also mitigate damage to the P450 heme centre.131 We envision applying

similar principles with an engineered peroxygenase variant of CYP199A4, the T252E

mutant. Mutant T252E of CYP199A4 will be fused to the three oxidases (AldOx,

AoFOx and AcChOx) to produce multidomain oxidase + P450 enzymes. Plasmids

with an insert containing the DNA sequence of the fused protein will be constructed

with Gibson (isothermal) DNA assembly.186 Expression of these sequences will then

be carried out with these plasmids in E.coli.

P450 peroxygenases only require H2O2 for catalytic activity and does not require ad-

ditional partner proteins or co-factors.33 P450 peroxygenases are therefore a suitable

candidate to attempt flow biocatalysis reactions, where the peroxygenase is immobilised

to a solid surface. H2O2 and substrate could be eluted through the immobilised perox-

ygenase and drive enzymatic activity. Commercially available ion-exchange resins have

been used to immobilise various enzymes for biocatalytic applications.187 One example

is the immobilisation of lipase on to D152H cation exchange resin has led to enhanced

catalytic activity and thermal stability.188 T252E-CYP199A4 has been immobilised

previously to SOURCE15Q anion exchange media for protein purification and would

serve as a suitable platform for enzyme immobilisation studies with this P450. Enzyme

immobilisation of T252E-CYP199A4 will therefore be carried out with SOURCE15Q

media and the enzymatic activity of the immobilised enzyme will be tested.
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3.2 Materials and Methods

3.2.1 General

General reagents and organics were purchased from Sigma-Aldrich. Isopropyl-β-D-

thiogalactopyranoside (IPTG) and buffer components were obtained from Astral Sci-

entific (Australia). UV/Vis spectra and spectroscopic activity assays were performed

on an Agilent Cary 60 spectrophotometer at 30 ± 5 ◦C.

3.2.2 Expression and Purification of T252E-CYP199A4

The T252E mutant of CYP199A4 was expressed and purified using previously estab-

lished methods (Chapter 2).156 The purified protein was stored in 50 % v/v glycerol

and stored at -20 ◦C.

3.2.3 Expression and Purification Alditol Oxidase (AldOx), AcC06-

Choline Oxidase (AcC06-AcChOx) and Formate Oxidase (AoFOx)

For all three oxidases, a pET28 plasmid containing the codon-optimised gene of AldOx,

AcCo6-AcChOx and AoFOx with 6 × Histag residues at N-terminus were purchased

commercially from Twist Biosciences. These plasmids were individually transformed

into E. coli BL21 (DE3) competent cells (Sigma-Aldrich) and the bacteria were in-

cubated overnight at 37 ◦C on an LB agar plate containing kanamycin (30 mg L-1).

Single colonies of the bacteria were used to inoculate 2 × 750 mL of LB broth with

kanamycin (30 mg L-1) and the cultures were allowed to incubate for 7 h at 37 ◦C

and 120 rpm. The incubation conditions were changed to 18 ◦C and 90 rpm, and 2 %

w/v EtOH and 0.02 % w/v of benzyl alcohol were added189 to the culture. This was

incubated for 30 mins before 30 µM IPTG was added to induce protein expression.

After incubating the culture for a further 24 hours at 18 ◦C and 90 rpm, it was cen-

trifuged (5000 g, 10 min, 4 ◦C) to collect the cell pellet, which was stored frozen at -20
◦C. The frozen cell pellet was thawed and re-suspended in 100 mL of lysis buffer (50

mM potassium phosphate/KPi buffer, pH 7.5, 300 mM KCl, 20 mM imidazole). The

cells were lysed by sonication using an Autotune CV334 Ultrasonic Processor equipped

with a standard probe (136 mm × 13 mm; Sonics and Materials, US) using 30 × 10

s pulses with 50 s intervals. Cell debris were removed by centrifugation (18000 g, 20

mins, 4 ◦C) and the supernatant was then loaded on to a 5 mL His-trap column (GE

Healthcare) equilibrated with the lysis buffer. Samples and buffers were applied to
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the column with a flow-rate of 3 mL min-1. After loading the protein, the column was

washed with lysis buffer (25 mL). The bound protein was eluted with elution buffer (50

mM KPi, pH 7.5, 300 mM KCl, 200 mM imidazole) and yellow coloured fractions were

collected. The eluted protein was concentrated by ultrafiltration using a Vivacell 100

centrifugal concentrator with a 10 kDa molecular weight cut-off membrane (Sartorius).

For AldOx and AcC06-AcChOx, these proteins were purified further through elution

down a HiPrep Sephacryl S-200 HR size-exclusion column (1 ml min-1), 60 cm × 16

mm; GE Healthcare) with 50 mM KPi at pH 7.5. The purified protein was concen-

trated further to a final volume of 5 - 10 mL and flash-frozen in liquid N2 in 200 µL

aliquots to be stored at -80 ◦C.

The oxidases were quantified using the extinction coefficient of Alditol Oxidase: 12.5

mM-1 cm-1 at 452 nm.178

3.2.4 Oxidase and P450 Turnover Assays

Glycerol was removed from P450 enzymes using a 5 mL gel filtration column (PD-10,

GE Healthcare), while oxidase enzymes were thawed slowly on ice. The concentration of

each protein was quantified using UV-visible spectrometry. For AoFOx reactions, a 100

µL aliquot of AoFOx was added to the reactions due to the dilute protein obtained from

nickel affinity chromatography. In a volume of 600 µL, P450 (1 µM), oxidase (0.25 µM

to 1 µM), P450 substrate (200 µM), and Tris buffer (50 mM, pH 7.4) were combined.

The substrate for the relevant oxidase (glycerol, hexan-1-ol or sodium formate) was

added last to start the reaction. Reactions were left for 4 h or 20 h. A 132 µL aliquot

of each reaction was taken at 4 h and 20 h. All reactions were performed in at least

duplicate.

3.2.5 Metabolite Analysis

For HPLC analysis, after reactions were completed, 132 µL of the reaction mixture

was mixed with 2 µL of an internal standard solution (10 mM of 9-hydroxyfluorene

solution in EtOH) and 66 µL of acetonitrile. Samples were acidified with 0.2 µL of

trifluoroacetic acid.

For GC-MS analysis, the reaction mixture (600 µL) was mixed with 6 µL of an internal

standard (10 mM 9-hydroxyfluorene solution in EtOH) and extracted with EtOAc

(2 × 400 µL). The extracts were dried with MgSO4 and solvent was removed under

N2. The remaining residue was re-suspended in anhydrous acetonitrile (150 µL) and
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derivatisation agent (15 µL, BSTFA + TMCS, 99:1). The mixtures were left for 2 h at

37 ◦C prior to analysis by GC-MS.

Analytical High Performance Liquid Chromatography (HPLC) was performed on a

Shimadzu LC-20AD equipped with a Phenomenex Kinetex 5u XB-C18 100A column

(250 mm × 4.6 mm, 5 µM), SIL-20A autosampler, CTO-20A column oven, SPD-20A

UV detector and CBM-20Alite communications module. A gradient of 20 - 95 %

acetonitrile in water (both containing trifluoroacetic acid, TFA, 0.1 %) was performed

at a flow rate of 1 mL min-1 over 30 minutes and detector wavelength was set at 254

nm.

GC-MS analysis was performed using a Shimadzu GC-2010 gas chromatograph

equipped with an autoinjector and a GCMS-QP2010S detector; the column used was

a DB-5MS UI column. The interface and injection port temperatures were held at 280

and 250 ◦C. The column was held at 120 ◦C for 3 min, and the temperature was then

increased to 240 ◦C at a rate of 7.5 ◦C min-1 and held at 240 ◦C for 6 min.

To quantify enzyme metabolites, calibration curves were constructed from authentic

product standards. Standard solutions of 10, 20, 50, 100, 200, 500 and 1000 µM were

prepared for HPLC analysis as per reaction samples. The area of the product and the

internal standard peaks were measured using Shimadzu LabSolutions software. A plot

of product peak/internal standard area vs concentration of standard was made and

the calibration factor was calculated to quantify the amount of product in the reaction

sample. Once the concentration of the product is known, the total turnover number

for each reaction was calculated.

3.2.6 Agarose Gel Electrophoresis

A 0.8 % w/v agarose gel was prepared by dissolving 0.4 g of agarose in 50 mL of TAE

buffer (40 mM Tris, 1 mM EDTA). This was dissolved by heating in a microwave at

10 - 30 sec intervals. The solution was then cooled to 50 ◦C and 0.5 µL of ethidium

bromide solution (10 mg mL–1) was added. The gel was then cast and left to set for 2 h

before being immersed in TAE buffer (250 mL) containing 1.5 µL of ethidium bromide

(10 mg mL–1).

DNA from restriction digests (15 µL) was mixed with 80 % glycerol (4 µL) and loaded

into separate lanes of the gel alongside a molecular weight DNA ladder (1 kB, Ge-

neworks). The gels were run at 60 V for 1.5 h. The DNA bands were then viewed

under UV light and the desired fragments were excised and purified.
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Analytical gel electrophoresis was also carried out using the gels that were prepared

as above. Gel loading buffer (4 µL of 6 × buffer, New England Biolabs) was added to

the DNA samples before loading into the gels. Gels were run at 100 V for 0.5 h and

visualised with a ChemiDoc MP Imaging system (BioRad).

3.2.7 Construction of Plasmids for Oxidase + P450 Fusion Enzymes

The plasmids containing the DNA sequence of T252E-CYP199A4 fused to an oxidase

enzyme (AldOx, AcCo6-AcChOx or AoFOx) were constructed using Gibson (isother-

mal) assembly.186 A pET28 plasmid (500 ng) was first digested at the NcoI and HindIII

restriction sites with 0.5 µL of each restriction enzyme (New England Biolabs) and 10x

CutSmart buffer (2 µL, New England Biolabs) in a total reaction volume of 20 µL. The

digested plasmid was purified using agarose gel electrophoresis (Section 3.2.6) and the

EZ-10 Spin Column Plasmid DNA Minipreps Kit from Bio Basic Inc.

Isothermal assembly was carried out with the P450 gBlock (25 ng, IDT, Appendix

B.1), oxidase gBlock (25 ng, IDT, Appendix B.1) and the digested pET28 plasmid (50

ng) added to the NEBuilder HiFi DNA Assembly Master Mix (5 µL, New England

Biolabs) to a total volume of 10 µL with the remaining volume made up with MilliQ

water. The isothermal assembly reactions were incubated in a thermocycler at 50 ◦C

for 1 h. An aliquot of the reaction mixture (2 µL) was transformed into competent

DH5α E.coli cells (35 µL, Geneworks) and incubated at 0 ◦C for 60 min. This was

followed by heat shock at 42 ◦C for 50 s. After 2 min incubation at 0 ◦C, SOC media

(150 µL) was added to the cells and the resulting culture shaken at 37 ◦C and 120

rpm for 1 h. The cells were then grown on Luria-Bertani Medium (LB) selection plates

containing 30 µg mL–1 kanamycin.

Single colonies were harvested from the selection plates and used to inoculate a culture

of LB broth (16 mL) with the appropriate antibiotic. The newly assembled plasmid

vectors were purified from the cell pellet of these cultures using the Promega Wizard

Plus SV Minipreps DNA Purification System as per manufacturer’s protocol. To con-

firm if the oxidase and P450 gBlocks were successfully cloned into the pET28 plasmid

as one continuous insert (oxidase + P450), the purified plasmids were digested with

XbaI (0.5 µL) and HindIII (0.5 µL) restriction enzymes in 10x CutSmart buffer (2 µL,

New England Biolabs) to a total volume of 20 µL. Analytical agarose gel electrophoresis

was then carried out to confirm if the insert is of the correct size (Section 3.2.6).

The sequence of the oxidase + P450 insert was then confirmed by sequencing the

plasmids (900 - 1000 ng in 9 µL) at the Adelaide Genome Research Facility using the
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T7 promoter and T7 terminator primers which recognises sequences on the pET28

plasmid. Due to the size of the cloned insert (2600 - 3100 bp), the T7 primers were not

sufficient to fully sequence the insert. Additional primers were thus designed to bind

to the DNA sequences of each oxidase and the HRV3C linker to allow the insert to be

fully sequenced. These primers can be seen in Appendix B.2 and the binding sites of

the primers for the AldOx + T252E-CYP199A4 insert is shown in Figure 3.4. Maps

of primers pairs for sequencing reactions is seen in Appendix B.2.

Figure 3.4: Map showing the binding sites of sequencing primers for the cloned insert of the AldOx
+ T252E-CYP199A4 fusion enzyme. Primer binding sites are seen in purple. The direction of PCR
amplification of each primer is shown in black arrows.

3.2.8 Expression of Oxidase + P450 Fusion Enzymes

Plasmids containing the oxidase + P450 fusion protein from Section 3.2.7 were trans-

formed into E. coli BL21 (DE3) competent cells (Sigma-Aldrich) and the bacteria were

incubated overnight at 37 ◦C on an LB agar plate containing kanamycin (30 mg L-1).

Colonies of the bacteria were used to inoculate 2 × 750 mL of LB broth with kanamycin

(30 mg L-1). Protein expression carried out as per Section 3.2.3. The color of the cell

pellet was assessed for protein expression.

3.2.9 Expression and Purification of CYP152A1 (P450BSβ)

A pET28 plasmid containing the gene for CYP152A1 (P450BSβ) with 6 ×
Histag residues at the N-terminus and a silica binding amino acid sequence (MP-

GRARAQRQSSRGR)190 at the C-terminus was purchased commercially from Twist

Biosciences (Appendix B17).

This plasmid was transformed into E. coli BL21 (DE3) competent cells (New England

Biolabs) and the bacteria were incubated overnight at 37 ◦C on an LB agar plate

containing kanamycin (30 mg L-1). Protein expression and purification were carried

out as per Section 3.2.3. The purified protein was stored in 50 % v/v glycerol and

stored at -20 ◦C.
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3.2.10 Immobilisation and Reactions of T252E-CYP199A4 to Source 15Q

Media

Glycerol was removed from T252E-CYP199A4 with a 5 mL gel filtration column (PD-

10, GE Healthcare) using Buffer T (50 mM Tris, pH 7.5). The concentration of T252E-

CYP199A4 (ε419 = 119 mM-1cm-1) was determined by UV-visible spectroscopy. In a

1.5 mL Eppendorf tube, ∼ 50 mg of SOURCE 15Q ion exchange media was mea-

sured and washed twice with Buffer T. T252E-CYP199A4 (1 or 5 µM) was added to

the washed SOURCE 15Q media and gently re-suspended until homogenised. The ho-

mogenised P450 and SOURCE 15Q media was centrifuged at 5000 g for 5 mins at 4 ◦C.

The UV-visible spectrum (600 nm to 300 nm) of the supernatant was measured to de-

termine the extent of protein binding to the immobilisation media. The SOURCE15Q

media bound with P450 was washed with buffer T (500 µL) and centrifuged again to re-

move the supernatant. The UV-visible spectrum of supernatant from the washing step

was also measured to determine if any P450 has been stripped from the immobilisation

media.

Reactions of P450-bound SOURCE15Q media was carried out in a total volume of 1200

µL by addition of 4-methoxybenzoic acid as substrate (500 µM) and H2O2 (10 mM) to

the media while the remaining volume was made up with Buffer T. Control reactions

were carried out that omitted either the P450 enzyme or H2O2. All reactions were

carried out in duplicate. These reactions were left at room temperature and gently

mixed with a BioSan TS-100C Thermo Shaker (250 rpm) to ensure homogeneity. An

aliquot (132 µL) of the reactions were taken at 20 min, 60 min, 120 min, 240 min and

22 h.

After 22 h, the P450-bound SOURCE15Q media was washed again in Buffer T while

the same substrate (500 µM) and H2O2 (10 mM) was added and left for a further 72

h to determine the extent T252E-CYP199A4 can maintain enzymatic activity while

bound to SOURCE15Q. After 72 h, an aliquot of the reaction was taken. The preceding

step was repeated for the final time with additional substrate and H2O2 added and left

for an additional 24 h.

3.2.11 Continuous Flow Reaction with T252E-CYP199A4

A chromatography column (6.6 mm × 150 mm, Cole-Parmer) was packed with

SOURCE15Q media to a bed height of 0.5 cm. The packed media was washed with

Buffer T (10 mL) and T252E-CYP199A4 (5 µM) was loaded on to the column at a flow
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rate of 1 mL min-1. A reservoir (50 mL) containing 4-methoxybenzoic acid (1 mM)

and H2O2 (10 mM) in solution with Buffer T was eluted in a continuous loop through

the packed column as seen in Figure 3.5. The continuous flow reaction was left for 27

h and an aliquot of the reservoir was taken at 0 min, 4 min, 60 min, 20 h and 27 h.

Figure 3.5: Scheme for continuous flow reactions with T252E-CYP199A4.
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3.3 Results

3.3.1 Expression and Purification of Oxidase Enzymes

The heterologous production of AldOx, AcCo6-AcChOx and AoFOx was done in E.coli

using 1.5 L LB broth. The initial purification was carried out using nickel affinity

chromatography. Of the three oxidases purified, AldOx gave the highest yield (∼ 20

mg) from 1.5 L of LB broth. The absorbance spectrum of AldOx measured showed a

λmax at 452 nm (Figure 3.6) that is characteristic of a flavin co-factor and a separate

smaller absorbance peak at 350 nm.178 This spectrum observed with AldOx matches

with spectra reported previously for this enzyme.178

Figure 3.6: UV-visible spectrum of purified AldOx. Two absorbance peaks for this enzyme was
observed with λmax at 452 and 350 nm.

SDS-PAGE analysis of the protein after size exclusion chromatography showed a single

band at ≈ 45 kDa (Figure 3.7) showing a protein with high purity. The size of the

band observed was consistent with the reported size of AldOx (45.1 kDa).178

Figure 3.7: SDS-PAGE analysis of the purification of AldOx. SDS-PAGE was performed with
SurePAGE 4 - 12 % Bis-Tris Precast gel (GenScript). A broad range protein ladder (10 - 200 kDa,
NEB) was used.
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Expression and purification of AcCo6-AcChOx was successful as confirmed by SDS-

PAGE (Figure B18). The band observed for this enzyme was approximately 60 kDa

and was consistent with the calculated mass (60 kDa). The absorbance spectrum of

AcCo6-AcChOx was measured and showed a λmax at 447 nm with smaller absorbance

peaks at 350 and 375 nm (Figure 3.8). The extinction coefficient of AcCo6-AcChOx

was not reported previously. However, the UV-visible spectrum for AcCo6-AcChOx

shown in Figure 3.8 was similar to the spectrum measured for AldOx (Figure 3.6) as

both contain a flavin cofactor. Therefore, the extinction coefficient for AldOx (ε452nm

= 12.5 mM-1 cm-1) was used to estimate the yield and concentration of AcChOx

purified. The approximate yield for AcChOx expressed was calculated to be 5.8 mg

from 1.5 L of LB broth.

Figure 3.8: UV-visible spectrum of purified AcC06-AcChOx. A λmax peak for this enzyme was
measured at 447 nm. Additional absorbance peaks were observed at 450 and 475 nm.

The levels of production of AoFOx were significantly lower than the other two oxidases.

The UV-visible spectrum for the concentrated fractions from nickel affinity purification

did show small absorbance peaks at 375, 425 and 475 nm. These peaks were not

entirely consistent with previously reported absorbance spectra of AoFOx.180 The low

absorbance observed was suggestive of low levels of soluble protein using E.coli. The

yield of this protein prevented further purification and presented difficulties in accurate

quantification. SDS-PAGE analysis of the dilute protein showed a band at 60 kDa

consistent with the expected mass of this protein (64.3 kDa, Figure B18).

In summary, of the three oxidase enzymes tested for expression, AldOx from Strepto-

myces coelicolor A3(2) gave the highest yield of expression in E.coli. This was followed

by mutant AcC06 of AcChOx from Arthrobacter cholorphenolicus and AoFOx from

Aspergillus oryzae was poorly expressed in low yield.
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Figure 3.9: UV-visible spectrum of the concentrated fractions of AoFOx from Histag purification.
Low absorbance peaks were observed at 375, 425 and 475 nm.

3.3.2 P450 Peroxygenase Reactions with Oxidase Enzymes

The oxidase enzymes from Section 3.3.1 were used to generate H2O2 in situ with

P450 peroxygenases. AldOx, AcCo6-AcChOx and AoFOx use glycerol, hexan-1-ol

and formate respectively as substrates which generates product and H2O2.
131,179,180

These substrates were tested with their respective oxidase enzymes in order to drive

P450 peroxygenase activity.

We tested the O-demethylation of 4-methoxybenzoic acid by T252E-CYP199A4 (1 µM)

in the presence of AldOx (0.5 µM) and AcCo6-AcChOx (0.5 µM). A 100 µL aliquot

of extracted AoFOx was used due to the low yield and purity observed alongside the

inability to determine the enzyme concentration accurately. HPLC analysis of the

initial screening (Figure 3.10) showed 4-hydroxybenzoic acid was detected as the P450

reaction product for all three oxidase enzymes.

Figure 3.10: HPLC analysis of initial screening reactions of T252E-CYP199A4 (1 µM) with oxidase
enzymes. Reactions with 4-methoxybenzoic and T252E-CYP199A4 were carried out in the presence
of AldOx (0.5 µM, black), AcC06-AcChOx (0.5 µM, red) and AoFOx (100 µL aliqout, blue) to drive
P450 peroxygenase activity. The P450 product detected was 4-hydroxybenzoic acid (tr = 6.5 min)
from the O-demethylation of 4-methoxybenzoic acid (tr = 12.4 min) by T252E-CYP199A4. The
reaction with AldOx showed the highest product formation.
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The reaction with AldOx showed the highest level of 4-hydroxybenzoic acid production,

followed by AcCo6-AcChOx (Figure 3.10). Low levels of 4-hydroxybenzoic were formed

in the reactions with AoFOx. Due to the low product levels observed with AoFOx

alongside poor expression of this enzyme, only AldOx and AcCo6-AcChOx was used

for further experiments.

Negative control experiments were carried out that omitted either T252E-CYP199A4 or

the oxidase enzymes (AldOx and AcCo6-AcChOX) to determine if the presence of the

oxidase enzymes were important for P450 peroxygenase activity. The negative controls

showed that omitting the P450 or oxidase enzymes resulted in no product formation,

showing that the oxidase enzymes were needed to form P450-dependent enzymatic

activity (Figure 3.11). This is confirmation the oxidase enzymes are generating H2O2

in situ that is subsequently used by T252E-CYP199A4 for P450 peroxygenase activity.

(a) (b)

Figure 3.11: HPLC analysis of the reaction with T252E-CYP199A4 and 4-methoxybenzoic acid (tr =
12.4 min) in the presence of oxidase enzymes (black). Controls include no P450 (red) and no oxidase
(blue). In (a), AldOx was tested and (b) AcC06-AcChOx was tested instead. Oxidase substrates
tested was glycerol for (a) and hexan-1-ol for (b). Product detected was 4-hydroxybenzoic acid (tr =
6.5 min).

The capability of AldOx and AcC06-AcChOx to drive product formation with T252E-

CYP199A4 were then compared against each other. The effect of altering the concen-

tration of oxidase relative to the P450 was investigated. The concentration of T252E-

CYP199A4 was maintained at 1 µM while the concentration of oxidase was varied.

The levels of product formed was found to be higher with AldOx when compared to

AcC06-AcChOx for all the conditions tested (Figure 3.10). When the ratio of AldOx to

the P450 is either halved (1:2) or equal (1:1), the levels of product formation remained

similar (∼ 120 µM, Figure 3.12). For AcC06-AcChOx, when the ratio of oxidase to

P450 was 1:2, product formation levels was only slightly less compared to when the

oxidase and P450 concentrations were equal (1:1, Figure 3.12).
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Figure 3.12: Product formation analysis comparing reactions of T252E-CYP199A4 (1 µM) with either
AldOx and AcC06-AcChOx. Columns on the left were when the oxidase concentration was half of the
P450 (1:2) while columns on the right were when oxidase and P450 concentrations were equal (1:1).
In all conditions tested, AldOx (red and magenta) had higher levels of product compared to AcC06-
AcChOx (green and cyan). The concentration of oxidase substrate was 50 mM for all conditions.

Further experiments where the concentration of AldOx was five times lower than the

P450 enzyme (1:5), demonstrated product formation that was only moderately lower

compared to when the ratio of oxidase to P450 were 1:1 or 1:2. (Figure 3.13).

Figure 3.13: Product formation analysis comparing different concentrations of AldOx relative to
T252E-CYP199A4. Concentration of T252E-CYP199A4 was 1 µM for all conditions. Conditions of
AldOx:P450 shown include 1:5 (green), 1:2 (red) and 1:1 (magenta).

AldOx was also tested with CYP152A1 (P450BSβ) to assess if this oxidase is able

to drive reactions with a natural P450 peroxygenase. Previous experiments with

light-driven flavins systems to generate H2O2 for the oxidation of tetradecanoic acid

by P450BSβ showed the occurrence of fatty acid hydroxylation and chain shortening

(Chapter 2).181 GC-MS analysis of the reaction between P450BSβ and tetradecanoic

acid in the presence of AldOx showed hydroxylation products of tetradecanoic acid as
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the major product. There was no detectable shorter chain fatty acids observed but low

levels of hydroxylated tridecanoic and dodecanoic acid products were observed that is

indicative fatty acid chain shortening.

Figure 3.14: GC-MS analysis of the reaction of P450BSβ oxidation of tetradecanoic acid (C14) in
the presence of glycerol (50 mM) and AldOx (1 µM, black). The hydroxylated products of shorter
chain fatty acids such as α/β-hydroxy-tridecanoic acid (α/β-C13-OH) and α/β-hydroxy-dodecanoic
acid (α/β-C12-OH) was also observed. Control reaction shown was tetradecanoic acid with 32 mM
H2O2 only.

Overall, AldOx showed the highest level of P450 product formation with T252E-

CYP199A4 compared to AcC06-AcChOx and AoFOx. AldOx was also capable of

driving P450 peroxygenase activity with P450BSβ.

3.3.3 Plasmid Construction and Expression of Oxidase + P450

Fusion Enzymes

Gibson (isothermal) DNA assembly was used to construct plasmids to express ox-

idase + P450 fusion enzymes using gBlocks containing the DNA sequences of the

oxidase enzymes (AldOx, AcCo6-AcChOx and AoFOx) and T252E-CYP199A4. Indi-

vidual gBlocks (Integrated DNA Technologies) containing the DNA sequence of T252E-

CYP199A4 and each of the three oxidase enzymes were cloned into the digested pET28

plasmid backbone using isothermal assembly (Figure 3.15). Full sequences of each

gBlock used is shown in Appendix B.1. The gBlocks for the P450 and individual oxi-

dase were designed to have overlapping regions of homology with each other and also

with the pET28 plasmid digested NcoI and HindIII (Figure 3.15). The overlapping

region between the P450 and oxidase gBlocks contains a DNA sequence that encodes

for the HRV3C cleavage site.
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Figure 3.15: Isothermal assembly of plasmids containing an insert of the oxidase-P450 fusion enzymes.

The isothermal DNA assembly experiment was successful in generating colonies of

all three oxidase + P450 combinations and the plasmid DNA from these colonies were

extracted and purified. The purified plasmid DNA was digested with XbaI and HindIII

to confirm if the desired insert was successfully cloned into the pET28 plasmid. Agarose

gel electrophoresis analysis of plasmids containing fusion enzymes of AldOx + T252E-

CYP199A4, AcCo6-AcChOx + T252E-CYP199A4 and AoFOx + T252E-CYP199A4

showed bands that correspond to the expected size of inserts containing both oxidase

and P450 DNA sequences (Figure 3.16 and Figure B19).

Figure 3.16: Agarose gel electrophoresis analysis (0.8 % gel) of AldOx + T252E-CYP199A4 cloned
into pET28 via isothermal DNA assembly. This plasmid was digested at XbaI and HindIII restriction
sites (Lane 2). The same digest was carried out with a pET28 plasmid containing an insert of only
T252E-CYP199A4 as a control (Lane 1). It can be seen that a band corresponding to the expected
size of an insert with both AldOx and T252E-CYP199A4 DNA sequences were observed (Lane 2, 2586
bp). A 1 kb DNA ladder from Geneworks was used.
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Sequencing of the inserts were also carried out using primers shown in Appendix B.2.

The inserts containing AldOx + T252E-CYP199A4 and AcCo6-AcChOx + T252E-

CYP199A4 were fully sequenced successfully. The insert containing AoFOx + T252E-

CYP199A4 was fully sequenced and no errors were found, but given the low levels of

production and product formation with AoFOX observed previously (Section 3.3.1),

we decided to test for protein production before proceeding further.

The three plasmids (pET28 vector) containing the inserts of oxidase + T252E-

CYP199A4 were then transformed into E.coli BL21 (DE3) competent cells and protein

production was attempted (Section 3.2.8). The cell pellets and their respective lysates

were not coloured. Oxidase and P450 enzymes usually produce yellow and red coloured

lysates respectively. Attempts at protein purification with nickel affinity chromatogra-

phy showed no observable binding of protein to the nickel affinity column suggestive

of poor production of soluble protein for these oxidase + T252E-CYP199A4 fusions.

We did not pursue this avenue further as the yield of the biocatalyst is an important

consideration and decided to focus on the immobilisation of T252E-CYP199A4.

3.3.4 Reactions of T252E-CYP199A4 Immobilised to SOURCE15Q Ion

Exchange Media

Initial immobilisation of T252E-CYP199A4 (1 µM) to SOURCE15Q anion-exchange

media (∼ 50 mg) was carried out. CYP199A4 and its mutants are negatively charged

proteins that have shown successful binding to the positively charged SOURCE15Q

media for protein purification.48,148 The UV-visible spectrum of the P450 enzyme

before binding was measured and compared to the supernatant after binding showed a

observable decrease in absorbance at the λmax of T252E-CYP199A4 (419 nm, Figure

3.17). This shows the binding of T252E-CYP199A4 to the SOURCE15Q media was

successful. The P450-bound SOURCE15Q media was washed with Buffer T and the

supernatant of the wash indicated the P450 remained immobilised (Figure 3.17).

Figure 3.17: UV-visible spectra of a solution of T252E-CYP199A4 before (red) and after immobilising
to SOURCE15Q media (black). The media was washed with buffer T after P450 immobilisation and
the absorbance spectrum of the supernatant from the washing step is shown also (blue).
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The peroxygenase activity of immobilised T252E-CYP199A4 was tested by adding

Buffer T containing H2O2 and 4-methoxybenzoic acid to the immobilised enzyme (Fig-

ure 3.18a). A negative control reaction of adding Buffer T containing only substrate to

the immobilised P450 was also carried out. The final negative control reaction tested

was a suspension of SOURCE15Q media in Buffer T and H2O2. The peroxygenase

activity of immobilised T252E-CYP199A4 (1 µM) was also compared to the same con-

centration of enzyme as a free solution. All reactions were monitored over a period of

22 h using 500 µM of 4-methoxybenzoic acid and 10 mM of H2O2 (Figure 3.18b).

(a)

(b)

Figure 3.18: (a) HPLC analysis of the peroxygenase reaction of T252E-CYP199A4 immobilised to
SOURCE15Q media with 4-methoxybenzoic acid (500 µM) as substrate and H2O2 (10 mM) (black).
Controls reactions include a no H2O2 control (red) and a no immobilised P450 control (blue). (b)
Time-course analysis of the peroxygenase reaction of T252E-CYP199A4 immobilised to SOURCE15Q
media (red) in comparison to T252E-CYP199A4 in solution (green).

The reaction of immobilised T252E-CYP199A4 with 4-methoxybenzoic acid and H2O2
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demonstrated the formation of 4-hydroxybenzoic acid from an enzymatic reaction (Fig-

ure 3.18a). The negative controls showed no product formation and indicates that per-

oxygenase activity with immobilised T252E-CYP199A4 was possible in the presence

of H2O2 (Figure 3.18a). When comparing the product formation between immobilised

versus free enzyme, the former was initially higher compared to the latter. At 22 h,

the levels of product formed from peroxygenase activity was similar between the two

enzyme states (Figure 3.18b).

Immobilised T252E-CYP199A4 was then tested for stability and activity with succes-

sive reactions in the presence of H2O2. P450 enzyme (5 µM) was immobilised and the

reaction was carried out with 4-methoxybenzoic acid (500 µM) and H2O2 (10 mM).

After 22 h, the immobilised enzyme was washed with Buffer T (500 µL), and a new

stock of substrate and H2O2 was added for a second successive reaction. After a 72

h reaction period, a third reaction was performed. The supernatant of the successive

reactions and subsequent washes do not show the presence of free P450 enzyme in

solution (Figure B20), suggesting that the enzyme remains bound to the SOURCE15Q

media after successive washes and reactions. The first and second successive reac-

tions generated a similar level of product (Figure 3.19) but the third reaction however

showed a significant decrease in product formation. With all three successive reactions,

T252E-CYP199A4 was immobilised and maintained activity for over 100 h.

Figure 3.19: HPLC analysis of successive peroxygenase reactions of immobilised T252E-CYP199A4.
Three successive reactions were carried out with the immobilised P450 enzyme (red, black, blue). The
immobilised enzyme was washed before each subsequent reaction. A new stock of 4-methoxybenzoic
acid (500 µM) and H2O2 (10 mM) was added for each reaction. The first (black) and second (red)
reactions formed similar levels of product. The third reaction (blue) showed a decrease in product
formation.

T252E-CYP199A4 (5 µM) was then immobilised onto SOURCE15Q media (bed height

= 0.5 cm) within a chromatography column. A reservoir of buffer T with dissolved
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4-methoxybenzoic acid (1 mM) and H2O2 (10 mM) was then eluted through the col-

umn containing immobilised T252E-CYP199A4 in a continuous flow reaction (Section

3.2.11). HPLC analysis of the flow reaction over 27 h showed low levels of product

formation.

Figure 3.20: HPLC analysis of continuous flow peroxygenase reactions with immobilised T252E-
CYP199A4 (5 µM). A reservoir of 4-methoxybenzoic acid (1 mM) and H2O2 (10 mM) was eluted
over the immobilised enzyme for 27 h. The formation of 4-hydroxybenzoic acid (tr = 6.5 min) by
peroxygenase activity by the P450 enzyme at 0 min, 4 h, 20 h and 27 h was assessed.
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3.4 Discussion

In this study, the expression and purification of two H2O2-generating oxidase enzymes,

AldOx and mutant AcC06 of AcChOx were successful in sufficient yield and purity for

study. A third enzyme, AoFOx was detected by SDS-PAGE analysis after production

using E.coli but did not yield enough protein for further analysis. Of the two enzymes

purified in workable yield, AldOx was purified in the highest amount (∼ 20 mg) com-

pared to AcC06-AcChOx (∼ 6 mg). The first reported purification of AldOx was able

to produce 350 mg of protein from only 1 L of culture broth but the expression yield

of AcC06-AcChOx has not been reported.178,179 The extremely high yield of AldOx

reported was attributed to fusing AldOx to a maltose-binding protein (MBP).178 MBP

is a secretion enhancing tag that has been reported to increase protein expression in

eukaryotic systems.191 Future studies that would fuse AldOx, AcC06-AcChOx and Ao-

FOx to MBP may be a viable approach to improve the yields of all these enzymes and

the fusion proteins in E.coli. The yield for AoFOx using LB broth in this study was

quite low and it has been previously reported that yields of 17 mg/mL can be achieved

using Terrific Broth.178 Terrific broth is a richer growth media with greater buffering

capacity compared to LB broth and could be a contributing factor in improving the

yields of AoFOx production in E.coli.192 Higher yields of the three oxidase enzymes

would provide facile and detailed characterisation of their capability to generate H2O2

for P450 peroxygenase reactions.

Product formation by T252E-CYP199A4 was observed in the presence of oxidase en-

zymes indicating that H2O2 was being generated and subsequently used by the P450

for peroxygenase activity. T252E-CYP199A4 (1 µM) formed the highest amount of

product (∼120 µM from 200 µM substrate) using AldOx (0.5 or 1 µM) with 50 mM

glycerol as the oxidase substrate. When the ratio of AldOx to P450 was decreased,

product formation levels did not change dramatically (ranged from 100 to 120 µM).

This suggests that the oxidase enzyme generates H2O2 at a fast enough rate at all con-

centrations tested that it does not significantly alter product formation by the P450

peroxygenase. We also tested this method of supplying H2O2 to a natural P450 perox-

ygenase, P450BSβ using AldOx. Fatty acid hydroxylation and low levels of fatty acid

chain shortening was observed. The levels of fatty acid chain shortening occurred at

significantly lower levels compared to when a light-flavin system was used to supply

H2O2 in situ (Chapter 2).181 Previous applications of supplying H2O2 to P450OleT,

using AldOx and 0.1 % glycerol achieved not only hydroxylation but also alkene for-

mation with fatty acids.131 Alkenes are an important class of biofuels193 and the use

of oxidase enzymes could be more advantageous as a way to tune for a specific P450
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activity such as P450 hydroxylation or alkene formation. The amount and the rate

that H2O2 is generated by the oxidase enzymes studied here could be assessed in the

future to allow for more precise design and optimisation of P450 peroxygenase reactions

involving these oxidase enzymes.

Glycerol and hexan-1-ol were chosen as the substrates tested for AldOx and AcC06-

AcChOx as they are easily accessible compounds that have been reported to have high

activity with the enzymes tested.131,179 AcC06-AcChOx converts hexan-1-ol to hex-

anal, whereby hexanal is a useful flavouring additive and a biocatalytic cascade reaction

of this enzyme alongside a P450 enzyme could potentially provide two useful metabo-

lites from one-pot. The lower P450 product formation when AcC06-AcChOx was used

compared to AldOx could be a result of the higher volatility of hexan-1-ol compared to

glycerol, resulting in lower amounts of oxidase substrate available to generate H2O2.

Choline was identified as the natural substrate of AcC06-AcChOx and could be an al-

ternative substrate to test for H2O2 generation. Steady-state kinetic experiments with

AldOx have shown that sorbitol and xylitol has greater affinity towards this enzyme

compared to glycerol.183 Future experiments with P450 peroxygenases and oxidase

enzymes could utilise these alternate substrates to potentially improve P450 product

formation levels.

Plasmids containing the DNA sequence of AldOx, AcC06-AcChOx and AoFOx fused

to T252E-CYP199A4 were successfully constructed using isothermal DNA assembly.

However, expression of these plasmids in E.coli was not successful. Previously reported

fusions of P450 enzymes include P450cam that has been successfully fused to its phys-

iological electron transfer partners and expressed for whole-cell reactions in E.coli.194

AldOx has been fused to P450OleT by Munro et al. using a cleavable HRV3C amino

acid linker and was expressed successfully in E.coli.131 The HRV3C amino acid linker

was chosen in our study to exploit its cleavable nature and linked the P450 and oxi-

dase domains by flexible Ser and Gly residues. It is possible that the flexibility of the

linker region allowed the P450 or oxidase domains to maintain mobility. The mobility

could allow interference in the folding of the adjacent protein domains and eventually

causes insoluble protein to form.195 It has been reported that the insertion of a flexible

Ser and Gly based linker in transferrin-based fusion proteins caused poor expression

yields.196 A possible alternative is the use of more rigid linkers with the sequence of

(EAAAK)n that are able to form α-helices which maintain a fixed distance between

two domains of a fusion protein and improve protein expression.197

Peroxygenase reactions with T252E-CYP199A4 were successfully undertaken after im-

mobilisation to SOURCE15Q ion exchange media. The immobilisation of the T252E
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mutant to SOURCE15Q was facile. SOURCE15Q media is an anion exchanger that is

used in the purification of CYP199A4 and its mutants due to the negative charge of

this P450.30,155,156 Immobilised T252E-CYP199A4 was able to generate product com-

parable to the free enzyme. The immobilised P450 was stable and able to maintain

enzymatic activity even after being immobilised for over 100 h. There was no evidence

of enzyme leaching from the immobilisation media. In contrast, the continuous flow

reaction of T252E-CYP199A4 with H2O2 showed low levels of product formation but

serves as a suitable indication that flow biocatalysis was possible with this engineered

P450 peroxygenase.

The design of flow biocatalytic reactions requires the consideration of both residence

time and enzyme reaction rates.198 Residence time is length of time the desired sub-

strate is in contact with the enzyme and in this study would depend on the bed height

of the immobilisation media. The small bed height chosen for this study was 0.5 cm

as to ensure full saturation of the media with enzyme but this bed height could poten-

tially limit the surface area of exposure for the enzyme to react with the continuously

flowing substrate. Flow biocatalytic reactions can also be hampered by slow enzymatic

reactions and the low levels of product formation could be due to how P450 peroxy-

genase activity with the T252E mutant occurs at slow rates.156 Future optimisation

could involve increasing the bed height of media saturated with the P450 enzyme and

allowing substrate to elute at a slower rate to increase residence time and mitigate

the slow reaction rates of the P450 peroxygenase. Studies into steady-state kinetics of

T252E-CYP199A4 alongside future mutagenesis studies to improve the peroxygenase

activity of this enzyme could provide insights into improving its product formation in

flow biocatalytic reactions.

In summary, oxidase enzymes were expressed and purified. These oxidase enzymes

were successfully used to generate H2O2 for P450 peroxygenase activity, whereby Al-

dOx showed the highest levels of P450 product formation. Isothermal DNA assembly

was used to successfully construct plasmids encoding oxidase + P450 fusions but were

unable to be expressed in E.coli. Peroxygenase reactions of T252E-CYP199A4 were

present even when immobilised but continuous flow reactions with T252E-CYP199A4

would need to be optimised further to become a viable method for synthetic applica-

tions.
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4 In crystallo reactions of T252E-CYP199A4

4.1 Introduction

Cytochrome P450 enzymes are heme-thiolate monooxygenases that catalyse the inser-

tion of one atom of O2 into C-H bonds. This enables them to catalyse a wide variety

of complex transformations including epoxidation, sulfoxidation, C-C bond cleavage

and formation.199,200 P450 enzymes are involved in the biosynthesis of physiologically

important compounds and xenobiotic metabolism.200 The sequence identity between

P450s of different families can vary widely but their structural and spectroscopic prop-

erties are easily identifiable due to the highly conserved P450 structure and heme

catalytic centre.201,202 One of the most well characterised P450 enzyme is CYP101A1

(P450cam),16,203 where the three-dimensional structure of a P450 was first reported

with this enzyme.204–206 Since the structure of P450cam was first determined, many

new structures have been solved with P450s from various domains of life.207

With the structure of different P450 enzymes accessible through X-ray crystallography,

reactive intermediates of the P450 catalytic cycle can be explored in detail. The use

of cryogenic temperatures and rapid-data collection techniques have allowed for the

trapping and direct structural characterisation of intermediates in enzyme-catalysed

reactions in crystallo.208 A major challenge in trapping such reaction intermediate in

P450 enzymes is initiating the reaction in protein crystals. This is hampered by the

need for external electron transfer partners and NADH to initiate reactions.209 Sligar

et al. was able to overcome this by reducing a crystal of substrate-bound P450cam

with electrons from the X-ray beam to generate an oxyferryl intermediate consistent

with Cpd I, the main oxidant of the P450 catalytic cycle.210 However, the reduction

strategy required irradiating the crystal for 3 hours with X-rays that could potentially

damage the enzyme structure.211

An alternate strategy to initiating enzymatic reactions in protein crystals of P450

enzymes is the use of the peroxide shunt pathway.33 The peroxide shunt pathway is

able to generate Cpd I (Figure 4.1) directly using hydrogen peroxide (H2O2) and some

P450s are able to use this pathway for catalysis to act as a peroxygenase.33 As the shunt

only requires H2O2 to initiate the reactions, diffusion triggered in crystallo reactions is

a possible approach to trap and study reactive intermediates in P450 enzyme reactions.

69



Figure 4.1: Peroxide Shunt Pathway of P450 Enzymes.

Crystals of proteins display large pore sizes that are mostly filled with water

molecules.212 These pores are wide enough to allow diffusion of chemical compounds

through the crystal lattice. The diffusion of proteins such as cytochrome c into crystals

have been observed.212 In addition, the diffusion of smaller compounds such as molec-

ular oxygen and H2O2 have also been reported.213,214 A well-established example is

the soaking of protein crystals with heavy atom containing compounds (i.e mercury

compounds) to solve the phase problem in protein crystallography.215,216

Since P450 peroxygenases do not require NADH or electron transfer partners, they

could be co-crystallised with substrate and then soaked with H2O2, which would diffuse

through the pores of the crystal. The diffused H2O2 can then interact with the heme

centre to trigger the peroxide shunt pathway in crystallo. This diffusion triggered

in crystallo reaction could potentially be stopped at various time points to capture

reaction intermediates and elucidate the reaction pathway of the enzyme.214

A reaction carried out in crystallo with a P450 enzyme and the peroxide shunt pathway

has been described by Liu et. al.217 They identified a hydroxylated intermediate in the

active site after substrate-bound crystals of CYP121 were soaked with H2O2 and its

X-ray structure solved.217 A separate study by Karplus et al. also exploited the per-

oxide shunt pathway to initiate in crystallo enzymatic reactions with sulfur-containing

peroxiredoxin. Crystals of peroxiredoxin were soaked with H2O2 and structures were

solved.214 Atomic resolution snapshots of the peroxiredoxin proceeding through thio-

late, sulfenate, and sulfinate species were obtained.214

CYP199A4 is a bacterial P450 from Rhodospeudomonas palustris HaA2 that has high

catalytic activity towards the oxidation of para-substituted benzoic acids.23,30,155 The

structure of CYP199A4 has been studied extensively by crystallography to elucidate

the binding modes of various ligands and rationalise it’s activity.153,218 CYP199A4 and

its mutants have been used as a model system to the investigate mechanistic details of

P450 reactions.134,153,219,220 An engineered variant of CYP199A4, the T252E mutant,

was found to have enhanced peroxygenase activity and is able use H2O2 for catalytic

activity.156

A crystal structure of T252E-CYP199A4 complexed with 4-methoxybenzoic acid has

been solved (Figure 4.2).156 We aim to use this T252E variant to carry out in crystallo
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enzymatic reactions using the peroxide shunt pathway. By soaking various crystals of

T252E-CYP199A4 bound to substrates with H2O2, we aim to assess if peroxygenase

activity could occur in the crystals.

Figure 4.2: Active site structure of T252E-CYP199A4 (PDB: 7REH). The E252 residue is in cyan.
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4.2 Materials and Methods

4.2.1 General

General reagents and organics were purchased from Sigma-Aldrich. Isopropyl-β-D-

thiogalactopyranoside (IPTG) and buffer components were obtained from Astral Sci-

entific (Australia). UV/Vis spectra and spectroscopic activity assays were performed

on an Agilent Cary 60 spectrophotometer at 30 ± 5 ◦C.

4.2.2 Production and Purification of T252E-CYP199A4

Mutant T252E of CYP199A4 was expressed as previously described but with the ad-

dition of 4-methoxybenzoic acid to a concentration of 1 mM to the expression media

before induction.156 The expressed protein was then purified using previously estab-

lished methods.156 Proteins were stored in 50 % v/v glycerol at -20 ◦C.

4.2.3 Protein Crystallography and In Crystallo Enzymatic Reactions

Crystallisation experiments were performed with T252E-CYP199A4. Immediately

prior to preparation of crystal trays, the protein was purified via elution through a

HiPrep Sephacryl S-200 HR size-exclusion column (60 cm × 16 mm; GE Healthcare)

with Buffer T at a flow rate of 1 mL min-1. The purity of the protein was assessed

based on the Reinheitszahl value, RZ = A420/A280, whereby fractions with RZ = 2

were collected and combined.

Substrate (4-methoxy- or 4-hydroxybenzoic acid) was then added to the combined

fractions to a final concentration of 1 mM from a 100 mM stock of EtOH/DMSO to

the concentrated protein. The combined fractions with substrate were incubated at

4 ◦C and then concentrated via ultrafiltration using a Microsep Advance centrifugal

device (10 kDa MWCO, Pall Corporation) to a concentration of approximately 30 –

35 mg mL-1. Crystallisation trays were prepared using the following optimised buffer

conditions previously reported:157 0.2 M magnesium acetate, 100 mM Bis-Tris buffer

(adjusted with acetic acid to pH 5.0 - 5.75) and 20 - 32 % w/v polyethylene glycol

(PEG) 3350.

Protein crystallisation was achieved using the hanging-drop vapour diffusion method

in 24-well trays. An equal volume of crystallisation buffer was mixed with hanging

drops of 1.2 - 2 µL of protein and was equilibrated with a reservoir of the same buffer
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(500 µL) at 16 ◦C. Red plate-like crystals were obtained after half a day to one week.

In crystallo reactions were carried out with T252E-CYP199A4 co-crystallised with 4-

methoxybenzoic acid. Single crystals were picked from individual wells and soaked in

their respective crystallisation buffer containing H2O2. The crystals were soaked at

different concentrations of H2O2 (0.5 to 10 mM) with variable soaking times (0, 5 and

10 min). After soaking, single crystals were mounted onto Micromounts or Microloops

(MiTeGen LLC, New York, USA). Mounted crystals were immersed in Parabar 10312

Oil (Paratone-N, Hampton Research, California, USA) before flash-cooled in liquid N2.

X-ray diffraction data were obtained (360 images per crystal) at the Australian Syn-

chrotron using the MX1 beamline221 with an exposure time of 1 s, oscillation angle of

1 ◦, wavelength of 0.9537 Å and temperature of 100 K. Diffraction images were indexed

and integrated using iMosfilm.222 Aimless223 from the CCP4 suite of programs224 was

used to carry out scaling, merging and Rfree labelling (5 % of reflections, randomly

selected). The phase problem was solved using Molecular Replacement in Phaser225

using a high-resolution structure of WT CYP199A4 (1.54 Å, PDB: 5UVB) as the search

model. The ligands and solvent molecules were removed from the search model prior to

phasing to eliminate model bias. Weighted 2mFo-DFc maps and Fo-Fc difference maps

were obtained and used to rebuild the model in WinCoot and determine the substrate

binding mode.226 Structural refinements were carried out over multiple cycles using

Phenix Refine, available in the Phenix suite of programs.227

Composite-omit or feature enhanced maps that reduce model bias were generated in

Phenix to allow inspection of the ligand binding site and reveal the location of all

substrate atoms.228,229 Detailed data collection and structural refinement statistics

are provided in Appendix C.

To model the location of the Cpd I oxygen atom, the CreateAtomAlongBond script

was employed. Computational studies of Cpd I have calculated that the Fe-O bond

length is very consistent at 1.62 Å. This was determined both in the absence and in

the presence of substrate for CYPs 2C9, 2D6, 3A4 and P450cam.230,231 The oxygen

atom was thus positioned 1.62 Å from the heme iron of the CYP199A4 structures.
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4.3 Results

4.3.1 In crystallo O-demethylation of 4-methoxybenzoic acid by T252E-

CYP199A4

For in crystallo enzymatic reactions with T252E-CYP199A4, 4-methoxybenzoic acid

was chosen as the substrate as it binds tightly to WT CYP199A4 (Kd = 0.3 µM)48

and mutant T252E (Kd = 1.1 µM).156,181,219 Protein crystals of T252E-CYP199A4

complexed with 4-methoxybenzoic acid were soaked with different concentrations of

H2O2 to trigger the in crystallo reaction.

A total of 24 crystals of the T252E mutant were soaked in varying concentrations of

H2O2 for different lengths of time and then flash-frozen in liquid N2. X-ray diffraction

data were collected. Only three of these crystals showed high quality diffraction pat-

terns. T252E-CYP199A4 is reported to catalytically demethylate 4-methoxybenzoic

acid to form 4-hydroxybenzoic acid (Figure 4.3).48,156

Figure 4.3: O-demethylation reaction of T252E-CYP199A4 with 4-methoxybenzoic acid.

Diffraction data of T252E-CYP199A4 co-crystallised with 4-hydroxybenzoic acid were

collected as a control for comparison to the H2O2-soaked crystals. The structures of

these crystals were determined and refined. Fo-Fc difference maps were generated to

assess negative and positive electron density around the bound molecule and confirm

if in crystallo demethylation to generate 4-hydroxybenzoic acid occurred. Negative

density (red) show areas where atoms have been incorrectly placed and no experimental

electron density is present. Positive density (green) shows where the model is missing

atoms and does not account for the electron density.

The structure of T252E-CYP199A4 co-crystallised with 4-hydroxybenzoic acid was

solved and refined to a resolution of 2.03 Å (PDB: 8GLY). Structural refinement and

data collection statistics were shown in Table C1. The overall protein fold was similar to

a structure of T252E-CYP199A4 (PDB: 7REH)156 solved previously (RMSD = 0.157

Å. Figure C1). There was electron density present within the active site consistent

with a bound ligand as previously observed with other substrate-bound structures of

CYP199A4.156,218 This electron density was modelled as 4-hydroxybenzoic acid and

also 4-methoxybenzoic acid as control (Figure 4.4). The difference in the Fo-Fc maps
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between these two modelled ligands would assist in determining if the H2O2-soaked

crystals of T252E-CYP199A4 underwent demethylation.

(a) (b)

Figure 4.4: Crystal structure of T252E-CYP199A4 co-crystallised with 4-hydroxybenzoic acid (yel-
low sticks, PDB: 8GLY). In (a), the electron density of the bound substrate was modelled as 4-
hydroxybenzoic acid and in (b) it was modelled as 4-methoxybenzoic acid. Composite-omit maps
(2mFo-Fc) are shown as a grey mesh contoured to 1.0 σ (1.5 Å carve) around the substrate, residue
E252 and heme-bound water in (a) and (b). Fo-Fc maps contoured to 2.5 σ are also shown as a green
or red mesh. In (b), there is a region of negative density (red mesh) around the methoxy functional
group of the bound ligand.

When the ligand was modelled as 4-hydroxybenzoic acid (Figure 4.4a), Fo-Fc maps

showed no positive or negative density around the ligand. This was in contrast to

when 4-methoxybenzoic acid was modelled (Figure 4.4b), showing a distinct region of

negative density at the methoxy functional group. As this structure was co-crystallised

with 4-hydroxybenzoic acid only, the negative density was expected with the model of

4-methoxybenzoic acid as the additional atoms in the methoxy group would be a poor

fit.

The electron density of the bound ligand in the H2O2-soaked crystals will therefore be

modelled with either 4-hydroxybenzoic acid and 4-methoxybenzoic acid. Positive den-

sities observed around the 4-hydroxybenzoic acid model would indicate excess electron

density that has not been accounted for and demethylation may not have occurred. If

negative densities were observed around the 4-methoxybenzoic acid model, it would in-

dicate demethylation has occurred with the H2O2-soaked crystals. These H2O2-soaked

structures were solved and their overall protein fold (RMSD: 0.250 - 0.268, Figure C2,

C3 and C3) was similar to the structure of T252E-CYP199A4 solved previously (PDB:

7REH).156 Refinement and data collection statistics can be seen in Table C1.
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The first structure solved for the in crystallo reactions was a crystal soaked with 1 mM

H2O2 for a brief period (< 10s) and flash-frozen immediately (denoted as 0 min). This

structure was solved and refined to a resolution of 1.85 Å (PDB: 8GM1). The electron

density of the bound ligand was again modelled with both 4-hydroxybenzoic acid and

4-methoxybenzoic acid with Fo-Fc maps generated (Figure 4.5).

(a) (b)

Figure 4.5: Crystal structure of T252E-CYP199A4 co-crystallised with 4-methoxybenzoic acid and
soaked with 1 mM H2O2 for 0 min (magenta sticks, PDB: 8GM1). This structure was solved to a reso-
lution of 1.85 Å. In (a), the electron density of the bound substrate was modelled as 4-hydroxybenzoic
acid and in (b) it was modelled as 4-methoxybenzoic acid. Composite-omit maps (2mFo-Fc) are shown
as a grey mesh contoured to 1.0 σ (1.5 Å carve) around the substrate, residue E252 and heme-bound
water in (a) and (b). Fo-Fc maps contoured to 2.5 σ are also shown as a green or red mesh. In (a),
there is a region of positive density (green mesh) around the hydroxy functional group of the bound
ligand. In (b), the region of positive density has shrunk when 4-methoxybenzoic acid was modelled.

When comparing the Fo-Fc maps between the two models, the 4-hydroxybenzoic acid

model (Figure 4.5a) showed a large region of positive density surrounding the para-

hydroxy moiety indicating the model used is missing atoms in this region. In contrast

to the 4-methoxybenzoic acid model (Figure 4.5b), no positive or negative density was

observed near the para position of the bound ligand. This demonstrates that little or

no demethylation of 4-methoxybenzoic acid occurred within the crystal. It is noted

that there is still a region of positive density above the heme and the aqua ligand

in Figure 4.5b. An attempt to model a H2O2 molecule above the heme resulted in

negative density in the Fo-Fc map (Figure C5), suggesting that H2O2 is not above the

heme centre.

For the two remaining crystals soaked in H2O2, the ligand in each crystal was modelled

with 4-methoxybenzoic acid and 4-hydroxybenzoic acid. Fo-Fc maps for each substrate

was generated as before (Figure 4.6 and Figure 4.7).
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In Figure 4.6, the crystal of T252E-CYP199A4 with 4-methoxybenzoic acid was soaked

with 4 mM of H2O2 for 5 min and was solved at a resolution of 2.02 Å (PDB: 8GLZ).

The Fo-Fc maps of this crystal showed only a small region of positive density near

the para-moiety when 4-hydroxybenzoic acid is the modelled ligand (Figure 4.6a).

In contrast, the 4-methoxybenzoic acid model showed negative density around the

para-methoxy moiety that is indicative of poor agreement between this model and the

electron density observed (Figure 4.6b). For this structure, the Fo-Fc and composite-

omit maps were similar to that of T252E-CYP199A4 bound to 4-hydroxybenzoic acid

(Figure 4.4). This was therefore evidence of 4-hydroxybenzoic acid bound to the active

site. The positive density surrounding the 4-hydroxybenzoic acid model (Figure 4.6a) is

also significantly smaller in comparison to the crystal where little or no demethylation

of the substrate occurred (Figure 4.5a). This strongly suggests that an in crystallo

demethylation reaction occurred within this crystal after soaking with 4 mM H2O2.

(a) (b)

Figure 4.6: Crystal structure of T252E-CYP199A4 co-crystallised with 4-methoxybenzoic acid and
soaked with 4 mM H2O2 for 5 min (green sticks, PDB: 8GLZ). This structure was solved to a resolution
of 2.02 Å. In (a), the electron density of the bound substrate was modelled as 4-hydroxybenzoic acid
and in (b) it was modelled as 4-methoxybenzoic acid. Composite-omit maps (2mFo-Fc) are shown
as a grey mesh contoured to 1.0 σ (1.5 Å carve) around the substrate, residue E252 and heme-bound
water in (a) and (b). Fo-Fc maps contoured to 2.5 σ are also shown as a green or red mesh. In (a),
there is a small region of positive density (green mesh) around the hydroxy functional group of the
bound ligand. In (b), there are regions of negative density around the substrate.

The last crystal structure was of T252E-CYP199A4 bound to 4-methoxybenzoic acid

that was soaked in 2 mM H2O2 for 10 min (Figure 4.7). The resolution of this struc-

ture was at 2.33 Å (PDB: 8GM2). The model of both 4-hydroxybenzoic acid and

4-methoxybenzoic acid showed no regions of negative density around either model.
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However, a small region of positive density was observed with the 4-hydroxybenzoic

acid model (Figure 4.7a). This could be indicative that only a portion of the 4-

methoxybenzoic acid bound has undergone demethylation within this crystal.

(a) (b)

Figure 4.7: Crystal structure of T252E-CYP199A4 co-crystallised with 4-methoxybenzoic acid and
soaked with 2 mM H2O2 for 10 min (cyan sticks, PDB: 8GM2). This structure was solved to a resolu-
tion of 2.33 Å. In (a), the electron density of the bound substrate was modelled as 4-hydroxybenzoic
acid and in (b) it was modelled as 4-methoxybenzoic acid. Composite-omit maps (2mFo-Fc) are shown
as a grey mesh contoured to 1.0 σ (1.5 Å carve) around the substrate, residue E252 and heme-bound
water in (a) and (b). Fo-Fc maps contoured to 2.5 σ are also shown as a green or red mesh.

Modelling the electron density of the ligands bound to the different H2O2-soaked crys-

tals with either 4-methoxybenzoic acid and 4-hydroxybenzoic acid suggests that dif-

ferent proportions of the initial substrate and demethylated metabolite were present

in the T252E-CYP199A4 crystals. To further investigate the extent of the in crys-

tallo enzymatic reaction, both 4-methoxybenzoic acid and 4-hydroxybenzoic acid were

modelled in same location using different altloc identifiers and the occupancies of both

ligands refined (Table 4.1). The average B-factors between atoms of the heme centre

and the two ligands were found to be similar which suggests refining the occupancy of

the ligands concurrently was justified (Table 4.1).

Table 4.1: Occupancies of 4-methoxybenzoic acid and 4-hydroxybenzoic acid co-refined at the same
location in H2O2-soaked crystals of T252E-CYP199A4. The average B-factor of the atoms for both
ligands is also compared against the average B-factor of the atoms for the heme.

Condition
Ligand Occupancy (%) Average B

4-hydroxybenzoic acid 4-methoxybenzoic acid Heme Ligands

4 mM H2O2 for 5 min 70 30 21.5 21.7

2 mMH2O2 for 10 min 35 62 35.7 35.6

1 mM H2O2 for 0 min 47 50 15.1 14.9
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The refined occupancies of the bound ligand to the soaked crystals were largely con-

sistent with what was observed with the Fo-Fc maps (Figures 4.5, 4.6 and 4.7). The

4 mM H2O2-soaked crystal showed the highest proportion of 4-hydroxybenzoic acid

(70 %, Table 4.1) which agrees with demethylation being observed with its respective

Fo-Fc maps (Figure 4.6). Crystals soaked with 1 mM and 2 mM H2O2 showed less or

no in crystallo demethylation occurring based on the Fo-Fc maps (Figure 4.5 and 4.7).

The occupancy of 4-methoxybenzoic acid for these two crystals was indeed higher com-

pared to the demethylated product (Table 4.1), whereby 4-methoxybenzoic acid had

the highest occupancy in the crystal soaked in 2 mM H2O2 (62 %) suggesting that in

crystallo demethylation occurred to a lesser extent compared to the other conditions.

Overall, three crystal structures of T252E-CYP199A4 soaked with H2O2 for different

lengths of time were solved and refined (Figure 4.8). The crystal soaked for 4 mM H2O2

for 5 mins strongly suggests that an in crystallo peroxygenase reaction has occurred.

(a) (b)

(c)

Figure 4.8: Crystal structures of T252E-CYP199A4 soaked with H2O2. In (a), crystal was soaked
with 4 mM H2O2 for 5 mins and 4-hydroxybenzoic acid was the highest occupancy ligand observed.
In (b) and (c), crystals were soaked with 2 mM and 1 mM H2O2 respectively while 4-methoxybenzoic
acid was the highest occupancy ligand observed for both (b) and (c).

Structures of CYP199A4 bound to enzymatic products have not been reported. As

4-hydroxybenzoic acid is a product of oxidative demethylation by T252E-CYP199A4
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with 4-methoxybenzoic acid, a more detailed study into the active site structure when

the T252E mutant is bound to product would be of interest. In addition to this, the

exposure of peroxide to P450s such as T252E-CYP199A4 and other P450 peroxygenases

has been shown to damage the heme centre.156,181,232 We wish to assess if this peroxide-

driven damage causes any changes with the H2O2-soaked crystals that can be observed

with crystallography. Crystals that were soaked with 4 mM H2O2 and 2 mM H2O2 for

5 mins and 10 mins respectively were chosen. These crystal structures were modelled

with their respective ligand with the highest refined occupancy in Table 4.1. Distances

and angles of key active site features for all crystal structures were measured and

shown in Table C2. The active site structure of each crystal was compared a structure

of T252E-CYP199A4 bound to 4-methoxybenzoic acid (PDB: 7REH).

The full active site structure of T252E-CYP199A4 with 4-hydroxybenzoic acid (PDB:

8GLY) is shown in Figure 4.9. The chloride capping anion is present alongside water

molecules that interact with the heme and benzoic acid moiety of the ligand as per

previously solved structures of T252E-CYP199A4.156,157 The occupancies of heme-

bound water (W1) was 83 % and 4-hydroxybenzoic was 86 %. The 4-hydroxybenzoic

acid complex structure was superimposed to T252E-CYP199A4 complexed with 4-

methoxybenzoic acid (PDB: 7REH, Figure 4.9b). It is seen the active site structure

between two complexes were similar with little or no differences observed between the

positioning of key active site residues. The heme-bound water ligand (W1, Figure

4.9a) is still present when 4-hydroxybenzoic acid is complexed to the T252E mutant

as previously observed with other ligands bound to this mutant.156

(a) (b)

Figure 4.9: (a) A structure of T252E-CYP199A4 complexed with 4-hydroxybenzoic acid (yellow sticks,
PDB: 8GLY) solved to a resolution of 2.03 Å. A composite-omit map (2mFo-Fc) is shown around the
bound ligand, residue E252 and heme-bound water (W1) as a grey mesh (1.0 σ, 1.5 Å carve) (b)
Superimposed structures of T252E-CYP199A4 complexed with 4-hydroxybenzoic acid (yellow sticks)
and compared to the same enzyme complexed with 4-methoxybenzoic acid (navy sticks, PDB: 7REH).
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The structure of crystallised T252E-CYP199A4 soaked with 4 mM H2O2 for 5 mins

was modelled and refined with 4-hydroxybenzoic acid as the bound ligand (Figure 4.10,

PDB: 8GLZ). The occupancy of the heme-bound water ligand was at 88 %. The active

site structure of this H2O2-soaked crystal T252E-CYP199A4 also showed no significant

differences with the previously reported structure of this enzyme (Figure 4.10b, PDB:

7REH).

(a) (b)

Figure 4.10: (a) A structure of T252E-CYP199A4 crystallised with 4-methoxybenzoic acid solved to
2.02 Å that underwent in crystallo demethylation after soaking with 4 mM H2O2 for 5 mins (green
sticks, PDB: 8GLZ). The ligand bound was modelled as 4-hydroxybenzoic acid. A composite-omit
map (2mFo-Fc) is shown around the bound ligand, residue E252 and heme-bound water (W1) as a
grey mesh (1.0 σ, 1.5 Å carve) (b) Structure of T252E-CYP199A4 soaked with 4 mM H2O2 (green
sticks) superimposed with the same enzyme complexed with 4-methoxybenzoic acid (navy sticks, PDB:
7REH).

The crystal structure of T252E-CYP199A4 soaked with 2 mM H2O2 for 10 min (2.33 Å,

PDB: 8GM2, Figure 4.11) was also compared to the structure of the same mutant com-

plexed with 4-methoxybenzoic acid (Figure 4.11b, PDB: 7REH) or 4-hydroxybenzoic

acid (Figure 4.11c, PDB: 8GLY). The ligand of the H2O2-soaked structure was mod-

elled as 4-methoxybenzoic acid and the heme-bound water had 100 % occupancy. The

active site conformation between the compared structures were largely similar. But

interestingly, an altered conformation for residue E252 was observed after soaking with

H2O2 for 10 minutes (Figure 4.11b). The carboxylate of the E252 residue was oriented

upwards by ∼ 18 ◦ after soaking with H2O2 and becomes more in parallel with the

plane of the heme (Figure 4.11d).
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(a) (b)

(c) (d)

Figure 4.11: (a) A structure of T252E-CYP199A4 crystallised with 4-methoxybenzoic acid solved
to 2.33 Å that was soaked with 2 mM H2O2 for 10 min (cyan sticks, PDB: 8GM2). The ligand
bound was modelled as 4-methoxybenzoic acid. A composite-omit map is shown around the bound
ligand, residue E252 and heme-bound water (W1) as a grey mesh (1.0 σ, 1.5 Å carve) (b) Structure
of T252E-CYP199A4 soaked with 2 mM H2O2 (cyan sticks, PDB: 8GM2) superimposed with the
same enzyme complexed with 4-methoxybenzoic acid (navy sticks, PDB: 7REH). (c) Structure of
T252E-CYP199A4 soaked with 2 mM H2O2 (cyan sticks, PDB: 8GM2) superimposed with the same
enzyme complexed with 4-hydroxybenzoic acid (yellow sticks, PDB: 8GLY). (d) The E252 residue of
H2O2-soaked structure (cyan sticks) has orientated to be in parallel with the plane of the heme. The
black arrow shows the direction the E252 residue moved.

The distances and angles of key active site features for T252E-CYP199A4 bound to 4-

hydroxybenzoic acid (PDB: 8GLY) and with the H2O2-soaked crystals of this enzyme

(PDB: 8GLZ and 8GM2) were measured. It was found that these measurements did

not differ significantly from each other or with the previously reported structure of this

CYP199A4 mutant (Table C2, PDB: 7REH).
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4.4 Discussion

The structure of T252E-CYP199A4 in complex with 4-hydroxybenzoic acid has been

solved for the first time. This ligand is a product of O-demethylation by CYP199A4

using 4-methoxybenzoic acid as a substrate. 4-Methoxybenzoic acid binds tightly to

WT CYP199A4 (Kd = 0.3 µM)137 and the T252E mutant (Kd = 1.11 µM).156 No

dissociation constants have been measured with 4-hydroxybenzoic acid but it would

be expected to bind less tightly. The dissociation constants for P450cam with its

physiological substrate, camphor (Kd = 0.25 µM)233 showed it was bound nearly 40-

fold tighter compared to the product, 5-exo-hydroxycamphor (Kd = ∼10 µM).234

From this, we can infer CYP199A4 and its mutant would behave similarly, whereby 4-

hydroxybenzoic acid will bind less tightly to CYP199A4 compared to 4-methoxybenzoic

acid. The refined occupancy of 4-hydroxybenzoic acid bound to T252E-CYP199A4

was found to be 86 %. The ligand binding mode and active site geometry of T252E-

CYP199A4 was not altered significantly with 4-hydroxybenzoic acid compared to 4-

methoxybenzoic acid. A structure of P450cam bound to the hydroxylation product,

5-exo-hydroxycamphor found the product and substrate are held in exactly the same

position.235

The structure of P450cam with 5-exo-hydroxycamphor also revealed an interaction be-

tween the product OH group and the heme-iron centre (Fe-O,≈ 2.7 Å). This maintained

the enzyme in a low-spin state and slows reduction by electron transfer proteins.235

The equivalent interaction in T252E-CYP199A4 and 4-hydroxybenzoic acid was much

further apart in distance (Fe-O7, 4.8 Å) and it is unlikely the bound ligand would

have any effect on the heme-iron centre. However, a heme-bound distal water ligand

(83 % occupancy) was also present when 4-hydroxybenzoic acid is complexed to this

mutant. This was to be expected as bulkier benzoic acid substrates were also unable

to displace this heme-bound water.236 This is due to the distal water interacting with

the carboxylate of E252 (2.6 Å) and allows it to remain bound to the heme-iron.156

Matthew Podgorski of the University of Adelaide solved a structure of WT CYP199A4

complexed to 4-hydroxybenzoic acid (Unpublished, Figure 4.12a). This structure was

compared to the structure of T252E-CYP199A4 complexed to the same ligand. The

WT enzyme has additional waters in the active site. This cluster of waters is hydrogen-

bonded to the para OH group of the ligand and more importantly a heme-bound water

is also present. The polarity in the active site of T252E afforded by the E252 residue

likely mimics the hydrogen bonding network seen in the WT enzyme and prevents

additional waters from entering the active site. Further studies into the binding of en-

zymatic metabolites of CYP199A4 to the enzyme and its mutants would be of interest
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to assess if similar interactions of active site waters with the heme are present.

(a) (b)

Figure 4.12: (a) Crystal structure of WT CYP199A4 in complex with 4-hydroxybenzoic acid, solved
at 1.54-Å resolution provided by Matthew Podgorski. A feature-enhanced map of the substrate, F298
residue, heme-bound aqua ligand (W1) and active-site waters (W192, W346, W106) is shown as
grey mesh contoured at 1.5 σ. The side chain of F298 is displaced to accommodate these additional
active-site waters (W192 and W106). (b) Crystal structure of T252E-CYP199A4 in complex with
4-hydroxybenzoic acid as seen in Figure 4.9.

In crystallo O-demethylation reactions were demonstrated with crystallised T252E-

CYP199A4 bound to 4-methoxybenzoic acid and soaked with H2O2. The soaking

condition that drove demethylation to the greatest degree being 4 mM H2O2 for 5

min and this was the highest concentration of H2O2 tested. Analysis revealed 4-

hydroxybenzoic acid with an occupancy of 70 %. The alternate soaking conditions of

2 mM H2O2 for 10 mins drove in crystallo demethylation the least (35 % occupancy of

4-hydroxybenzoic acid) compared to soaking in 1 mM H2O2 for 0 min (47 % occupancy

of 4-hydroxybenzoic acid). This discrepancy with the higher concentration of H2O2

forming less 4-hydroxybenzoic acid could be due to poorer diffusion of H2O2 into the

crystal lattice. The rate of diffusion of molecules into the crystal lattice does not only

depend on a high concentration of the soaked molecule during the soaking step but also

the crystals need to be small with large diffusion coefficients.212 Crystal sizes chosen

for this study were random. Crystals with edge lengths in single digit µm or smaller is

recommended for diffusion triggered in crystallo reactions.212

During dataset collection, it is possible that the X-rays used can cause damage to the

heme centre and perturbations in the active site.211,237 Heme centres in proteins are

known to undergo photoreduction to change its redox state alongside the formation of

free radical species when irradiated by ionising X-ray radiation.237 It has been reported

that P450cam was able to be reduced to form Cpd I as the active oxidant through

exposure to an X-ray source for 3 h.210 This study only irradiated the single crystals
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for 6 min during data collection and was carried out 100 K, which should alleviate any

damaging effects arising from X-ray exposure. The T252E mutant of CYP199A4 also

demonstrated poor capability to undergo reduction by sodium dithionite.156

Further investigations could involve large-scale batch crystallisation to form microcrys-

tals of T252E-CYP199A4. Facile crystallisation of microcrystals in batch have been

achieved with different enzymes by incorporating ammonium sulfate precipitation to

the vapour diffusion crystallisation conditions of these enzymes.238 Microcrystals are

susceptible to damage to X-ray radiation,212 but large batches of microcrystals can be

used for serial crystallography. This involves thousands of microcrystals being exposed

to X-ray free electron lasers (XFEL) that damages the microcrystals but diffraction

occurs at a femtosecond scale.212,239 As diffraction is essentially instantaneous, large

batches of crystals could be used in serial crystallography to obtain diffraction data

for structure determination. Microcrystals of T252E-CYP199A4 used for H2O2 trig-

gered in crystallo reactions could be investigated with serial crystallography to explore

femtosecond resolved structures along the catalytic pathway of this enzyme.

Crystals with large diffusion coefficients would allow fast diffusion of the target molecule

into the crystal lattice and is influenced by large, water-filled channels within the crys-

tallised protein.212 The size of the solvent pores within crystals of CYP199A4 has not

been assessed. A possible approach to improve the diffusion of H2O2 into the crys-

tals of this P450 enzyme would be analysing the solvent channels of the enzyme using

CAVER 3.0.240 This analysis tool was used to identify and estimate the importance

of the solvent channels in haloalkane dehalogenase DhaA for catalytic activity.240

In crystallo P450 reactions driven by the peroxide shunt has only been demonstrated

with CYP121 with a synthetic probe designed to mimic its native substrate, cyclo(l-

Tyr-l-Tyr) (cYY).217 Soaking of CYP121 co-crystallised with the synthetic probe in

H2O2 formed a hydroxylated intermediate that was potentially captured by X-ray crys-

tallography (Figure 4.13).217 This hydroxylated intermediate was reported to share 50

% occupancy with the substrate precursor.217 In our current study, the highest oc-

cupancy observed for an in crystallo demethylation product with T252E-CYP199A4

was 70 %. Future work could include testing other substrates with crystallised T252E-

CYP199A4 that could undergo different in crystallo P450 reactions such as hydroxy-

lation and sulfoxidation. It is envisioned that trapping H2O2 within the crystallised

enzyme could be achieved to assess how the peroxide molecule interacts with the active

site residues. Trapping of a peroxide molecule with other iron containing enzymes has

been shown to be possible.241
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Figure 4.13: In crystallo reaction of CYP121 with a synthetic mimic of its natural substrate, cyclo(l-
Tyr-l-Tyr) (cYY). The crystal was soaked with H2O2 and a small tail of excess electron density was
observed with the Fo-Fc map (blue mesh, 2.5 σ) consistent with a hydroxylated intermediate.217

In summary, a crystal structure of T252E-CYP199A4 complexed with 4-

hydroxybenzoic acid was solved for the first time. Active site geometry and ligand

binding modes of enzyme complex did not differ significantly from when the enzyme

was bound to 4-methoxybenzoic acid. In crystallo demethylation of 4-methoxybenzoic

acid was demonstrated for the first time within crystallised T252E-CYP199A4.
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5 Investigation of C-C Bond Cleavage by

CYP199A4

5.1 Introduction

P450 enzymes are involved in the biosynthetic pathways of different steroidal com-

pounds and can catalyse multistep oxidative reactions that involve the scission of

carbon-carbon (C-C) bonds in complex molecules.90 CYP17A1 is one such P450

involved in the synthesis of androgenic steroids such as androstenedione and de-

hydroepiandrosterone (DHEA) from progesterone and pregnenolone respectively.90

CYP17A1 is a membrane bound protein and is expressed in most steroidogenic

tissue.242 This P450 first carries out 17α-hydroxylase activity to generate an α-

hydroxyketone at the C17 position of pregnenolone. Subsequently, it will catalyse

C17-lyase activity to cleave the C-C bond of the α-hydroxyketone to form a new car-

bonyl moiety and acetic acid in a Baeyer-Villiger type-reaction (Figure 5.1). CYP17A1

is theorised to use the ferric-peroxo intermediate as the nucleophilic oxidant in C17-

lyase activity and forms a hemiketal intermediate. Evidence for this includes 18O

isotopic labelling studies that incorporated the 18O atom in the acetic acid cleavage

product rather than the the androgen product (Figure 5.1b).60,100 CYP17A1 is also a

target for drug inhibition in the treatment of prostate cancer.87,243

(a)

(b)

Figure 5.1: (a) CY17A1 reaction pathway for DHEA synthesis. (b) Proposed mechanism for the C-C
cleavage reaction with CYP17A1. Studies with 18O (red oxygen atom) postulates that the ferric-
peroxo intermediate is involved in a nucleophilic attack of the α-hydroxyketone and a subsequent
Baeyer-Villiger reaction incorporates the 18O atom into the acetic acid cleavage product. The Baeyer-
Villiger reaction could occur through different rearrangements as seen in Figure 1.14.
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Investigations into the oxidant involved in P450 catalysed C-C bond cleavage activity

using deuterated solvent have shown an inverse kinetic solvent isotope effect (KSIE) in

the reaction between 17α-hydroxypregnenolone and CYP17A1, which supports a role

for the ferric-peroxo intermediate.244 This is further supported by the trapping of the

ferric-peroxo complex of substrate-bound CYP17A1 at low temperatures.245 This com-

plex then further converts to a hemiketal transition state at higher temperatures that

was characterised by optical and Raman spectroscopy.245,246 Some indirect evidence

has also been presented that the ferryl-oxo oxidative intermediate, Cpd I is responsible

for C-C bond cleavage in CYP17A1.94 The role of Cpd I in C-C cleavage reactions

was supported through the use of an oxygen surrogate, iodosylbenzene that allowed

C-C cleavage metabolites to form with CYP17A1.94 Iodosylbenzene is a single oxygen

donor that forms Cpd I directly (Figure 5.2) and is unable to form the ferric-peroxo

species as the latter requires two peroxo-oxygen atoms to exist.247 Further studies of

CYP17A1 and other membrane-bound mammalian steroid metabolising P450 enzymes

often encounter challenges such as low levels of heterologous protein production, pro-

tein purification and associated redox partners, ease of crystallisation and low in vitro

turnover with poorly coupled redox activity.

Figure 5.2: Formation of Cpd I by iodosylbenzene.247

CYP199A4 from Rhodopseudomonas palustris HaA2 is a bacterial P450 that exclu-

sively oxidises para-substituted benzoic acids. The high selectivity of CYP199A4 pro-

vides opportunities to use it as a model system to investigate the mechanism of P450

catalysed C-C bond cleavage with benzoic acids that resemble physiological substrates

of CYP17A1.30,48,134,153 The availability of crystal structures for CYP199A4 allows

structural binding modes to be elucidated and activities rationalised.157,218

WT CYP199A4 can generate α-hydroxyketone compounds using benzoic acids such as

4-propionyl- and 4-(2′-oxopropyl)-benzoic acid (Figure 5.3).248 In preliminary studies,

no further C-C cleavage activity with WT CYP199A4 was observed in vitro or in vivo

with these two substrates.248 It is possible that with excess NADH, WT CYP199A4

could catalyse C-C cleavage activity with the α-hydroxyketone products of 4-propionyl-

and 4-(2′-oxopropyl)-benzoic acid.
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Figure 5.3: Reaction of 4-propionylbenzoic acid and 4-(2′-oxopropyl)-benzoic acid with WT
CYP199A4.248

Benzoic acid substrates with α-hydroxyketone moieties at the para-position (Figure

5.4) were synthesised by Dr Justin Miller of the University of Illinois to probe the

mechanisms of P450-catalysed hydroxylation and C-C cleavage.249 We hypothesise that

α-hydroxyketone compounds designed to resemble the 17-hydroxy steroid substrates of

CYP17A1 will allow CYP199A4 to serve as a model system for C-C cleavage activity.

Figure 5.4: α-Hydroxyketone substrates to be tested with CYP199A4 in the study of C-C cleavage
reactions.

CYP199A4 could therefore be used to study P450 catalysed C-C cleavage reactions

with various substrates. X-ray crystal structures of the P450 with target substrates

bound will be presented where possible to rationalise binding modes. Site-directed

mutagenesis using X-ray structural information will also be carried out with CYP199A4

to improve activity of the enzyme towards target substrates.
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5.2 Materials and Methods

5.2.1 General

General reagents and organics were purchased from Sigma-Aldrich. Isopropyl-β-D-

thiogalactopyranoside (IPTG) and buffer components were obtained from Astral Sci-

entific (Australia). UV/Vis spectra and spectroscopic activity assays were performed

on an Agilent Cary 60 spectrophotometer at 30 ± 5 ◦C.

The syntheses of α-hydroxyketone substrates, JCM 1 and JCM 2 (Figure 5.4) were

carried out by Dr Justin Miller of the University of Illinois at Urbana-Champaign.

Analytical High Performance Liquid Chromatography (HPLC) was performed on a

Shimadzu LC-20AD equipped with a Phenomenex Kinetex 5u XB-C18 100A column

(250 mm × 4.6 mm, 5 µM), SIL-20A auto-sampler, CTO-20A column oven, SPD-

20A UV detector and CBM-20Alite communications module. A gradient of 20 - 95 %

acetonitrile in water (both containing trifluoroacetic acid, TFA, 0.1 %) was run at a

flow rate of 1 mL min-1 over 30 minutes and detector wavelength was set at 254 nm.

GC-MS analysis was performed using a Shimadzu GC-2010 gas chromatograph

equipped with an autoinjector and a GCMS-QP2010S detector; the column used was

a DB-5MS column. The interface and injection port temperatures were held at 280

and 250 ◦C. The column was held at 120 ◦C for 3 min, and the temperature was then

increased to 240 ◦C at a rate of 7.5 ◦C min-1 and held at 240 ◦C for 6 min.

5.2.2 Production and purification of enzymes

HaPux, HaPuR and WT CYP199A4 were all expressed and purified as described pre-

viously.156 Variants T252E, F298V and F182L of CYP199A4 were expressed as pre-

viously described for WT CYP199A4 but with the addition of 4-methoxybenzoic acid

to a concentration of 1 mM to the expression media before induction. Proteins were

stored in 50 % glycerol at -20 ◦C.

5.2.3 In vitro NADH Oxidation Assays

Glycerol was removed from proteins through elution with a 5 mL gel filtration column

(PD-10, GE Healthcare) and 50 mM Tris buffer (Buffer T, pH 7.4). The concentra-

tion of each protein was quantified using UV-Vis spectrophotometry with extinction
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coefficients given in Table 5.1.

Table 5.1: Extinction Coefficients for CYP199A4, HaPux and HaPuR.

Protein Wavelength (nm) Extinction Coefficient (mM-1cm-1)

CYP199A4 419 119

HaPux 416 11.2

HaPuR 454 10

In vitro NADH turnovers were performed at 30 ◦C and contained P450 (1 µM), HaPux

(5 µM), HaPuR (0.5 µM) and 100 ng µL-1 bovine liver catalase in oxygenated Buffer

T with a total volume of 1200 µL or 600 µL. The absorbance at 340 nm was set to

zero and the mixture was incubated at 30 ◦C for 2 min before NADH was added to a

concentration of ≈ 320 µM, (an absorbance of ≈ 2.0). The rate of NADH background

oxidation (the ‘leak’ rate) was measured before initiating the reaction. To start the

reaction, substrate was added from a 100 mM stock in EtOH/DMSO to the desired

concentration (1 mM, 0.5 mM, 0.2 mM or 0.15 mM) and NADH depletion was moni-

tored at 340 nm. The rate of NADH consumption (N) by the P450 enzyme in units of

(µM-NADH)(µM-P450)-1 min-1 was calculated from the slope of the graph of A340nm

versus time using an extinction coefficient of ε340nm = 6.22 mM-1 cm-1 and reported

as min-1.

All experiments were performed in triplicate with the mean and standard deviation

reported. Control reactions were also performed in which either the P450 or NADH

was omitted from the turnover mixture (replaced with the same volume of buffer).

5.2.3.1 Assays with 4-propionylbenzoic acid and 4-(2′-oxopropyl)-benzoic

acids

To generate an excess of the α-hydroxyketone products of 4-propionylbenzoic acid and

4-(2′-oxopropyl)-benzoic acids (Figure 5.3), in vitro turnovers were carried out with

WT CYP199A4 (5 µM), HaPux (5 µM), HaPuR (1 µM), 100 ng µL-1 of bovine liver

catalase, substrate (200 µM) and NADH (2 mM) in oxygenated buffer T to a total

volume of 2 × 1500 µL in 2 × 1.5 mL Eppendorf Tubes for each substrate. Reactions

were left shaking at 100 rpm and 18 ◦C. After 2 h, a 132 µL aliquot was taken for

HPLC analysis and the reactions were incubated at 60 ◦C for 30 min to denature the

remaining enzymes. These reactions were subsequently centrifuged (20000 g) to remove

the precipitated protein. The remaining supernatant containing the α-hydroxyketone

product was cooled to 4 ◦C and 500 µL aliquots were taken for further experiments.

For NADH-driven assays, the reaction mixture containing the α-hydroxyketone (200
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µM in 500 µL) was added to WT/F182L-CYP199A4 (1 µM), HaPux (5 µM), HaPuR

(1 µM), 100 ng µL-1 of bovine liver catalase and NADH (320 µM).

For H2O2-driven assays, the reaction mixture containing the α-hydroxyketone (200 µM

in 500 µL) was added to WT/T252E-CYP199A4 (1 µM) and 5 mM H2O2 (from 1

M stock). A control experiment only omitting the P450 enzyme was also carried out

to determine if the α-hydroxyketone products were susceptible to oxidation by H2O2.

Any remaining volume was made up with Buffer T. All reactions were incubated at 25
◦C. At 2 h and 24 h, 132 µL aliquot of the reaction was taken.

5.2.4 Regenerating NADH Oxidation Assays

In a total volume of 600 µL of Buffer T in 1.5 mL Eppendorf tubes, the reactions

contained the following components: P450 (1 µM), HaPuR (0.5 µM), HaPux (5 µM),

alcohol dehydrogenase (ADH, 4.5 µL of 0.029 g mL-1 suspension, Roche), bovine liver

catalase (100 ng µL-1, Sigma-Aldrich), EtOH (12 µL) and substrate (0.2 mM – 0.05

mM). NADH (320 µM) was added last to start the reaction. Reactions were carried

out at 25 °C and 250 rpm for 24 h.

5.2.5 H2O2-driven Oxidation Assays

In a total volume of 600 µL in Buffer T in 1.5 mL Eppendorf tubes, the reactions

contained the following components: P450 (1 µM) and substrate (50 or 250 µM). Hy-

drogen peroxide (16 - 32 mM H2O2 from 1 M stock) was added to start the reaction.

A control experiment only omitting the P450 enzyme was also carried out. Any re-

maining volume was made up with Buffer T. All reactions were incubated at 25 ◦C.

At 2 h and 24 h, a 132 µL aliquot of the reaction was taken.

5.2.6 Kinetic Solvent Isotope Assays

For protonated solvent, in vitro NADH oxidation assays were carried out as per Section

5.2.3. For deuterated solvent, Buffer T (50 mM Tris, pH 7.4) was instead made using

deuterated water (D2O). Glycerol was removed from proteins through elution using a 5

mL gel filtration column (PD-10, GE Healthcare) equilibrated with deuterated Buffer

T. In vitro NADH oxidation assays as per Section 5.2.3 were then carried out with

the eluted proteins using NADH and bovine liver catalase stock solutions made using

deuterated buffer. All reactions were monitored at 340 nm. NADH consumption rate
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(N), coupling efficiency and product formation rate were calculated as in Section 5.2.3

and 5.2.8.

5.2.7 Substrate Binding Assays

WT CYP199A4 and/or its mutant were diluted to a concentration of 1-2 µM with

Buffer T. To 0.5 mL of protein, 0.1 - 5 µL aliquots of 100 mM substrate stock in EtOH

or DMSO were added, recording the UV-visible spectrum after each addition, until no

further shift is observed.

5.2.8 Metabolite Analysis

Turnover reactions were prepared for HPLC analysis by taking a 132 µL aliquot of the

reaction and this was mixed with 66 µL of acetonitrile and 2 µL of internal standard

(10 mM of 9-hydroxyfluorene in EtOH). The HPLC sample was centrifuged (20000

g) to remove particulate matter. Metabolite products from in vitro activity assays

were identified via co-elution using HPLC and/or GC-MS with authentic samples of

potential oxidation products. HPLC analysis methods were described in Section 5.2.1.

To quantify enzyme metabolites, calibration curves were constructed from authentic

product standards or if the standards are not available, the substrate was used. Stan-

dard solutions of 10, 20, 50, 100, 200, 500 and 1000 µM were prepared for HPLC anal-

ysis as per reaction samples. The area of the product and the internal standard peaks

were measured using Shimadzu LabSolutions. A plot of product/internal standard

area vs concentration of standard was made and the calibration factor was calculated

to quantify the amount of product in the reaction sample.

Once the concentration of the product is known, the coupling efficiency (C) was calcu-

lated. The coupling efficiency is defined as the percentage of NADH that was used to

oxidise the substrate and is given by the following equation:

C =
[Product]

[NADH]
× 100% (5.1)

The coupling efficiency can be used to calculate the product formation rate (PFR)

from the NADH consumption rate (N, Section 5.2.3) using the following equation:

PFR =
C

100
× N (5.2)
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5.2.9 Protein X-ray Crystallography

Crystallisation experiments were performed with the F182L mutant of CYP199A4.

Immediately prior to preparation of crystal trays, the protein was purified via elution

through a HiPrep Sephacryl S-200 HR size-exclusion column (60 cm × 16 mm; GE

Healthcare) with Buffer T at a flow rate of 1 mL min-1. The purity of the protein was

assessed based on the Reinheitszahl value, RZ = A420/A280, whereby fractions with

RZ ≥ 2 were collected and combined.

The combined fractions were then concentrated via ultrafiltration using a Microsep

Advance centrifugal device (10 kDa MWCO, Pall Corporation) to a concentration of

approximately 30 – 35 mg mL-1. Substrate was then added to a final concentration

of 1 mM from a 100 mM stock of EtOH and DMSO to the concentrated protein.

Crystallisation trays were prepared using the following optimised buffer conditions

previously reported: 0.2 M magnesium acetate, 100 mM Bis-Tris buffer (adjusted with

acetic acid to pH 5.0 - 5.75) and 20 - 32 % w/v polyethylene glycol (PEG) 3350.157

Protein crystallisation was achieved using the hanging-drop vapour diffusion method in

24-well trays. An equal volume of crystallisation buffer was mixed with hanging drops

of 1.2 - 2 µL of protein and was equilibrated with a reservoir of the same buffer (500

µL) at 16 ◦C. Red plate-like crystals were obtained after half a day to one week. Single

crystals were mounted onto Micromounts or Microloops (MiTeGen LLC, New York,

USA). Mounted crystals were soaked and dragged in Parabar 10312 Oil (Paratone-N,

Hampton Research, California, USA) before flash-frozen in liquid N2.

X-ray diffraction data were obtained (360 images per crystal) at the Australian Syn-

chrotron using beamlines MX1 or MX2221,250 with exposure time of 1 s, oscillation

angle of 1◦, wavelength of 0.9537 Å and temperature of 100 K. Diffraction images were

indexed and integrated using iMosfilm.222 Aimless223 from the CCP4 suite of pro-

grams224 was used to carry out scaling, merging and Rfree labelling (5 % of reflections,

randomly selected). The phase was solved using Molecular Replacement in Phaser225

using a high-resolution structure of WT CYP199A4 (1.54 Å, PDB: 5UVB) as the search

model. The ligands and solvent molecules were removed from the search model prior

to phasing to eliminate model bias. Weighted 2mFo-DFc map and Fo-Fc difference

map were obtained and used to rebuild the model in WinCoot and determine the sub-

strate bound.226 Structural refinements were carried out over multiple cycles using

Phenix Refine, available in the Phenix suite of programs.227 If the bound substrate

was a racemic mixture, both enantiomers were modelled within the substrate binding

site separately and underwent several cycles of refinement to determine the identity
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of the bound enantiomer. If the conformation of the enantiomer was still unclear,

the occupancies of both enantiomers were refined in the same location using different

alternative conformation labels (altLoc identifiers) in the same PDB coordinates file.

Composite-omit or feature enhanced maps that reduce model bias were generated in

Phenix to allow inspection of the ligand binding site and reveal the location of all

substrate atoms.228,229 Detailed data collection and structural refinement statistics

are provided in Supplementary Data. The coordinates for the crystal structures were

deposited in to the wwPDB (Worldwide Protein Data Bank).251,252 PDB accession

codes were presented where reported (Table D1).
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5.3 Results

5.3.1 Reactions of WT CYP199A4 with 4-propionylbenzoic acid and 4-

(2′-oxopropyl)-benzoic acids

The binding affinity (Kd) of 4-propionylbenzoic acid (9.1 µM) with WT CYP199A4 was

tighter compared to 4-(2′-oxopropyl)-benzoic acid (80 µM).248 However, the product

formation rate was faster for the reaction of the latter with WT CYP199A4 (123 min-1

vs 29 min-1, Table 5.2). This is largely a result of the higher coupling efficiency of

NADH usage to product formation (83 %, Table 5.2). Both substrates bound less

tightly and formed products significantly slower compared 4-n-propyl benzoic acid

(K d = 0.54 µM, PFR = 594 min-1), which lacks the carbonyl ketone present in 4-

propionylbenzoic acid and 4-(2′-oxopropyl)-benzoic acid (Table 5.2).

Table 5.2: Substrate binding and in vitro turnover data for WT CYP199A4 with 4-n-propyl benzoic
acid and related carbonyl containing substrates. Rates are given as µmol.µmolP450

–1.min–1.

Substrate % HS (%) K d (µM)a Nb PFRc Couplingd

4-n-propylbenzoic acid220 ≥ 95 0.54 ± 0.02 688 ± 24 594 ± 72 86 ± 8

4-propionylbenzoic acide (420 nm)f 9.1 ± 0.4 282 ± 23 29 ± 7 20 ± 2

4-(2′-oxopropyl)-benzoic acide ≥ 50 80 ± 3 151 ± 3 123 ± 10 83 ± 3

aDissociation constant bNADH oxidation rate. cProduct formation rate. d% of NADH consumed
that led to metabolite formation. eData for substrate binding and activity studies carried out
previously by Dr Tom Coleman using WT CYP199A4 with 4-propionylbenzoic acid and
4-(2′-oxopropyl)-benzoic acid.248 fA red-shift to 420 nm was observed.

WT CYP199A4 hydroxylates 4-propionyl- and 4-(2′-oxopropyl)-benzoic acid at the

para position to form 4-(2′-hydroxypropanoyl)benzoic acid and 4-(1′-hydroxy-2′-

oxopropyl)benzoic acid, respectively (Figure 5.3). These two products possess an α-

hydroxyketone moiety at the para-position that should serve as a centre for C-C cleav-

age activity. We therefore assessed whether CYP199A4 is able to react further with

these α-hydroxyketone compounds using different conditions. Firstly, excess NADH

was used in oxidation reactions of WT CYP199A4 to fully convert both carbonyl con-

taining substrates to the α-hydroxyketone metabolites (Figure 5.5).

WT CYP199A4 was successful in fully converting both carbonyl-containing substrates

to the corresponding α-hydroxyketone metabolite when excess NADH was used (Figure

5.5). There were also low levels of possible further oxidation metabolites with both

substrates. If WT CYP199A4 was capable of further catalysing a C-C cleavage re-
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action on the α-hydroxyketone metabolites, terephthalic acid or 4-formylbenzoic acid

would be generated as the final cleavage products (Figure 5.6).94,99 The oxidation

of 4-propionylbenzoic acid by WT CYP199A4 formed minor products (Figure 5.5a)

that were not identified as either 4-formylbenzoic acid or terephthalic acid through

co-elution experiments. The reaction with 4-(2′-oxopropyl)benzoic acid did show low

amounts of a metabolite with the same retention time as terephthalic acid (Figure

5.5b).

(a)

(b)

Figure 5.5: HPLC analysis of the in vitro oxidation reactions (red) of WT CYP199A4 with (a) 4-
propionylbenzoic acid and (b) 4-(2′-oxopropyl)-benzoic acid with excess NADH (in red). Substrate
controls are shown in black. The 4-propionylbenzoic acid reaction also had potential further oxidation
products marked with “ * ”. The metabolites formed are 4-(2′-hydroxypropanoyl)benzoic acid (tR =
7.1 min), 4-(1′-hydroxy-2′-oxopropyl)benzoic acid (tR = 6.4 min) and terephthalic acid (tR = 9.54
min).
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(a)

(b)

Figure 5.6: Proposed mechanism for P450 catalysed C-C bond cleavage of 4-(2′-
hydroxypropanoyl)benzoic acid (a) and 4-(1′-hydroxy-2′-oxopropyl)benzoic acid (b). The reactions
proceed via nucleophilic attack of the α-hydroxy carbonyl by the ferrix-peroxo intermediate of the
P450. The proton (H+) for this reaction is provided by surrounding water molecules.

5.3.2 Reactions of CYP199A4 with 4-(2′-hydroxypropanoyl)benzoic acid

and 4-(1′-hydroxy-2′-oxopropyl)benzoic acid

The α-hydroxyketone compounds, 4-(2′-hydroxypropanoyl)benzoic acid and 4-(1′-

hydroxy-2′-oxopropyl)benzoic acid were successfully generated through oxidation of

the respective precursors by WT CYP199A4. Monooxygenase reactions with WT

CYP199A4 driven by NADH were then carried out with these α-hydroxyketone metabo-

lites to assess if P450 catalysed C-C cleavage activity can occur with these compounds.

CYP199A4 has also been reported to function as a peroxygenase that uses H2O2 to

catalyse enzymatic reactions.156 Mutant T252E of CYP199A4 is an engineered variant

with enhanced peroxygenase activity.156 Reactions with the WT and T252E variants

of CYP199A4 driven by H2O2 were performed with the α-hydroxyketone metabolites

to determine if C-C cleavage reactions can arise from P450 peroxygenase activity. The

peroxygenase and monooxygenase reactions were also carried out in the same pot as

Section 5.3.1 with the original carbonyl starting material fully converted into the α-

hydroxyketone metabolites. Control reactions of the α-hydroxyketone metabolites in

H2O2 alone were also carried out.

The H2O2-driven peroxygenase reaction of WT CYP199A4 with 4-(2′-

hydroxypropanoyl)benzoic acid showed a low level formation of terephthalic acid that

is accompanied by a decrease in substrate levels (Figure 5.7). There was also the

formation of other metabolites (indicated by “ * ”) that eluted at an early retention

time (tR = 4.6 min, 4.75 min and 5.25 min, Figure 5.7). The formation of terephthalic

acid is consistent with C-C cleavage activity occurring with this α-hydroxyketone. The

same reaction but with NADH generated a lower amount of terephthalic acid. This
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NADH-driven reaction formed higher levels of the unknown metabolites (“ * ”, Figure

5.7). These unknown metabolites could be further oxidation products arising from

P450-catalysed single or double hydroxylation events of the initial α-hydroxyketone.

Figure 5.7: HPLC analysis of the in vitro oxidation reactions of WT CYP199A4 with 4-(2′-
hydroxypropanoyl)benzoic acid (tR = 7.1 min) using H2O2 (red) or NADH (black). Terephthalic acid
(tR = 6.76 min) was detected and confirmed with co-elution. Further oxidation metabolites (tR = 4.6
min, 4.75 min and 5.25 min) is indicated by “ * ”. A control reaction of 4-(2′-hydroxypropanoyl)benzoic
acid with H2O2 was shown (blue).

The H2O2-driven reaction of T252E-CYP199A4 with 4-(2′-hydroxypropanoyl)benzoic

acid also formed terephthalic acid but at lower levels compared to WT CYP199A4

(Figure 5.8). A control reaction of 4-(2′-hydroxypropanoyl)benzoic acid with H2O2

also formed terephthalic acid but the amount formed was lower than what was observed

with the WT and T252E variant (Figure 5.8). Overall, WT CYP199A4 generated the

highest level of the C-C cleavage metabolite with the peroxygenase pathway.

Figure 5.8: HPLC analysis of the in vitro oxidation reactions of WT (red) or T252E (magenta)
CYP199A4 with 4-(2′-hydroxypropanoyl)benzoic acid (tR = 7.1 min) with H2O2. A control reaction
of 4-(2′-hydroxypropanoyl)benzoic acid with 5 mM H2O2 (blue) and the α-hydroxyketone control
(green) is also shown. Terephthalic acid (tR = 6.76 min) is present. Further oxidation metabolites is
indicated by “ * ” (tR = 4.6 min and 4.75 min).
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The cleavage of 4-(1′-hydroxy-2′-oxopropyl)benzoic acid by a P450 should form 4-

formylbenzoic acid (Figure 5.6b) as the initial product but the reactivity of the alde-

hyde moiety should make it susceptible to further oxidation to terephthalic acid. The

peroxygenase reaction of 4-(1′-hydroxy-2′-oxopropyl)benzoic acid with WT CYP199A4

showed an increase in both terephthalic acid and 4-formylbenzoic acid while cou-

pled with a decrease in substrate levels (Figure 5.9). A control reaction of 4-(1′-

hydroxy-2′-oxopropyl)benzoic acid with H2O2 alone also formed terephthalic acid.

The NADH-driven monooxygenase reaction of WT CYP199A4 with 4-(1′-hydroxy-2′-

oxopropyl)benzoic acid formed lower levels of terephthalic acid compared to the H2O2

only control. Peroxygenase reactions of T252E-CYP199A4 with the same substrate

also did not form higher levels of metabolites over the H2O2 only control (Figure D3).

Low levels of further oxidation metabolites (“ * ”) were also observed with this sub-

strate with both peroxygenase and monooxygenase reactions in the presence of WT

CYP199A4.

Figure 5.9: HPLC analysis of the in vitro oxidation reactions of WT CYP199A4 with 4-(1′-hydroxy-
2′-oxopropyl)benzoic acid (tR = 6.4 min). Reactions of WT CYP199A4 using H2O2 (red) or NADH
(black). A control of 4-(1′-hydroxy-2′-oxopropyl)benzoic acid alone (green, offset in x -axis) and with
5 mM H2O2 (blue, offset in x -axis). Further oxidation metabolites is indicated by “ * ” (tR = 4.6
min and 4.75 min). Terephthalic acid (tR = 6.76 min) and 4-formylbenzoic acid (tR = 9.54 min) were
confirmed by co-elution experiments (Figure D2).

Overall, WT CYP199A4 seems to show higher activity towards C-C cleavage activity

with α-hydroxyketones with reactions in the peroxygenase pathway. However, control

reactions of both α-hydroxyketones with H2O2 generates the expected C-C cleavage

metabolites that could arise from P450-catalysed activity. The decrease in substrate

levels alongside the formation of other oxidation metabolites with reactions involving

CYP199A4 does suggest that this P450 enzyme is able to oxidise these substrates but

more conclusive evidence is desirable.
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5.3.3 Substrate-Binding and Turnovers of WT/T252E CYP199A4 with

JCM 1 and JCM 2

JCM 1 and JCM 2 are α-hydroxyketone compounds synthesised by Dr Justin Miller of

the University of Illinois.249 These two compounds are designed to resemble the 17-

hydroxy steroids favoured by CYP17A1 in C-C cleavage reactions. In the position para

to the benzoic acid moiety, JCM 1 has the hydroxy group α to the aromatic ring forming

a chiral centre and the carbonyl group attached to the adjacent β carbon (Figure 5.10).

JCM 2 has the positions of the carbonyl and hydroxy group switched in comparison.

In comparison to the α-hydroxyketone compounds in Section 5.3.2, JCM 1 and JCM 2

contains an additional methyl group adjacent to the ketone moiety. It is expected that

both JCM 1 and JCM 2 would be able to bind the active site of CYP199A4 and the para

substituent would be oxidised. We predict that either C-C cleavage or hydroxylation

would occur upon binding of JCM 1 and JCM 2 to CYP199A4. Reactions were carried

out with both WT CYP199A4 and the T252E mutant.

Figure 5.10: Structures of 4-acetylbenzoic acid, JCM 1, JCM 2 and 17α-OH pregnenolone. The α-
hydroxyketone moieties for each substrate is highlighted in red. The chiral centre for JCM 1 is marked
with “ * ”.

In addition, 4-acetylbenzoic acid was investigated as a control substrate, as it only

has the ketone moiety but lacks the hydroxyl group. This could be used to further

investigate the effects of polar groups at the para position on the binding and activity

with CYP199A4 in comparison to other substrates such as 4-methoxybenzoic acid and

the other α-hydroxyketone compounds in Section 5.3.2. Substrate binding and turnover

data for 4-acetylbenzoic acid with WT CYP199A4 was collected by Rebecca Chao and

is shown in Table 5.3.253

The addition of JCM 1 and JCM 2 to WT CYP199A4 induced a change in the UV-

visible spectrum of the enzyme that corresponds to a≤ 10 % high spin state (Table 5.3).

The minimal spin-state shift observed with JCM 1 and JCM 2 could indicate that both

substrates likely did not favour binding within the active site of WT CYP199A4 or, if

binding did occur, it does not displace the distal heme-bound water. WT CYP199A4

upon addition of 4-acetylbenzoic acid only showed a small spectral red shift of ∼ 1

nm from 418 nm but when difference spectra was measured it showed a typical Type

I spectrum with a peak at ∼ 390 nm and trough at ∼ 420 nm (Figure D5).
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Table 5.3: Binding and activity parameters determined for the carbonyl substrates investigated with
CYP199A4. Shown are spin state shift analyses (% HS), Rates are µmol (µmolCYP)-1 min-1 which
is abbreviated to min-1 in the text. The data for 4-n-propylbenzoic acid with WT CYP199A4 are
shown for comparison.220

Substrate % HSa Nb PFRc Couplingd

JCM 1 - WT < 5 % 185 ± 5 -f -f

JCM 2 - WT < 10 % 33 ± 4 -f -f

4-acetylbenzoic acid253 ∼10[e] 407 ± 4 220 ± 12 49 ± 3

4-n-propylbenzoic acid220 ≥ 95 688 ± 24 594 ± 72 86 ± 8

a% High-Spin state induced. bNADH oxidation rate. cProduct formation rate. d % of NADH
consumed that led to metabolite formation. e Red-shift of ∼ 1 nm observed but Type I difference
spectrum of 10 % was measured. f No product formation observed.

JCM 1 and JCM 2 were used as substrates for NADH-driven oxidation reactions with

WT CYP199A4. Kinetic data for the oxidation of 4-n-propylbenzoic acid with WT

CYP199A4 was used as a comparison as it possesses a carbon chain of the same length

at the para position as JCM 1 and JCM 2 but lacks the polar functional groups.

When JCM 1 was used as a substrate, it induced a NADH oxidation rate of 185 µmol

(µmolCYP)-1 min-1 (henceforth abbreviated as min-1). With JCM 2, the rate was 33

min-1. These NADH oxidation rates were slower than that of 4-acetylbenzoic acid253

(407 min-1, Table 5.3) and 4-n-propylbenzoic acid220 (688 min-1, Table 5.3).

It is expected that terephthalic acid would be formed from P450 catalysed C-C cleav-

age activity with JCM 2 (Figure 5.11). The NADH-driven reaction of WT CYP199A4

with JCM 2 formed low levels of terephthalic acid (Figure 5.12). This was confirmed

via co-elution experiments with an authentic standard. However, 4-formylbenzoic acid

was also detected as an impurity of the synthesised JCM 2 (Figure 5.12). This impu-

rity could be oxidised to terephthalic acid. Further experiments were carried out to

determine if terephthalic acid formation was enzyme catalysed (Figure 5.13). It was

observed that terephthalic acid was formed when H2O2 alone was added to JCM 2

(Figure 5.13) and therefore its formation could not be conclusively be attributed to

enzymatic activity.

Figure 5.11: Possible reaction pathway of WT CYP199A4 with JCM 2 to form terephthalic acid
through the ferric-peroxo intermediate and a Baeyer-Villiger rearrangement.
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Figure 5.12: HPLC analysis of the reaction of WT CYP199A4 with JCM 2 (tR = 10.9 min). The
experimental turnover is shown in red and a no P450 control is shown in blue. Standards of 4-
formylbenzoic acid (green, tR = 9.5 min) and terephthalic acid (black, tR= 6.8 min) are shown also.
Terephthalic acid was detected in low amounts in the reaction with the P450.

Figure 5.13: HPLC analysis of the reaction of JCM 2 (tR = 10.9 min) in the presence of H2O2 (red)
and a no P450 with NADH only control (blue). Terephthalic acid (tR= 6.8 min) standard is shown in
black. Other peaks detected include 4-formylbenzoic acid (tR = 9.5 min). The reaction JCM 2 with
H2O2 alone formed low levels of terephthalic acid.

The NADH oxidation reaction of WT CYP199A4 with the addition of JCM 1 showed

the formation of one major metabolite (Figure 5.14a). This metabolite co-eluted with

4-(2′-hydroxyacetyl)benzoic acid which is the product generated from the hydroxyla-

tion of 4-acetylbenzoic acid by CYP199A4.253 4-Acetylbenzoic acid is the expected

metabolite of C-C bond cleavage of JCM 1 (Figure 5.14b). Therefore, the formation

of 4-(2′-hydroxyacetyl)benzoic acid may indicate C-C bond cleavage activity occurring

first to form 4-acetylbenzoic acid, which was followed by a hydroxylation reaction.

However, the as synthesised JCM 1 substrate contained low levels of 4-acetylbenzoic
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acid as an impurity (Figure 5.14a). The presence of this impurity could give rise to

the observed 4-(2′-hydroxyacetyl)benzoic acid.

(a)

(b)

Figure 5.14: (a) HPLC analysis of the in vitro turnover of WT CYP199A4 (black) with JCM 1 (tR
= 8.8 min). A JCM 1 standard control is shown in red. (b) Possible reaction pathway for JCM 1
with CYP199A4. A P450 catalysed C-C cleavage reaction would generate 4-acetylbenzoic acid (tR
= 10.5 min) via a Baeyer-Villiger rearrangement and subsequent P450 hydroxylation would generate
4-(2′-hydroxyacetyl)benzoic acid (tR = 5.8 min).

We next used a NADH regenerating system containing alcohol dehydrogenase (ADH)

to oxidise JCM 1 using WT CYP199A4 (Figure 5.15).254 This system was used to

completely oxidise the 4-acetylbenzoic acid impurity after which JCM 1 could then be

oxidised by the P450 using continuously regenerated NADH. A control reaction of with

the same regenerating system was used to oxidise 4-acetylbenzoic acid with CYP199A4.

HPLC analysis of the reaction between WT CYP199A4 and JCM 1 showed no decrease

in the amount of this substrate (Figure 5.15a). The 4-acetylbenzoic acid impurity was

fully oxidised to form 4-(2′-hydroxyacetyl)benzoic acid and other additional metabolites

(Figure 5.15a). In the control reaction, 4-acetylbenzoic acid was also fully consumed

by WT CYP199A4 to form the same hydroxylated product (Figure 5.15b).

HPLC analysis also identified terephthalic acid and two potential other/further oxi-

dation products (“ $ ” and “ * ”, Figure 5.15b) were present in the oxidation of 4-

acetylbenzoic by WT CYP199A4. Terephthalic acid could be a product of C-C cleavage
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activity of 4-(2′-hydroxyacetyl)benzoic acid, as the latter contains an α-hydroxyketone

moiety. Overall, there was no conclusive evidence of the oxidation JCM 1 by WT

CYP199A4.

(a)

(b)

(c)

Figure 5.15: HPLC analysis of reactions using a NADH regenerating system with alcohol dehydro-
genase (ADH) with WT CYP199A4 and JCM 1. In (a), JCM 1 (tR = 9.8 min) is used as substrate
and (b) 4-acetylbenzoic acid (tR = 10.5 min) is used. The NADH regenerating system reaction is
shown in black, no ADH control in red, excess NADH control in blue and no P450 control is shown
in magenta. (c) Possible reaction pathway of WT CYP199A4 with 4-acetylbenzoic acid. Metabolites
detected include terephthalic acid (tR = 6.8 min) and 4-(2′-hydroxyacetyl)benzoic acid (tR = 5.8
min).

To investigate if CYP199A4 could utilise peroxygenase activity to oxidise JCM 1, WT
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CYP199A4 and it’s engineered peroxygenase variant, T252E, was used in H2O2-driven

reactions with JCM 1 as substrate. JCM 2 was not tested due to to its susceptibility to

oxidation by H2O2 (Figure 5.13). Neither WT or T252E variant showed any apparent

product formation with JCM 1 via the peroxygenase pathway (Figure 5.16a and Figure

D6).

(a)

(b)

Figure 5.16: HPLC analysis of H2O2-driven reactions with T252E-CYP199A4 (red) with (a) JCM 1
(tR = 9.8 min) and (b) 4-acetylbenzoic acid (tR = 10.5 min). No P450 controls are shown in black
and the substrate only controls in blue.

The T252E variant did show product formation with 4-acetylbenzoic acid in the pres-

ence of H2O2 (Figure 5.16). The metabolites formed from this reaction were 4-(2′-

hydroxyacetyl)benzoic acid and terephthalic acid. The same impurity within the

JCM 1 reaction was also consumed by the T252E variant (Figure 5.16a) to form the

same metabolites. This was consistent with the reaction of WT CYP199A4 and 4-

acetylbenzoic acid with the NADH regenerating system (Figure 5.15b). There was

little or no formation of further oxidation products with these H2O2-driven reactions.

It is important to note that JCM 1 is also stable in the presence of H2O2, showing no
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apparent degradation products or decrease in JCM 1 levels (Figure 5.16a).

Further attempts to oxidise JCM 1 with WT CYP199A4 at a lower substrate con-

centration (50 µM) in the NADH regenerating system to mitigate the presence of

4-acetylbenzoic acid as an impurity were unsuccessful (Figure D7). The lack of a spin-

state shift and a product formed for the reaction of JCM 1 with WT CYP199A4 infers

the substrate does not bind in a suitable position for oxidation or C-C cleavage to

occur.

5.3.4 F182L and F298V CYP199A4: Expression, Purification and

Substrate Binding

WT CYP199A4 and various mutants of this P450 enzyme have been crystallised and

their X-ray crystal structures determined. This provides a platform by which rational

mutagenesis and protein engineering approaches could alter the binding orientation of

JCM 1 and JCM 2 to enable their oxidation. The structures of the active sites of WT

CYP199A4 and T252E-CYP199A4 are shown in Figure 5.17.

(a) (b)

Figure 5.17: a) The crystal structure of the heme and the active site of WT CYP199A4 with 4-
methoxybenzoic acid bound to the active site (PDB: 4DO1).137 (b) Crystal structures of T252E-
CYP199A4 bound to 4-trifluoromethoxybenzoic acid (8D1C, yellow sticks) and 4-methoxybenzoic
acid (7REH, green sticks).181

The active site structures of the CYP199A4 enzymes, shows that the substrate is in

close proximity to residues F182 and F298. The presence of a para substituent with

greater steric bulk such as trifluoromethoxy causes the F298 residue to rotate away

from the active site to accommodate the extra bulk (Figure 5.17b). It is therefore

hypothesised that mutations at F182 and F298 that introduce a smaller amino acid

(Val or Leu) at these positions could enhance the binding of substrates with greater

steric bulk at the para position.
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Two mutants of CYP199A4, F182L and F298V, were thus produced and purified in

E.coli using previously established methods.155,156 Substrate-binding studies were con-

ducted with these two mutants with JCM 1 and JCM 2. The addition of JCM 1 to

F182L-CYP199A4 caused a shift from 419 nm to ∼400 nm consistent with a 60 %

conversion from low spin to high spin of a ferric species (Figure 5.18a). The UV-visible

difference spectrum with the same conditions confirmed a Type I spectrum for F182L-

CYP199A4 after the addition of JCM 1 (Figure 5.18b). A Type I spectrum shows that

the heme-bound water ligand is displaced on binding of JCM 1 into the active site of

F182L-CYP199A4. This demonstrates that the substrate is binding in the active site

close to the heme.

(a) (b)

Figure 5.18: (a) Spin-state shift analysis of F182L-CYP199A4 with JCM 1. (b) Difference spectra of
F182L-CYP199A4 with JCM 1. A shift to high spin (≈ 60 %) was observed upon addition of JCM 1.
The substrate-free form is shown in red and the substrate-bound form in black.

The addition of JCM 2 to F182L-CYP199A4 also induced a Type I shift but this

was smaller (≈ 25 %) than that of JCM 1 (Figure 5.19). This indicates that JCM 2

displaces a smaller proportion of the heme-bound water compared to JCM 1.

Figure 5.19: Spin-state shift analysis of F182L-CYP199A4 and JCM 2. The substrate-free form is
shown in red and the substrate-bound form in black.

UV-visible analysis of F298V-CYP199A4 after the addition of JCM 1 displayed a small

red-shift of the Soret band from 419 nm to 420 nm (Figure 5.20a). The difference spec-
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trum for the F298V mutant and JCM 1 showed that a Type II spectrum was induced

by JCM 1 (Figure 5.20b). Type II spectra are often a characteristic of compounds

containing a stronger field donor atom, such as an oxygen atom. JCM 2 has a terminal

oxygen atom that could interact with heme-bound water and stabilise the low spin

complex.49 The addition of JCM 2 to F298V-CYP199A4 induced only a small change

in spin-state (< 5 %, Figure D8).

(a) (b)

Figure 5.20: (a) UV-visible analysis of F298V-CYP199A4 before and after addition of JCM 1. (b)
Difference spectrum of F298V-CYP199A4 with JCM 1. It is observed that a small type II shift
occurred upon addition of JCM 1. The substrate-free form is shown in red and the substrate-bound
form in black.

UV-visible spectroscopy showed 4-acetylbenzoic acid induced a high-spin state of 80 %

(Figure 5.21) with the F182L mutant. This is in contrast with WT CYP199A4 (Figure

D5) that undergoes a small red-shift after addition of this substrate.253 Both the F182L

variant and WT enzyme show a Type I difference spectrum with 4-acetylbenzoic acid

but the greater spin-state shift for the F182L variant shows that it can better displace

the heme-bound water (Figure 5.21 and D5). Variant F298V-CYP199A4 showed a

change in spin-state of < 5 % with 4-acetylbenzoic acid (Figure D8).

(a) (b)

Figure 5.21: (a) UV-visible analysis of F182L-CYP199A4 with 4-acetylbenzoic acid. (b) Difference
spectra of F182L-CYP199A4 with 4-acetylbenzoic acid. The substrate-free form is shown in black,
and the substrate-bound form in red.

109



Overall, JCM 2 seems to bind to the F182L and F298V mutant in a manner which

is less likely to yield a productive turnover of the catalytic cycle compared to JCM

1. The F182L mutant seems more likely to show greater enzyme activity with JCM 1

over F298V given the higher spin-state shift (Table 5.4).

Table 5.4: Spin-state shift data (HS) for F182L and F298V mutants of CYP199A4 with various
carbonyl containing substrates.

CYP199A4 Mutant Substrate % HS

F182L

JCM 1 60

JCM 2 25

4-acetylbenzoic acid ≈ 80

F298V
JCM 1 red-shift

JCM 2 < 5

5.3.5 Reactions of JCM 1 and JCM 2 with F182L and F298V CYP199A4

NADH-driven oxidation reactions were carried out with the F182L and F298V mutants

using JCM 1 and JCM 2 as substrates. The NADH oxidation rate measured for the

reaction of JCM 2 with the F182L mutant was fast at a rate of 1423 min-1 (Figure

D9). HPLC analysis of this reaction showed that two possible metabolites were formed

(Figure 5.22). One metabolite was an unknown (“ # ” , tR = 6.3 min) and the other

co-eluted with terephthalic acid (tR = 6.8 min) as was observed with the WT reactions

(Figure 5.12). However, terephthalic acid was also present in a control reaction with

no P450 enzyme (Figure 5.22).

Figure 5.22: HPLC analysis of the NADH oxidation reaction of F182L-CYP199A4 with JCM 2 (black,
tR = 10.9 min). Terephthalic acid control (red, tR = 6.8 min) and a control containing no P450 (blue)
is shown also. There is an additional metabolite peak as indicated by “ # ” (tR = 6.3 min).
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Experiments were carried out to further investigate if the terephthalic acid formed arose

from enzymatic activity using NADH and H2O2-driven reactions (Figure 5.23 and

D10) with F182L-CYP199A4. Formation of terephthalic acid occurred when H2O2

was added to JCM 2 with or without P450 enzyme (Figure D10). The unknown

metabolite, “ # ” was however confirmed to be arising from P450 enzymatic activity

(Figure 5.23). This metabolite does not co-elute with any likely C-C bond cleavage

metabolite of JCM 2 and likely arises from hydroxylation. Given the susceptibility of

JCM 2 towards reacting with H2O2, further experiments were focused on JCM 1 as

the model substrate for P450 C-C cleavage reactions.

Figure 5.23: HPLC analysis of the reactions F182L-CYP199A4 with JCM 2 (tR = 10.9 min) with
NADH (black) or H2O2 (blue). A control reaction of JCM 2 with H2O2 only is shown (cyan). JCM
2 standard control is shown in red. Other peaks detected include terephthalic acid (tR = 6.8 min),
unknown product “ # ” (tR = 6.3 min) and 4-formylbenzoic acid (tR = 10.5 min).

The NADH oxidation rate measured for F182L-CYP199A4 catalysed oxidation of JCM

1 was only 68 min-1 (Figure D11) which was slower than the rate measured for WT

CYP199A4 and JCM 1 (185 min-1, Table 5.3), despite the higher spin-state shift in-

duced by JCM 1 with the F182L mutant (60 %, Table 5.4).

Reactions carried out with the NADH regenerating system using the F182L mutant

and JCM 1 as a substrate showed increased formation of 4-(2′-hydroxyacetyl)benzoic

acid over WT CYP199A4 (Figure 5.15a) and more importantly this was coupled with

an observable decrease in JCM 1 substrate levels (Figure 5.24). This was accompanied

by the formation of unknown metabolites denoted by “ * ” (tR = 4.4 min), “ # ” (tR

= 4.6 min), “ $ ” (tR = 5.3 min) and “ & ” (tR = 6.1 min) alongside terephthalic

acid (tR = 6.8 min). Mutant F298V of CYP199A4 was also tested using the NADH

regenerating system with JCM 1. The F298V mutant also showed a decrease in JCM

1 substrate levels and formation of 4-(2′-hydroxyacetyl)benzoic acid but the level of
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product formation for this mutant was significantly lower than the F182L mutant

(Figure 5.24).

(a)

(b)

Figure 5.24: (a) HPLC analysis of the oxidation reaction of F182L (blue) and F298V (green) mutants
of CYP199A4 with JCM 1 (tR = 8.9 min) using the NADH regenerating system (ADH). The same
reaction with WT CYP199A4 is also shown (red). A no P450 enzyme control is shown in black. Peaks
detected include 4-(2′-hydroxyacetyl)benzoic acid (tR = 5.8 min), terephthalic acid (tR = 6.8 min),
4-acetylbenzoic acid (tR = 10.5 min) and unknown metabolites: “ $ ” (tR = 5.3 min), “ # ” (tR =
4.6 min), “ * ” (tR = 4.4 min) and “ & ” (tR = 6.1 min). (b) Reaction pathway for JCM 1 with
F182L-CYP199A4. JCM 1 first undergoes C-C cleavage to form 4-acetylbenzoic acid and subsequent
P450 hydroxylation forms 4-(2′-hydroxyacetyl)benzoic acid.

To eliminate the possibility of the 4-acetylbenzoic acid impurity in JCM 1 is giving rise

to the metabolites observed, a further synthesis and purification of JCM 1 was carried

out by Dr Justin Miller to yield JCM1 in 99+ % purity. This purified JCM 1 was used

in NADH oxidation reactions with mutant F182L (Figure D12). The metabolite profile

of purified JCM 1 with F182L-CYP199A4 was similar to what was observed previously

in Figure 5.24.

Based on these results, it is likely JCM 1 is undergoing P450 catalysed C-C bond cleav-

age to form 4-acetylbenzoic acid. 4-Acetylbenzoic acid is then hydroxylated further to

form 4-(2′-hydroxyacetyl)benzoic acid (Figure 5.24b). The source of the further oxida-

tion products and terephthalic acid could arise from a separate oxidation pathway of

either JCM 1 or 4-(2′-hydroxyacetyl)benzoic acid. To assess this, oxidation reactions
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were carried out with the F182L and F298V mutants using 4-acetylbenzoic acid as

substrate with the NADH regenerating system (Figure 5.25).

Figure 5.25: HPLC analysis of the oxidation reaction of F182L (red) and F298V (blue) mutants of
CYP199A4 with 4-acetylbenzoic acid (tR = 10.5 min) using the NADH regenerating system (ADH).
For comparison, the same reaction of F182L-CYP199A4 with JCM 1 (tR = 8.9 min) is shown also
(black). Peaks detected include 4-(2′-hydroxyacetyl)benzoic acid (tR = 5.8 min), terephthalic acid
(6.8 min), and unknown metabolites: “ $ ” (tR = 5.3 min), “ # ” (tR = 4.6 min), “ * ” (tR = 4.4
min) and “ & ” (tR = 6.1 min).

In comparison to JCM 1, 4-acetylbenzoic acid is fully oxidised as a substrate with

both F182L and F298V variants forming 4-(2′-hydroxyacetyl)benzoic acid (Figure

5.25). However, the levels of this metabolite were low and the formation of un-

known oxidation metabolites (“ *, # and $ ”) and terephthalic acid was notably

higher with 4-acetylbenzoic acid as substrate compared to JCM 1 (Figure 5.25).

These metabolites and terephthalic acid are likely arising from the oxidation of 4-(2′-

hydroxyacetyl)benzoic acid rather than the direct oxidation of JCM 1. Terephthalic

acid could be formed from C-C bond cleavage of 4-(2′-hydroxyacetyl)benzoic acid. One

unknown metabolite denoted by “ & ” (tR = 6.1 min) in the reaction between the F182L

mutant with JCM 1 (Figure 5.24) was not present in the reaction of 4-acetylbenzoic

acid with the same mutant (Figure 5.25).

The NADH oxidation rate of F182L-CYP199A4 with 4-acetylbenzoic acid was 488

min-1 with product formation occurring at a rate of 414 min-1 and a coupling efficiency

of 85 %. The product formation rate for JCM 1 with the F182L mutant was 1.3

min-1 with a coupling efficiency of 1.9 % that is, significantly lower than that of the

4-acetylbenzoic acid reaction.

GC-MS analysis of the JCM 1 reaction (Figure D13) with the F182L mutant allowed

one of the metabolites (“ & ”) to be assigned as a potential hydroxylation product
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of JCM 1 (Figure D14). Peaks matching the mass of the substrate and the major

product, 4-(2′-hydroxyacetyl)benzoic acid were also identified (Figure D14). One fur-

ther oxidation metabolite (“ $ ”) was successfully identified as a glyoxal compound,

4-(2′-oxoacetyl)benzoic acid (Figure 5.26) through HPLC co-elution experiments with

a synthesised standard from Dr Isobella Stone, University of Adelaide (Figure D15).255

This glyoxal compound could potentially be a precursor to terephthalic acid also (Fig-

ure 5.26).

Overall, F182L/F298V-CYP199A4 seem to be catalysing C-C bond cleavage of JCM 1

to form 4-acetylbenzoic acid (Figure 5.26). The P450 has higher affinity and oxidation

activity for 4-acetylbenzoic acid over JCM 1 and it is preferentially oxidised when

formed. Thus, the accumulation of 4-acetylbenzoic acid is not observed in downstream

analysis. 4-Acetylbenzoic acid is hydroxylated to form 4-(2′-hydroxyacetyl)benzoic

acid (Figure 5.26). The hydroxy product could undergo further oxidation to form a

glyoxal product, 4-(2′-oxoacetyl)benzoic acid (“ $ ”). This glyoxal and the hydroxy

precursor could then undergo further C-C cleavage activity to form terephthalic acid

(Figure 5.26).

Figure 5.26: Possible reaction pathways of JCM 1 with F182L-CYP199A4.

5.3.6 Further Studies of C-C Cleavage Reactions with F182L-CYP199A4

Encouraged by the activity of F182L-CYP199A4 in the oxidation of JCM 1 using the

NADH regenerating system, we decided to use this mutant to study C-C cleavage

reactions with the α-hydroxycarbonyl substrates oxidised from 4-propionylbenzoic acid

and 4-(2′-oxopropyl)-benzoic acid (Section 5.3.1). WT CYP199A4 was used again to

convert 4-propionylbenzoic acid and 4-(2′-oxopropyl)-benzoic acid to their respective α-
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hydroxyketone compounds (Section 5.3.2). Reactions were then carried out in the same

pot with the α-hydroxyketone compounds using F182L-CYP199A4 and the NADH

regenerating system (Figure 5.27 and 5.28).

The reaction of F182L-CYP199A4 with 4-(2′-hydroxypropanoyl)benzoic acid and 4-(1′-

hydroxy-2′-oxopropyl)benzoic acid with the NADH regenerating system showed both α-

hydroxyketones were fully consumed (Figure 5.27 and 5.28). With the reaction between

4-(2′-hydroxypropanoyl)benzoic acid and the F182L mutant, terephthalic acid was the

major product formed and is the predicted product for the C-C cleavage reaction with

this α-hydroxyketone (Figure 5.27b). This reaction also showed the presence of further

oxidation metabolites (“ * ”, Figure 5.27a).

(a)

(b)

Figure 5.27: (a) HPLC analysis of the oxidation reaction of F182L-CYP199A4 with 4-(2′-
hydroxypropanoyl)benzoic acid (tr = 7.1 min) using the NADH regenerating system (ADH, red).
Controls shown include the same reaction with no NADH regenerating system (blue) and a no P450
control (black). Possible further oxidation products are shown as “ * ”. Terephthalic acid was detected
(tr = 6.8 min) (b) Reaction pathway for P450-catalysed hydroxylation of 4-propionylbenzoic acid to
form 4-(2′-hydroxypropanoyl)benzoic acid and followed by C-C cleavage to form terephthalic acid.

The expected C-C cleavage product for 4-(1′-hydroxy-2′-oxopropyl)benzoic acid is 4-

formylbenzoic acid (Figure 5.28b). However, in the reaction between the F182L mutant

and 4-(1′-hydroxy-2′-oxopropyl)benzoic acid, the detected levels 4-formylbenzoic acid

were low (Figure 5.28a). It is likely the F182L mutant can oxidise any 4-formylbenzoic

acid formed to terephthalic acid. The oxidation reaction of WT CYP199A4 with

4-formylbenzoic acid was previously reported by Rebecca Chao to form terephthalic
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acid (Figure D16).253 Further oxidation metabolites (“ * ”) were also present for this

reaction.

(a)

(b)

Figure 5.28: (a) HPLC analysis of the oxidation reaction between F182L-CYP199A4 and 4-(1′-
hydroxy-2′-oxopropyl)benzoic acid (tr = 6.8 min) with the NADH regenerating system. Possible
further oxidation products are indicated by “ * ”. Metabolites detected include 4-formylbenzoic acid
(tr = 9.54 min) and terephthalic acid (tr = 6.76 min). (b) Reaction pathway for P450 catalysed
hydroxylation of 4-(2′-oxopropyl)-benzoic acid to form 4-(1′-hydroxy-2′-oxopropyl)benzoic acid and
followed by C-C cleavage to form 4-formylbenzoic acid. 4-Formylbenzoic acid is susceptible to oxida-
tion to terephthalic acid by the P450 (Figure D16).

We wish to also investigate whether the F182L mutant of CYP199A4 was capable

of acting as a peroxygenase to catalyse C-C cleavage of JCM 1 using H2O2. JCM

1 has demonstrated high stability towards H2O2 but JCM 2 was not tested due to

its instability towards the oxidant. Reactions of F182L-CYP199A4 with JCM 1 in

the presence of H2O2 were carried out. A NADH-driven reaction also performed as a

control (Figure 5.29).

In the presence of H2O2, the F182L mutant was able to generate 4-(2′-

hydroxyacetyl)benzoic acid as per the NADH-driven control (Figure 5.29). This hy-

droxy metabolite arises from the hydroxylation of 4-acetylbenzoic acid which was es-

tablished previously as a product of C-C cleavage with JCM 1. This is strong evidence

that the F182L mutant is also able to use the peroxygenase pathway to catalyse C-C

cleavage reactions with α-hydroxyketone substrates. The H2O2-driven reactions also

showed some formation of 4-acetylbenzoic acid which was not observed in the NADH-
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driven reactions (Figure 5.29).

Figure 5.29: HPLC analysis of the oxidation reaction of F182L-CYP199A4 with JCM 1 using with
H2O2 (blue) or NADH (red). A no P450 control is shown in black.

Overall, the F182L mutant is capable of efficiently catalysing C-C cleavage of α-

hydroxyketone subtrates other than JCM 1 using the NADH regenerating system.

It can also act as a peroxygenase to catalyse C-C cleavage reactions.

5.3.7 Kinetic Solvent Isotope Experiments with F182L-CYP199A4

C-C cleavage activity of P450 enzymes with α-hydroxyketone compounds has been

theorised to proceed through nucleophilic attack of the C=O centre by a ferric-peroxo

intermediate (Figure 5.30). The ferric-peroxo intermediate can be protonated and

undergoes O-O bond cleavage to form Cpd I that is responsible for P450 hydroxylation

reactions (Figure 5.30).

Figure 5.30: Reaction pathway of P450 C-C cleavage reaction (green) that involves the ferric-peroxo
intermediate and the hydroxylation pathway that involves the Cpd I intermediate (blue). Protonation
occurs using H+ from surrounding water molecules.
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To investigate the intermediate involved in P450 catalysed C-C cleavage activity,

NADH oxidation experiments were carried out with JCM 1 and 4-acetylbenzoic acid

as substrates in the presence of deuterated (D2O) or protonated (H2O) solvent using

WT CYP199A4 and the F182L mutant. The hydroxylation of 4-acetylbenzoic acid by

the F182L and WT enzymes in D2O is investigated as this reaction should be sensitive

to a kinetic solvent isotope effect (KSIE). This is because in D2O, the protonation of

the P450 ferric-peroxo species is slowed and consequently Cpd I formation would be

hindered to generate less product (Figure 5.30). In contrast, reactions with JCM 1

which first involve a C-C cleavage reaction that does not require protonation of the

ferric-peroxo species (Figure 5.30) should have an inverse kinetic isotope effect with

greater product formation in D2O. This phenomenon has been observed in human

CYP17A1 with steroidal substrates.244,246

All CYP199A4 reactions were carried out with electron transfer partners and NADH.

Product formation was analysed by HPLC and the concentration of products were

quantified using a calibration curve made with standard solutions of 4-acetylbenzoic

acid (Figure D18). Coupling efficiencies and product formation rates were then calcu-

lated (Table 5.5).

Table 5.5: Kinetic and substrate binding data for CYP199A4 variants with JCM 1 and 4-acetylbenzoic
acid in different solvents. Rates are given as µmol.µmolP450

–1.min–1 (min–1).

Substrate Enzyme Buffer Na PFRb Couplingc

JCM 1 F182L
D2O 74 ± 9 1.8 ± 0.4 2.4 ± 0.2

H2O 68 ± 1 1.3 ± 0.2 1.9 ± 0.3

4-acetylbenzoic acid

F182L
D2O 317 ± 11 308 ± 18 97 ± 2

H2O 488 ± 9 414 ± 0.1 85 ± 2

WT
D2O 291 ± 16 210 ± 7.3 74 ± 1.5

H2O 265 ± 20 213 ± 21 80 ± 1.6

aNADH oxidation rate. bProduct formation rate. c % of NADH consumed that led to metabolite
formation.

The oxidation of JCM 1 by the F182L mutant (Table 5.5, Figure 5.31a) occurred with

higher coupling efficiency (2.4 ± 0.2 %) and faster product formation (1.8 ± 0.4 min-1)

in D2O compared to that of the same reaction in H2O (1.9 ± 0.3 %, 1.3 ± 0.2 min-1).

The faster product formation and higher coupling efficiency in D2O is indicative of
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an inverse kinetic solvent isotope effect (KSIE). When the levels of metabolites were

considered, the ratio between the H2O and D2O reactions were 0.77 ± 0.1 for C-C

cleavage activity (4-(2′-hydroxyacetyl)benzoic acid) and 1.56 ± 0.2 (“ & ”, Figure

5.31a) for hydroxylation activity. The higher levels of the C-C cleavage metabolite in

D2O is further evidence of an inverse KSIE and normal KSIE for the C-C cleavage

and hydroxylation pathways respectively. The reaction of JCM 1 would first involve

P450-catalysed C-C bond cleavage followed by C-H bond hydroxylation, the presence

of an inverse KSIE shows that hindering protonation has an affect on the reactive

intermediate involved in C-C cleavage activity.

(a)

(b)

Figure 5.31: HPLC analysis of the metabolites formed from the oxidation of (a) JCM 1 and (b) 4-
acetylbenzoic acid in H2O (red) and D2O (black). No enzyme controls are shown also (blue).

Analysis of the oxidation of 4-acetylbenzoic acid by the F182L mutant (Figure 5.31b)

showed a slower product formation in D2O (308 ± 18 min-1) compared to when in

H2O (414 ± 0.1 min-1) that is evidence of a standard KSIE (Table 5.5). The coupling

efficiency in D2O (97 ± 2 %) is marginally higher than in H2O (85 ± 2 %). The
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control reaction of WT CYP199A4 with 4-acetylbenzoic in D2O showed slower product

formation (210± 7.3 min-1) and lower coupling efficiency (74± 1.5 %) than in H2O (213

± 21 %, 80 ± 1.6 min-1). The slower product formation in D2O with the hydroxylation

reaction of F182L and WT enzymes is an indication of a standard KSIE occurring

during the formation of Cpd I.

The contrasting kinetic solvent isotope effects between the oxidation of JCM 1 and

4-acetylbenzoic acid suggests that F182L-CYP199A4 uses a different intermediate to

Cpd I in C-C bond cleavage reactions.

5.3.8 Crystal Structure of F182L-CYP199A4 with JCM 1

The F182L variant of CYP199A4 has not been crystallised or had its X-ray crystal

structure determined. The rationale behind the mutagenesis of residue F182 in the

active site of CYP199A4 was to introduce a smaller amino acid (Leu) near the heme

centre to allow for the binding and oxidation of bulkier para-substituted benzoic acids

by CYP199A4. F182L-CYP199A4 was successful in not only binding JCM 1 but also

demonstrated strong evidence of P450 catalysed C-C cleavage activity. Crystallisation

of this CYP199A4 variant and determining its structure would allow us to elucidate

the binding modes of substrates such as JCM 1 or JCM 2 and rationalise any oxidation

activity observed. It could also enable the design of new P450 variants with enhanced

C-C cleavage activity.

F182L-CYP199A4 was successfully crystallised in the presence of both JCM 1 and

JCM 2 as substrates using conditions previously used for CYP199A4 and its mu-

tants.134,157,218 These crystals were then used to determine X-ray crystal structures of

this variant. A crystal structure of F182L-CYP199A4 complexed with JCM 1 (PDB:

8G35) was determined to a resolution of 2.05 Å and the crystal structure with JCM 2

(PDB: 8G36) was solved at 2.16 Å. The overall structural fold for the F182L mutant is

similar to that of WT CYP199A4 (Figure D19 and D20, RMSD = 0.492 Å or 0.597 Å).

The electron density within the active site revealed the location of the bound substrate.

The location of the substrate’s benzoic acid moiety was in a similar position to that

observed for other substrates bound to CYP199A4 and its mutants.23,30,158,220,256

In the structure of F182L-CYP199A4 crystallised with JCM 2 (Figure 5.32), the elec-

tron density of the bound molecule did not match that of the added ligand. The electron

density of the bound molecule was instead modelled as terephthalic acid. There was

also additional electron density in the active site that was modelled as water molecules.

Terephthalic acid has been observed to be formed when JCM 2 reacts with hydrogen
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peroxide (Figure 5.13). The sensitivity of JCM 2 could cause it to react with the

ferric-heme or heme-bound water ligand over the course of crystal growth, storage or

during data collection. The refinement statistics for F182L-CYP199A4 modelled with

terephthalic acid are provided in Table D1.

Figure 5.32: Crystal structure of F182L-CYP199A4 that was co-crystallised with JCM 2 (PDB: 8G36).
A feature-enhanced map as a grey mesh contoured to 1.0 σ (1.5 Å carve) is shown around the substrate,
residue L182 and active site waters. This crystal structure was solved to a resolution of 2.16 Å. The
active site substrate appears to be terephthalic acid instead of JCM 2 and the electron density of the
bound substrate was modelled as such.

As JCM 1 was synthesised as a racemic mixture, the crystal structure F182L-

CYP199A4 bound to JCM 1 required the electron density of the substrate to be mod-

elled separately as either the (S ) or (R) enantiomer of JCM 1 (Figure 5.33).

Figure 5.33: The (S )- and (R)- enantiomers of JCM 1. Both enantiomers were modelled into the
active site of F182L-CYP199A4.

The active site of F182L-CYP199A4 also contained additional electron density that

could be modelled as water molecules. In addition to composite-omit maps to show

electron density around important features in the active site, Fo-Fc difference maps

were also generated to assess negative and positive electron density around the bound

molecule. These difference maps show where the experimental data differs from the

atomic model.257 Negative density (red) show areas where atoms have been incorrectly

placed where no experimental electron density is present. Positive density (green) shows

where the model is missing atoms and does not account for the electron density. The
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(R)-enantiomer of JCM 1 was modelled first within the crystal structure of F182L-

CYP199A4 (Figure 5.34).

Figure 5.34: The active site for the crystal structure of F182L-CYP199A4 modelled with (R)-JCM 1
solved to a resolution of 2.05 Å, water molecules are present within the active site. A composite-omit
map is shown (grey mesh, 1.0 σ at 1.5 carve) and a Fo-Fc map (red or green mesh, contoured at 2.5
σ). The Fo-Fc map showed positive density observed above the heme centre that would indicate a
heme-bound water is present. Negative density is also observed where the α-hydroxy group is located.

When the (R)-enantiomer of JCM 1 was modelled into the structure of F182L-

CYP199A4, the Fo-Fc map showed a distinct region of positive density above the

heme (Figure 5.34). This positive density is likely to be a heme-bound water molecule.

An attempt was made to model the heme-bound water but several refinement cycles

using phenix.refine displaces the modelled water molecule away from the heme. If this

water molecule was present, it would have steric clash with the heme-facing methyl

group of the (R)-JCM 1. There is also negative density present at the α-hydroxy group

of modelled (R)-JCM 1 (Figure 5.34), indicating the position of the modelled hydroxy

group did not match the electron density present in that region.

Given the discrepancies observed with (R)-JCM 1, the (S )-enantiomer was then mod-

elled. A similar region of positive density was observed above the heme (Figure 5.35a)

and modelling this electron density as a water molecule was successful (Figure 5.35b,

PDB: 8G35). The active site of the F182L mutant has additional waters (W255,

W107, W267 and W289) not seen in the structure of the WT enzyme complexed with

4-methoxybenzoic acid (Figure 5.17a, PDB: 4DO1). Distances between the four water

molecules and (S )-JCM 1 showed no steric clash (Figure 5.36a). The α-hydroxy group

of the substrate did possess hydrogen bonding interactions to W291 (heme-bound) and

W267 (water above W291) (Figure 5.36b). The occupancies of all active site waters are

shown in Table 5.6. B-factors between the water molecules and their closest residues

were found to be similar (Table D.1). This structure of F182L-CYP199A4 with the
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(S )-enantiomer was deposited into the PDB (PDB: 8G35).

(a) (b)

Figure 5.35: Active site for the crystal structures of F182L-CYP199A4 modelled with (S )-JCM 1 and
solved to a resolution of 2.05 Å. In (a), a composite-omit map is shown around the substrate while
in (b) a feature-enhanced map is shown around the substrate and active site waters. Both maps are
shown as a grey mesh (1.0 σ at 1.5 Å carve). The Fo-Fc (red or green mesh, contoured at 2.5 σ) is
also shown in (a) and (b). In (a), there is a region of positive density above the heme centre. In (b),
a water molecule was modelled above the heme.

(a) (b)

Figure 5.36: Active site of F182L-CYP199A4 complexed with (S )-JCM 1 (PDB: 8G35) showing the
distances (in Å) of active site water molecules with each other (a) and with the α-hydroxy and methyl
groups of the substrate (b).

Table 5.6: Occupancies of water molecules modelled within the active site of F182L-CYP199A4 com-
plexed with (S )-JCM 1.

Water Molecule Refined Occupancy (%)

W291 63

W267 74

W107 86

W255 52
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When comparing the I-helix of the F182L mutant to that of the WT enzyme (PDB:

4DO1), we observed that the oxygen binding groove of the mutant also had an ad-

ditional water molecule (W41, Figure 5.37) that has a hydrogen bonding interaction

with T253 and positions this residue closer to the heme (Figure 5.37b). Residues T253,

A248, L250 and T252 also showed a change in conformation when compared to the

WT enzyme. Residue T252 (alcohol group of the acid-alcohol pair involved in O2

activation) in the F182L mutant has also been displaced away from the heme-centre

to accommodate the additional water molecules (Figure 5.37b). The movement of the

T252 residue also caused a widening of the oxygen-binding groove in the F182L mutant

(Figure 5.38).

(a) (b)

Figure 5.37: (a) Oxygen binding groove of the I-helix of F182L-CYP199A4 (green sticks, PDB: 8G35)
+ (S )-JCM 1 (yellow sticks) overlaid with that of WT-CYP199A4 (cyan sticks, PDB: 4DO1) com-
plexed with 4-methoxybenzoic acid (magenta sticks). (b) Alternate view of the T253 and L250 residues
that have altered conformations in the F182L mutant. The T253 residue in the F182L mutant forms
a hydrogen bonding interaction (dashed line) with W41.

(a) (b)

Figure 5.38: Distances in Å between different residues of the oxygen binding groove of F182L (a) and
WT (b) variants of CYP199A4. It can be seen in (a) that the F182L mutant showed a widening of
the groove (∼ 4.7 Å) compared to the groove (4.1 Å) shown in (b).
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The conformation of the residues in the active site of the F182L mutant is similar

to that of WT CYP199A4. It is observed the F298 residue of the F182L mutant

rotates away from the heme-centre to accommodate the additional steric bulk from

(S )-JCM 1 (Figure 5.39). A similar movement of the F298 residue is also present when

CYP199A4 binds sterically demanding substrates such as 4-ethylthiobenzoic acid and

4-phenylbenzoic acid (Section 6.3.1).220

Figure 5.39: Active site complex of F182L-CYP199A4 (green sticks) + (S )-JCM 1 (yellow sticks)
overlaid with that of WT-CYP199A4 (cyan sticks, PDB: 4DO1) + 4-methoxybenzoic acid (magenta
sticks). The F298 residue has shifted to accommodate the additional steric bulk of (S )-JCM 1.

To elucidate why the F182L mutant is able to bind (S )-JCM 1, this substrate and the

active site waters of the F182L mutant were superimposed into the substrate binding

site of WT-CYP199A4 (PDB: 4DO1) (Figure 5.40). Distances between the substrate

and the closest residues were measured. The distances of (S )-JCM 1 and active site

waters to the closest residues of F182L-CYP199A4 was measured also (Figure 5.41).

(a) (b)

Figure 5.40: Substrate (S )-JCM 1 (yellow sticks) and active site waters (W291, W267, W255, W107)
from the structure of F182L-CYP199A4 (Figure 5.36, PDB: 8G35) overlaid into the active site of
the solved structure of WT-CYP199A4 complexed with 4-methoxybenzoic acid (cyan sticks, PDB:
4DO1). (a) The distances of atoms within residues F182, F298 and T252 closest to the (S )-JCM 1
are annotated. (b) Closest distances of the active site waters of F182L-CYP199A4 with residues F182
and T252 of the active site within WT-CYP199A4 (cyan sticks) are annotated.
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In Figure 5.40a, the β and γ methyl groups of (S )-JCM 1 if present in the active site of

WT CYP199A4 would have distances of ≈ 1.3 Å with residues F182 and F298 which

would result in a steric clash. The F182L mutant orientates the F298 residue away

from the heme which eliminates steric clash of this residue with (S )-JCM 1 (Figure

5.39). Active site waters that were present in F182L-CYP199A4 (W107, W41 and

W267) would also have a clash of 1.2 - 1.5 Å with residues T252 and F182 (Figure

5.40b). In the F182L mutant (Figure 5.41), (S )-JCM 1 and the active site waters had

no steric clashes with any of the active site residues in this mutant.

(a) (b)

Figure 5.41: Active site structure of F182L-CYP199A4 (green sticks) + (S )-JCM 1 (yellow sticks).
(a) Closest distances (in Å) of residues L182, F298 and T252 to the methyl carbons of the substrate.
(b) Closest distances (in Å) between active site waters (W267, W107, W41 and W255). No steric
clash is present between the substrate and active site waters with the surrounding residues.

Additionally, the distances of the β-carbonyl and the α-hydroxy carbon of (S )-JCM

1 with the heme centre of the F182L mutant were measured (Figure 5.42). These

distances were compared to those measured for equivalent carbons of 17α-hydroxy-

progesterone in the active site of A105L-CYP17A1 (PDB: 4NKY) and were found to

be similar.258

Figure 5.42: Distances measured (in Å) for the α-carbon and β-carbonyl of the (S )-JCM 1 substrate
to the heme centre of F182L-CYP199A4.
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Table 5.7: Distances measured (in Å) for the α-carbon and carbonyl of the (S )-JCM 1 substrate to
the heme centre of F182L-CYP199A4 compared to equivalent carbons of 17α-hydroxy-progesterone in
A105L-CYP17A1.258 Atoms of interest are highlighted in bold.

Distance (S )-JCM 1 + F182L-CYP199A4 17α-hydroxy-progesterone +
A105L-CYP17A1

Cα-OH (Å) 4.9 5.0

Cβ=O (Å) 5.4 4.6

The occupancies of both (R)- and (S )-enantiomers of JCM 1 were refined within the

same location in the active site using separate altloc (alternative location) identifiers

for each enantiomer (Figure 5.43). The occupancy of the (R)-enantiomer was 11 %

while the (S )-enantiomer was 89 %. The occupancy of the (S )-enantiomer shows that

it occupies the substrate position at approximately 90 % of all asymmetric units in

the crystal. The lower occupancy of the (R)-enantiomer could infer that it is the less

preferred enantiomer for binding to the F182L mutant. However, it may still be present

explaining the hydroxylation metabolite observed in the GC-MS analysis.

Figure 5.43: Active site structure of F182L-CYP199A4 with both (S ) and (R)-JCM 1 modelled in
the same location using different altloc identifiers. The occupancy of both enantiomers were refined.
Occupancies for the (S )-enantiomer is 89 % and the (R)-enantiomer is 11 % .
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5.4 Discussion

CYP199A4 could catalyse C-C cleavage bond reactions with the F298V and F182L

mutants. The hydroxylation of WT CYP199A4 of 4-propionyl- and 4-(2′-oxopropyl)-

benzoic acid proceeded with high efficiency enabling complete conversion to the α-

hydroxyketone product but no and/or low levels of further oxidation and C-C cleavage

products were observed.248 One-pot reactions with these α-hydroxyketone products

with WT, T252E and F182L variants of CYP199A4 showed C-C cleavage activity

when none of the initial ketone substrates was available. It is likely that these α-

hydroxyketone substrates are poorer substrates for CYP199A4 compared to the initial

ketones. It was observed the F182L mutant showed the highest level of C-C cleavage

metabolite formation with the NADH regenerating system. The high conversion of

the initial ketone substrate to the α-hydroxyketone compounds provides a viable way

to generate these compounds to further study C-C cleavage reactions. It has been

noted that α-hydroxyketones are known to undergo rearrangement reactions to generate

mixtures of tautomers and may not be well suited for isolation and long term storage.259

WT CYP199A4 was unable to show any oxidation activity with the synthesised ben-

zoic acids functionalised with α-hydroxyketone moieties, JCM 1 and JCM 2. When

compared to 4-methoxybenzoic acid, a substrate with tight binding and high oxidation

activity with CYP199A4,48,137 the para α-hydroxyketone moiety does impart higher

steric bulk with JCM 1 and JCM 2. But, the lack of any activity was unexpected

because WT CYP199A4 has been shown to bind and efficiently oxidise other bulky

para substituents such as 4-t-butylbenzoic acid, 4-cyclohexylbenzoic acid and 4-n-

propylbenzoic acid.153,220,260

Site-directed mutagenesis was used to generate mutants F182L and F298V that were

able to bind and catalyse C-C cleavage reactions with JCM 1. Comparing crystal

structures of WT CYP199A4 to that of the F182L mutant complexed with JCM 1

highlighted potential steric clashes between the para hydroxyketone moiety and the

F182 residue in the WT enzyme. This could explain why WT CYP199A4 was unable

oxidise JCM 1. Mutation of the F182 residue from the bulky phenylalanine residue

to the less sterically demanding leucine afforded additional space in the active site to

accommodate the binding of JCM 1. Mutation of an equivalent residue (F185) in the

closely related enzyme, CYP199A2 enabled the P450 to hydroxylate bulky aromatic

substrates such as cinnamic acid.154 Recently, it has been reported that the F182L

mutant of CYP199A4 also enabled the hydroxylation of an aromatic substrate, 4-

phenylbenzoic acid (Chapter 6).256
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The mechanism of CYP17A1 catalysed C-C bond cleavage is proposed to involve nucle-

ophilic attack of the α-hydroxyketone carbonyl centre by the ferric-peroxo intermediate

of the P450. Some indirect evidence has been reported that supports a Cpd I mecha-

nism being involved in C-C cleavage activity with CYP17A1.94 The distance between

the C=O carbon of JCM 1 to the heme centre was 5.4 Å and was similar to the distance

of the equivalent carbon (C20) for 17,20-lyase substrates of CYP17A1 (4.6 Å).258 The

similar distances of equivalent carbons to the heme centre between the two P450s fur-

ther supports using F182L-CYP199A4 as a model system for CYP17A1 C-C cleavage

activity.

JCM 2 induced a Type I shift of ≈ 25 % with F182L-CYP199A4 but showed a fast

NADH oxidation rate (> 1423 min-1) comparable to that of 4-methoxybenzoic acid

with WT CYP199A4 (1200 min-1).30 However, only a small amount of any potential

enzyme metabolite was detected. We also demonstrated that JCM 2 is susceptible to

oxidation by H2O2 to generate terephthalic acid. Uncoupling reactions can occur in

the P450 catalytic cycle where reducing equivalents are channelled unproductively to

generate H2O2 (Figure 1.3).261 The oxidation of JCM 2 by F182L-CYP199A4 could

be uncoupled from the reducing equivalents and generates H2O2. The H2O2 generated

would then react with JCM 2 to produce terephthalic acid. Uncoupling reactions have

been attributed to mis-protonation of water molecules in the active site of the P450.262

The crystal structure of F182L-CYP199A4 revealed that the active site contains addi-

tional water molecules over the WT enzyme. It is possible that interactions of JCM

2 within the active site residues and additional water molecules promotes poor pro-

ton transfer to the heme centre and causes uncoupling reactions to occur to generate

H2O2. Detection and quantification of H2O2 generated by the oxidation of JCM 2 by

the F182L mutant could reveal further insights towards the oxidation of this substrate.

The synthesis of JCM 1 generates a racemic mixture. CYP199A4 and its mutants

should preferentially bind and oxidise one enantiomer over the other. The crystal

structure of F182L-CYP199A4 revealed that the (S )-enantiomer of JCM 1 had an 89

% occupancy compared to the (R)-enantiomer (11 %). The lower occupancy of the

(R)-enantiomer could allow the hydroxylation of (R)-JCM 1 at the β-methyl group and

is consistent with the presence of singly hydroxylated JCM 1 in its doubly-derivatised

form detected via GC-MS. The greater occupancy of (S )-JCM 1 indicates it is the

preferred enantiomer and is likely the substrate involved in P450 catalysed C-C cleavage

activity. Future crystallography studies of F182L-CYP199A4 with enantiopure samples

of JCM 1 could involve performing an enzymatic turnover in crystallo (Chapter 4).

A crystal of a substrate-bound oxy complex of F182L-CYP199A4 can be supplied

with electrons from the X-ray beam to facilitate catalysis. It is envisioned that the
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P450 can be captured whilst in the act of catalysis and allows for the identification of

intermediates for P450 C-C cleavage reactions.210

The reaction of JCM 1 with F182L-CYP199A4 generates 4-(2′-hydroxyacetyl)benzoic

acid as the major product (Figure 5.25). In contrast, the F182L mutant reacts with 4-

acetylbenzoic acid to generate higher amounts of further oxidation products including

terephthalic acid while 4-(2′-hydroxyacetyl)benzoic acid is present in smaller amounts

compared to the reaction with JCM 1. It is important to observe that 4-acetylbenzoic

acid is not detected in high levels in either reaction. This is to be expected as JCM

1 when undergoing C-C cleavage will first form 4-acetylbenzoic acid. 4-Acetylbenzoic

acid is a better substrate than JCM 1 and would be hydroxylated if NADH is available.

Therefore, the build-up of 4-acetylbenzoic acid is not observed. One of the further

oxidation metabolites observed was terephthalic acid that could arise from C-C cleavage

activity of 4-(2′-hydroxyacetyl)benzoic acid or the glyoxal intermediate detected.

The involvement of Cpd I and the ferric-peroxo anion species has both been implicated

in C-C bond cleavage reactions.90,94 Cpd I is generated from protonation of the ferric-

peroxo anion and a second protonation of the distal oxygen causes homolytic cleavage

of the O-O bond to form the high valent Cpd I complex. Uncoupling events can occur

when mis-protonation events cause reducing equivalents to be channelled into generat-

ing H2O2 or a water molecule. Proton transfer in both Cpd I formation and uncoupling

events can be slowed in deuterated solvent (D2O).246 If the ferric peroxo anion is the

intermediate in C-C bond cleavage, then it should not require proton transfer to carry

out catalysis. The slowing of proton transfer should allow the build-up of the ferric-

peroxo anion but also hinder Cpd I formation and uncoupling reactions. The build-up

of the peroxo anion will result in faster and higher product formation in D2O: an inverse

kinetic solvent isotope effect (KSIE). The reaction of JCM 1 and F182L-CYP199A4

was observed to have a higher coupling efficiency that resulted in a faster product for-

mation in D2O than H2O that supports the presence of an inverse KSIE. This inverse

KSIE was also observed with human CYP17A1 with 17,20-lyase substrates.244,246 In

contrast, reactions with 4-acetylbenzoic and F182L/WT CYP199A4 showed a slower

product formation rate and/or lower coupling efficiency that could be consistent with

D2O inhibiting Cpd I formation with a standard KSIE.

The presence of multiple P450 metabolites arising from multiple and successive reac-

tion pathways does complicate metabolite analysis. Future studies partitioning P450-

catalysed C-C cleavage activity from hydroxylation would be of interest as to analyse

product formation and kinetic solvent isotope effects with metabolites arising solely

from C-C cleavage activity. For example, an approach to completely hinder protonation

130



events, Cpd I formation and subsequently hydroxylation by the P450 could be achieved

through mutations of the highly conserved acid-alcohol pair in CYP199A4 (D251 and

T252).219 A similar approach to investigate the oxidants of P450-catalysed sulfoxida-

tion and epoxidation was achieved using mutagenesis of this acid-alcohol pair.158,219

Peroxygenase activity was also tested for the first time with the F182L mutant with

JCM 1 (Figure 5.29). The F182L mutant was able to catalyse both C-C cleavage

and hydroxylation reactions in the presence of H2O2 with a similar product distribu-

tion compared to reactions driven by NADH. The peroxide-driven reactions with the

F182L variant did show a build-up of 4-acetylbenzoic acid, which is the first metabo-

lite arising from C-C cleavage activity and this was not observed with NADH-driven

reactions. The peroxygenase pathway can be less efficient and this could contribute

to the build-up of 4-acetylbenzoic acid.145 The WT and T252E variants also showed

evidence of catalysing C-C cleavage reactions using the peroxygenase pathway with

α-hydroxyketone substrates. The WT enzyme appeared to have generated more C-C

cleavage metabolites over the T252E mutant. This is despite previous reports that the

T252E variant should have enhanced peroxygenase activity.156 It is possible that the

active site of the T252E variant binds to α-hydroxyketones less favourably compared to

the WT. This could result in the lower peroxygenase activity observed with the T252E

mutant but this requires further investigation.

It has been reported that CYP17A1 is able to catalyse C-C bond cleavage of α-

hydroxyketones with iodosylbenzene but not with H2O2.
94 Iodosylbenzene is a single

oxygen donor that forms Cpd I directly with P450s and precludes the ferric-peroxo

anion species from forming.247 Our work here reports that the F182L mutant of

CYP199A4 can support C-C cleavage activity of α-hydroxyketones using H2O2 which

provides evidence that the ferric-peroxo anion or a species other than Cpd I plays a

role in C-C cleavage reactions modelled after CYP17A1.

In summary, C-C cleavage activity was demonstrated with different variants of

CYP199A4. This work presented for the first time the design of an α-hydroxyketone

substrate that mimics C-C cleavage substrates of CYP17A1. Using site-directed mu-

tagenesis, mutant F182L of CYP199A4 was able to catalyse C-C bond cleavage with

one substrate while the WT could not. Studies using deuterated solvent to probe re-

action kinetics strongly suggest that the ferric peroxo anion intermediate is involved

in C-C cleavage activity of α-hydroxyketones. This work provides confirmation that

C-C cleavage reactions can be modelled outside the small subset of P450s that catalyse

them and is a suitable foundation for future studies that explore these reactions in

greater detail.
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6 Engineering Aromatic Hydroxylation in

CYP199A4

6.1 Introduction

Aliphatic C-H bond hydroxylation is the most well studied reaction catalysed by P450

enzymes.34 In aliphatic hydroxylation, hydrogen atom abstraction of a C-H bond is

carried out by Cpd I to form Cpd II and the substrate radical (Figure 6.1).43,44 Cpd

II then inserts the oxygen atom into the substrate radical at the abstracted centre via

radical rebound (Section 1.5.1).44,263

In addition to aliphatic hydroxylation, aromatic hydroxylation can also be catalysed

by P450 enzymes. However, as aromatic C-H bonds (∼ 110 kcal mol-1)264 are stronger

than those in aliphatic systems (∼ 100 kcal mol-1),54 hydrogen abstraction by Cpd I

does not occur in aromatic systems.265 It is theorised that P450 aromatic oxidation

occurs through two potential mechanisms (Figure 6.1), namely arene oxide formation

or ipso-substitution.

Figure 6.1: The different pathways of P450 hydroxylation (blue) and aromatic oxidation (black).256

If aromatic hydroxylation occurs through arene oxide formation, an NIH-shift reaction

occurs (Figure 6.2) to move the hydrogen of the activated carbon to the adjacent

position on the aromatic ring.266–268

Figure 6.2: (a) Arene oxide pathway in aromatic hydroxylation. An NIH-shift step occurs to transfer
the substituent (X) of the activated carbon to an adjacent position.
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The second possible mechanism for P450-catalysed aromatic hydroxylation is through

direct electrophilic attack by Cpd I on the aromatic π system and this is also referred

to as ipso-substitution (Figure 6.3).78,269,270

Figure 6.3: Direct electrophilic attack or ipso-substitution as an alternate pathway for aromatic
hydroxylation by P450 enzymes.

Arene oxide is a possible intermediate of P450-catalysed aromatic oxidation involv-

ing the NIH-shift mechanism. The formation of arene oxide or products derived from

it would therefore be direct evidence for an NIH-shift mechanism.267 For example,

De Voss et al. have successfully isolated an oxepin product from the oxidation of t-

butylbenzene by P450cam and P450cin.
266 This oxepin product is from the tautomeri-

sation of the arene oxide intermediate of t-butylbenzene (Figure 6.4). The isolation

of this oxepin from P450-catalysed aromatic oxidation is evidence for the NIH-shift

mechanism.266

Figure 6.4: Epoxidation of t-butylbenzene by P450 enzymes. The oxepin product is formed by
tautomerisation.

Aromatic hydroxylation that involves the NIH-shift and arene oxide formation will

cause the hydrogen of the activated carbon to be transferred to an adjacent car-

bon.267,271 It has been reported that the NIH-shift mechanism does not occur with

all P450-catalysed aromatic hydroxylations. Deuterium labelling studies have shown

for certain reactions, the hydrogen of the activated carbon is not transferred to the

neighbouring carbon but is instead quantitatively lost.270 The lack of NIH-shift ac-

tivity was observed often for hydroxylations at positions meta to a halide substituent

and is coupled with a normal isotope effect (kH/kD = 1.1 - 1.3).270 This is in contrast

to an inverse isotope effect (kH/kD = ∼ 0.95) for hydroxylation at para and ortho

positions.272,273 From this, it is hypothesised that meta hydroxylation occurs through

ipso-substitution. This alternate mechanism occurs with a carbon-oxygen bond form-

ing between the ferryl oxygen and the activated carbon that undergoes proton loss

directly to form the hydroxylated product (Figure 6.1).78

CYP199A4 from Rhodopseudomonas palustris HaA2 efficiently oxidises para-

substituted benzoic acids and will be used in this study to explore P450-catalysed
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aromatic hydroxylation. WT CYP199A4 did not display any oxidation activity with

4-phenylbenzoic acid (Figure 6.5) despite showing tight binding (∼1.7 µM) and a fast

NADH oxidation rate (∼902 min-1).220 In contrast, WT CYP199A4 was able to hy-

droxylate 4-cyclohexylbenzoic acid where the para substituent is similar in size to a

phenyl group but possesses aliphathic C-H bonds instead (Figure 6.5).220

Figure 6.5: Oxidation activity of WT CYP199A4 with 4-phenylbenzoic acid and 4-cyclohexylbenzoic
acid.

Screening of related substrates with aromatic functional groups at the para position also

did not show any aromatic hydroxylation activity but O-demethylation and benzylic

C-H hydroxylation has been observed (Figure 6.6).256

Figure 6.6: Oxidation activity of WT CYP199A4 with benzoic acid substrates containing aromatic
groups.

In this study, crystallisation of WT CYP199A4 with 4-phenylbenzoic acid will be car-

ried out to explore the binding mode of this substrate within the active site. Structural

insights gleaned from the aforementioned crystal structure will be used to inform ra-

tional mutagenesis to enable aromatic hydroxylation in CYP199A4.
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6.2 Materials and Methods

6.2.1 General

General reagents and organics were purchased from Sigma-Aldrich. Isopropyl-β-D-

thiogalactopyranoside (IPTG) and buffer components were obtained from Astral Sci-

entific (Australia). UV/Vis spectra and spectroscopic activity assays were performed

on an Agilent Cary 60 spectrophotometer at 30 ± 5 ◦C.

Analytical High Performance Liquid Chromatography (HPLC) was performed on a

Shimadzu LC-20AD equipped with a Phenomenex Kinetex 5u XB-C18 100A column

(250 mm × 4.6 mm, 5 µM), SIL-20A autosampler, CTO-20A column oven, SPD-

20A UV detector and CBM-20Alite communications module. A gradient of 20-95 %

acetonitrile in water (both containing trifluoroacetic acid, TFA, 0.1 %) was run at a

flow rate of 1 mL min-1 over 30 minutes and detector wavelength was set at 254 nm.

GC-MS analysis was performed using a Shimadzu GC-2010 gas chromatograph

equipped with an autoinjector and a GCMS-QP2010S detector; the column used was

a DB-5MS UI column. The interface and injection port temperatures were held at 280

and 250 ◦C. The column was held at 120 ◦C for 3 min, and the temperature was then

increased to 240 ◦C at a rate of 7.5 ◦C min-1 and held at 240 ◦C for 6 min.

6.2.2 Production and purification of enzymes

HaPux, HaPuR and WT CYP199A4 were all expressed and purified as described pre-

viously.156 Variants F298V and F182L-CYP199A4 were expressed as previously de-

scribed for WT CYP199A4 but with the addition of 4-methoxybenzoic acid to a con-

centration of 1 mM to the expression media before induction. Proteins were stored in

50 % glycerol at -20 ◦C.

6.2.3 In vitro NADH Oxidation Assays

Glycerol was removed from proteins through elution with a 5 mL gel filtration column

(PD-10, GE Healthcare) and 50 mM Tris buffer (Buffer T, pH 7.4). The concentra-

tion of each protein was quantified using UV-Vis spectrophotometry with extinction

coefficients given in Table 5.1 in Chapter 5.

In vitro NADH turnovers were performed at 30 ◦C and contained P450 (1 µM), HaPux
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(5 µM), HaPuR (0.5 µM) and 100 ng µL-1 bovine liver catalase in oxygenated Buffer

T with a total volume of 1.2 mL. The absorbance at 340 nm was set to zero and the

mixture was incubated at 30 ◦C for 2 min before NADH was added to a concentration

of ≈ 320 µM, (an absorbance of ≈ 2.0). The rate of NADH background oxidation (the

‘leak’ rate) was measured before initiating the reaction. To start the reaction, substrate

was added from a 100 mM stock in EtOH/DMSO to the desired concentration (1 mM,

0.5 mM, 0.2 mM or 0.15 mM) and NADH depletion was monitored at 340 nm. The

rate of NADH consumption (N) by the P450 enzyme in units of (µM-NADH)(µM-

P450)-1 min-1 was calculated from the slope of the graph of A340nm versus time using

an extinction coefficient of ε340nm = 6.22 mM-1 cm-1 and reported as min-1.

All experiments were performed in triplicate with the mean and standard deviation

reported. Control reactions were also performed in which either the P450 or NADH

was omitted from the turnover mixture (replaced with the same volume of buffer).

6.2.4 Metabolite Analysis

For HPLC analysis, after reactions were completed, 132 µL of the reaction mixture

was mixed with 2 µL of an internal standard solution (10 mM of 9-hydroxyfluorene

solution in EtOH) and 66 µL of acetonitrile. Samples were acidified with 0.2 µL of

trifluoroacetic acid.

For GC-MS analysis, the reaction mixture (1000 µL or 600 µL) was mixed with 10 µL

of an internal standard (10 mM of 9-hydroxyfluorene solution in EtOH) and extracted

with EtOAc (2 × 400 µL). The extracts were dried with MgSO4 and solvent was

removed under N2. The remaining residue was re-suspended in anhydrous acetonitrile

(150 µL) and derivatisation agent (15 µL, BSTFA + TMCS, 99:1). The mixtures were

left for 2 h at 37 ◦C prior to analysis by GC-MS.

HPLC and GC-MS analysis methods were performed as described in Section 6.2.1.

To quantify enzyme metabolites, calibration curves were constructed from authentic

product standards or if the standards were not available, substrate was used. Standard

solutions of 10, 20, 50, 100, 200, 500 and 1000 were prepared for HPLC analysis

as per reaction samples. The area of the product and the internal standard peaks

were measured using Shimadzu LabSolutions. A plot of product peak area/internal

standard area peak versus concentration of standard was made and the calibration

factor was calculated to quantify the amount of product in the reaction sample. Once

the concentration of the product is known, the total turnover number for each reaction

was calculated.
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Once the concentration of the product is known, the coupling efficiency (C) was calcu-

lated. The coupling efficiency is defined as the percentage of NADH that was used to

oxidise the substrate and is given by the following equation:

C =
[Product]

[NADH]
× 100% (6.1)

The coupling efficiency can be used to calculate the product formation rate (PFR)

from the NADH consumption rate (N, Section 6.2.3) using the following equation:

PFR =
C

100
× N (6.2)

6.2.5 X-Ray Protein Crystallography

Crystallisation experiments were performed with WT CYP199A4. Immediately prior

to preparation of crystal trays, the protein was purified via elution through a HiPrep

Sephacryl S-200 HR size-exclusion column (60 cm × 16 mm; GE Healthcare) with

Buffer T at a flow rate of 1 mL min-1. The purity of the protein was assessed based

on the Reinheitszahl value, RZ = A420/A280, whereby fractions with RZ = 2 were

collected and combined.

Substrate (4-phenylbenzoic acid) was then added to the combined fractions to a final

concentration of 1 mM from a 100 mM stock of EtOH and DMSO to the concentrated

protein. The combined fractions with substrate were incubated at 4 ◦C and then

concentrated via ultrafiltration using a Microsep Advance centrifugal device (10 kDa

MWCO, Pall Corporation) to a concentration of approximately 30 – 35 mg mL-1.

Crystallisation trays were prepared using the following optimised buffer conditions

previously reported:157 0.2 M magnesium acetate, 100 mM Bis-Tris buffer (adjusted

with acetic acid to pH 5.0 - 5.75) and 20 - 32 % w/v polyethylene glycol (PEG) 3350.

Protein crystallisation was achieved using the hanging-drop vapour diffusion method

in 24-well trays. An equal volume of crystallisation buffer was mixed with hanging

drops of 1.2 - 2 µL of protein and was equilibrated with a reservoir of the same buffer

(500 µL) at 16 ◦C. Red plate-like crystals were obtained after half a day to one week.

X-ray diffraction data were obtained (360 images per crystal) at the Australian Syn-

chrotron using the MX2 beamline250 with exposure time of 1 s, oscillation angle of 1
◦, wavelength of 0.9537 Å and temperature of 100 K. Diffraction images were indexed

and integrated using iMosfilm.222 Aimless223 from the CCP4 suite of programs224 was
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used to carry out scaling, merging and Rfree labelling (5 % of reflections, randomly

selected). The phase was solved using Molecular Replacement in Phaser225 using

a high-resolution structure of WT CYP199A4 (1.54 Å, PDB: 5UVB) as the search

model. The ligands and solvent molecules were removed from the search model prior

to phasing to eliminate model bias. Weighted 2mFo-DFc map and Fo-Fc difference

map were obtained and used to rebuild the model in WinCoot and determine the sub-

strate bound.226 Structural refinements were carried out over multiple cycles using

Phenix Refine, available in the Phenix suite of programs.227

Composite-omit or feature-enhanced maps that reduce model bias were generated in

Phenix to allow inspection of the ligand binding site and reveal the location of all

substrate atoms.228,229 Detailed data collection and structural refinement statistics

are provided in Supplementary Data.

The coordinates for the crystal structures were deposited in to the wwPDB (Worldwide

Protein Data Bank).251,252 Individual PDB accession codes have been presented where

needed. To model the location of the Cpd I oxygen, the CreateAtomAlongBond script

was employed. Computational studies of Cpd I have calculated that the Fe-O bond

length is very consistent at 1.62 Å. This was determined both in absence and in presence

of substrate for CYPs 2C9, 2D6, 3A4 and P450cam.230,231 The oxygen atom was thus

positioned 1.62 Å from the heme iron of the CYP199A4 structures.
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6.3 Results

6.3.1 Crystal Structure of WT CYP199A4 with 4-Phenylbenzoic acid

WT CYP199A4 is able to bind tightly to both 4-phenylbenzoic acid (1.7 µM, Ta-

ble 6.1) and 4-cyclohexylbenzoic acid (0.45 µM, Table 6.1) while the former shows a

faster NADH oxidation rate (902 min-1) compared to the latter (169 min-1).220 WT

CYP199A4 was unable to generate any oxidation products with 4-phenylbenzoic acid

while 4-cyclohexylbenzoic acid formed both hydroxylation and desaturation products

(Figure 6.5).220 The para-substituents on both substrates are of similar size but differ

in that 4-cyclohexylbenzoic acid has aliphatic C-H bonds while 4-phenylbenzoic acid

has aromatic C-H bonds. It is noted that the cyclohexyl moiety adopts a chair-like con-

formation.260 To elucidate why WT CYP199A4 is unable to oxidise 4-phenylbenzoic

acid, the crystal structure of this P450 in complex with the aforementioned substrate

was crystallised and its X-ray crystal structure was determined.

Table 6.1: Kinetic and substrate data for WT CYP199A4 with 4-phenyl- and 4-cyclohexylbenzoic
acid. Rates are given as µmol.µmolP450

–1.min–1 (min–1). Data for both substrates provided by Dr
Tom Coleman.220

Substrate % HS Kd (µM)a Nb PFRc Couplingd (%)

4-phenylbenzoic acid 90 1.7 ± 0.1 902 ± 34 -e -e

4-cyclohexylbenzoic acid ≥ 95 0.45 ± 0.05 169 ± 11 52 ± 6 33 ± 2

aDissociation constant. bNADH oxidation rate. cProduct formation rate. d % of NADH consumed
that led to metabolite formation. e No product formation observed.

A crystal structure of WT CYP199A4 complexed with 4-phenylbenzoic acid (PDB:

7JW5) was determined with a resolution of 1.53 Å. The overall structural fold for

WT CYP199A4 in complex with 4-phenylbenzoic acid was similar to a previously

reported structure of the same enzyme (PDB: 4EGM) complexed with 4-ethylbenzoic

acid (RMSD = 0.518, Figure E1). Within the active site of the solved structure, a

region of electron density was readily modelled as 4-phenylbenzoic acid (Figure 6.7a).

The crystal structure of WT CYP199A4 complexed to 4-phenylbenzoic acid was then

compared to a structure of the same enzyme but in complex with 4-cyclohexylbenzoic

acid (PDB: 6C2D).260 The latter structure was provided by Dr Tom Coleman of the

University of Adelaide.220 The active site residues of WT CYP199A4 showed min-

imal differences in conformation when 4-phenyl- or 4-cyclohexylbenzoic was bound

(Figure 6.7b). When either substrate is bound, the F298 residue adopts a conforma-

tion that orients the residue away from the heme. This altered conformation of the
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F298 residue is not observed when WT CYP199A4 is bound to 4-methoxybenzoic acid

(Figure 6.8a).137 A similar movement in residue F298 is observed when CYP199A4

is bound to bulky substrates such as 4-ethylthiobenzoic acid220 and also with mutant

F182L bound to an α-hydroxyketone compound, JCM 1 (Section 5.3.8, Figure 6.8b).

(a) (b)

Figure 6.7: (a) Crystal structure of WT CYP199A4 with co-crystallised with 4-phenylbenzoic acid
(PDB 7JW5). A composite-omit map shown as a grey mesh contoured to 1.0 σ (1.5 Å carve) is shown
around the substrate and residue F298. This crystal structure was solved to a resolution of 1.53 Å. (b)
A comparison of the active site of WT CYP199A4 in complex with 4-phenylbenzoic acid (green sticks)
against the same enzyme when bound to 4-cyclohexylbenzoic acid (yellow sticks, PDB: 6C2D).220

(a) (b)

Figure 6.8: (a) Active site structure of WT CYP199A4 with 4-methoxybenzoic acid (cyan sticks,
PDB: 4DO1) compared to when 4-phenylbenzoic acid is bound (green sticks, PDB: 7JW5). (b)
Active site structure of F182L-CYP199A4 bound to JCM 1 (cyan sticks, PDB: 8G35) compared to
WT CYP199A4 bound to 4-phenylbenzoic acid (green sticks, PDB: 7JW5). In (b), the F298 residue
orients away from the heme when either JCM 1 or 4-phenylbenzoic acid is bound, but not with 4-
methoxybenzoic acid as seen in (a).

An oxygen atom was then modelled above the heme centre of WT CYP199A4 bound

140



to 4-phenylbenzoic acid. This oxygen atom was placed 1.62 Å away from the heme iron

to approximate Cpd I.230,231 Distances and angles between the substrate, Cpd I and

other active site features were then measured and compared to the same measurements

for the 4-cyclohexylbenzoic-bound structure (Table 6.2).220 It was observed that the

Cα, Cβ and Cγ of 4-phenylbenzoic acid is positioned slightly further away (3.0 - 4.7

Å) from the modelled oxygen atom of Cpd I compared to equivalent atoms for 4-

cyclohexylbenzoic acid (2.5 - 3.9 Å). But overall, the distances between carbons of the

phenyl ring with active site residues was similar to equivalent measurements for the

corresponding carbons in the cyclohexyl substituent (Table 6.2).

Overall, WT CYP199A4 binds both 4-phenylbenzoic acid and 4-cyclohexylbenzoic acid

in a similar manner, which explains the high binding affinity of the P450 towards these

substrates. However, no obvious explanation is revealed as to why 4-cyclohexylbenzoic

acid is readily oxidised while 4-phenylbenzoic acid showed no activity was forthcoming.

Table 6.2: Distances and angles of the active site structure for WT CYP199A4 bound to 4-
phenylbenzoic acid compared when 4-cyclohexylbenzoic acid is bound.

Distance (Å) 4-phenylbenzoic acid 4-cyclohexylbenzoic acidb

Cα - Fe 5.5 5.4

Cα - O=Fe 4.1 3.9

Cβ - Fe 4.4 4.0

Cβ - O=Fe 3.0 2.5

Cγ - Fe 4.7 4.2

Cγ - O=Fe 3.6 2.8

Angle (◦)

C04-Cα-Cβ 125.1 114.9

Dihedrala 59.1 45.3

Cα-Cβ-Cγ 118.9 110.8

Fe=O-Cα 144.7 156.1

Fe=O-Cβ 140.5 156.5

Fe=O-Cγ 126.6 137.8

aThe atoms for the dihedral angle measured is shown below. bData provided by Dr Tom
Coleman.220
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6.3.2 Reactions of F182L/F298V-CYP199A4 with 4-Phenylbenzoic acid

Based on the crystal structure of WT CYP199A4 bound to 4-phenylbenzoic acid, two

different mutants of CYP199A4 were chosen in an attempt to enable aromatic hy-

droxylation in this P450 enzyme. Mutant F298V was chosen as introducing the less

sterically demanding valine residue would allow for bulkier ligands to fill the space nor-

mally occupied by the side chain of residue F298. In the active site of WT CYP199A4,

the Cα and Cβ atoms of 4-phenylbenzoic acid is in close proximity to residue F182 (3.8

Å, Figure 6.10). Residue F182 was therefore mutated to a leucine to generate mutant

F182L that should introduce additional space above the heme. An equivalent mutation

in CYP199A2 enhanced aromatic hydroxylation with cinnamic acids.154 This F182L

mutant allowed the binding of α-hydroxyketones and enabled C-C cleavage activity

with CYP199A4 (Chapter 5).

Figure 6.10: Distances measured (in Å) for the Cα and Cβ atoms of 4-phenylbenzoic acid with residue
F182 of WT CYP199A4 (PDB: 7JW5).

Mutants F182L and F298V were purified using the protocol in Section 6.2.2. NADH

oxidation reactions with 4-phenylbenzoic acid were carried out with these two mutants.

A negative control reaction was performed with WT CYP199A4 with the same sub-

strate. The same mutants were tested with 4-cyclohexylbenzoic acid as a control for

aliphatic hydroxylation. Kinetic data for both mutants is shown in Table 6.3.

Table 6.3: Kinetic data for F182L/F298V-CYP199A4 with 4-cyclohexylbenzoic acid and 4-
phenylbenzoic acid. Rates are given as µmol.µmolP450

–1.min–1 (min–1).

Mutant Substrate Na PFRb Couplingc

F182L
4-phenylbenzoic acid 75 ± 0.3 26 ± 3 30 ± 1.4

4-cyclohexylbenzoic acid 115 ± 5 13 ± 1 11.3 ± 1.8

F298V
4-phenylbenzoic acid 1030 ± 90 -d -d

4-cyclohexylbenzoic acid 162 ± 55 52 ± 18 31 ± 9.3 %

aNADH oxidation rate. bProduct formation rate. c% of NADH consumed that led to metabolite
formation. dNo product formation observed.
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Reactions with 4-phenylbenzoic acid showed mutant F298V had a much faster NADH

oxidation rate (1030 ± 90 min-1) compared to mutant F182L (75 ± 0.3 min-1, Table

6.3). However, HPLC analysis for the F298V mutant showed no product formation

occurred with 4-phenylbenzoic acid (Figure 6.11). Product formation with the F182L

mutant was more encouraging as three potential enzyme metabolites were detected

with both HPLC (Figure 6.11) and GC-MS (Figure E2) analysis.

(a)

(b)

Figure 6.11: (a) HPLC analysis of the NADH oxidation reaction with WT CYP199A4 and 4-
phenylbenzoic acid (blue). The same reactions with CYP199A4 mutants, F182L (red) and F298V
(black) can be seen also. The chromatograms were offset in the y-axis for clarity Three different
metabolites were detected in the reaction with the F182L mutant. These metabolites were identified
as 4-(4′-hydroxyphenyl)benzoic acid (tR = 14.1 min), 4-(3′-hydroxyphenyl)benzoic acid (tR = 15.1
min) and 4-(2′-hydroxyphenyl)benzoic acid (tR = 16.3 min). (b) Distribution of the products formed
from the oxidation of 4-phenylbenzoic acid by F182L-CYP199A4.

Co-elution experiments (Figure 6.12 and E3) identified the metabolites detected

as 4-(4′-hydroxyphenyl)benzoic acid, 4-(3′-hydroxyphenyl)benzoic acid and 4-(2′-

hydroxyphenyl)benzoic acid which arise from para-, meta- and ortho-hydroxylation,

respectively (Figure 6.11b). The MS spectra of the observed metabolites also matched

those of the authentic product standards (Figure E4).

The major product formed from the oxidation of 4-phenylbenzoic acid by F182L-

CYP199A4 was 4-(2′-hydroxyphenyl)benzoic acid (83 %). The remaining metabolites,

4-(4′-hydroxyphenyl)benzoic acid and 4-(3′-hydroxyphenyl)benzoic acid were formed

at similar levels (8 - 9 %). The coupling efficiency for this reaction was 30 ± 1.4 %

143



that results in a product formation rate of 26 ± 3 min-1 (Table 6.3).

Figure 6.12: HPLC analysis of the reaction between F182L-CYP199A4 and 4-phenylbenzoic acid
(red). Co-elution with standards of 4-(4′-hydroxyphenyl)benzoic acid (black, tR = 14.1 min), 4-(3′-
hydroxyphenyl)benzoic acid (green, tR = 15.1 min) and 4-(2′-hydroxyphenyl)benzoic acid (blue, tR
= 16.3 min) can be seen also.

For the reaction of the F298V mutant with 4-cyclohexylbenzoic acid, the NADH oxi-

dation rate was 162 ± 55 min-1 (Table 6.3) and comparable to that of the WT enzyme

(169 min-1, Table 6.1).256 The F182L mutant showed a slower NADH oxidation rate

of 115 ± 5 min-1. HPLC analysis revealed both mutants formed metabolites with 4-

cyclohexylbenzoic acid (Figure 6.13) and MS analysis (Figure E6) was used to identify

the metabolites based on previously reported MS spectra of oxidation products arising

from 4-cyclohexylbenzoic acid.260

For reactions carried out with 4-cyclohexylbenzoic acid, mutant F298V formed 4-(2′-

hydroxycyclohexyl)benzoic acid as the major product (86 %) arising from the hydrox-

ylation of the cyclohexy ring at the β position (Figure 6.13a). This product was also

the major metabolite for WT CYP199A4 (76 %).260 The F298V variant was able

to generate a higher proportion of the hydroxylation product at the α-benzylic car-

bon (4-(1′-hydroxycyclohexyl)benzoic acid, 34 %) compared to the WT (24 %, Figure

6.13). For the F182L mutant, the hydroxylation product at this α carbon was instead

the major metabolite formed while the levels of β-hydroxylation significantly decreased

compared to the F298V mutant and WT CYP199A4 (Figure 6.13). The F182L mutant

generated unknown metabolites (“ * ”) that eluted at tR = 14.1 min and tR = 13.4 min

(Figure 6.13a). These unknown metabolites were observed at low levels with the WT

and F298V variants. GC-MS analysis (Figure E6) for the F182L reaction showed the

presence of singly and doubly hydroxylated metabolites. These hydroxylated metabo-

lites could potentially be the unknown metabolites (“ * ”) detected in Figure 6.13a.
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The unknown metabolites (tR = 14.1 min, 13.4 min) eluted at an earlier retention time

(Figure 6.13a) and could be double hydroxylation metabolites that are expected to be

more polar.

(a)

(b)

Figure 6.13: (a) HPLC analysis of the NADH oxidation reaction with WT CYP199A4 and 4-
cyclohexylbenzoic acid (blue). The same reactions with CYP199A4 mutants, F182L (red) and F298V
(black) can be seen also. Both 4-(2′-hydroxycyclohexyl)benzoic acid (tR = 14.8 min) and 4-(1′-
hydroxycyclohexyl)benzoic acid (tR = 15.8 min) were detected in all three reactions and confirmed
by GC-MS analysis. Early eluting metabolites (“ * ”) were detected for the F182L mutants at tR
= 14.1 min and tR = 13.4 min. (b) Distribution of the products formed from the oxidation of 4-
cyclohexylbenzoic acid by WT, F298V and F182L-CYP199A4. For the F182L mutant, metabolites
at tR = 14.1 min and tR = 13.4 min form 45 % of the metabolites formed with this mutant.

The coupling efficiency calculated for the oxidation of 4-cyclohexylbenzoic acid by the

F298V mutant was 31 ± 9.3 % with product forming at a rate of 52 ± 18 min-1. The

F182L mutant for the same reaction showed a coupling efficiency of 11.3 ± 1.8 % and

a product forming at 13 ± 1 min-1.

In summary, only the F182L mutant of CYP199A4 was able to carry out aromatic

hydroxylation with 4-phenylbenzoic acid to give rise to hydroxylated metabolites with

a preference for oxidation at the ortho-position. The F298V and F182L mutants were

both able to oxidise 4-cyclohexylbenzoic acid with some changes in the product selec-

tivity compared to WT CYP199A4.
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6.4 Discussion

WT CYP199A4 was successfully crystallised with 4-phenylbenzoic acid and it’s active

site structure is largely similar to when 4-cyclohexylbenzoic acid is bound. This agrees

with the tight binding observed for both substrates with WT CYP199A4. However,

the crystal structures of WT CYP199A4 were unable to reveal why aromatic oxidation

with 4-phenylbenzoic acid did not occur. Aromatic oxidation has been previously

observed at low activity for CYP199A4 with 2-naphthoic acid and with high efficiency

activity in other P450 systems.48,274–276 When comparing the active site structures

of CYP199A4 bound to 2-naphthoic acid and 4-phenylbenzoic acid, we can see the

orientation of the aromatic ring differs significantly (Figure 6.14). One face of the π-

aromatic ring of 2-naphthoic acid oriented towards the space above the oxygen binding

site in CYP199A4 (Figure 6.14). When 4-phenylbenzoic acid is bound, neither face of

the phenyl ring of the substrate faces the same plane as seen in 2-naphthoic acid and

this orientation likely does not allow Cpd I of CYP199A4 to interact with the π-system

of the substrate.

Figure 6.14: Comparing the active site structure of CYP199A4 bound to 2-napthoic acid (cyan sticks,
PDB: 4EGP) against when the same enzyme is bound to 4-phenylbenzoic acid (green sticks, PDB:
7JW5). The binding orientation of the aromatic ring for the two substrates differ significantly.

Molecular dynamics (MD) simulations with WT CYP199A4 and 4-phenylbenzoic were

carried out by Alicia Kirk at the University of Queensland. It was predicted that

4-phenylbenzoic acid was unable to attain a geometrical arrangement with Cpd I of

CYP199A4 that was consistent with ideal geometries needed for aromatic oxidation to

occur.260 This lack of productive geometry prevents the Fe=O of Cpd I from interacting

with the aromatic π-system of 4-phenylbenzoic acid.
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Mutagenesis of the F182 residue of CYP199A4 to a leucine did successfully enable aro-

matic oxidation albeit with a slow product formation rate and low coupling efficiency.

The F298V mutant was not successful in allowing aromatic oxidation. This agrees with

previously reported studies of the closely related CYP199A2 enzyme where an equiva-

lent mutation enhanced aromatic oxidation with cinnamic acid derivatives.154 Mutant

F182L was also studied in Chapter 5 to enable binding of α-hydroxyketone substrates

and the mutant was able to demonstrate C-C cleavage activity with said substrates.

The crystal structure of the F182L mutant (Figure 5.35) showed that additional space

above the heme was afforded by the mutated active site residue. MD simulations of

the F182L mutant bound to 4-phenylbenzoic acid was carried out by colleagues at the

University of Queensland to elucidate why this mutant enabled aromatic oxidation.256

It was demonstrated that additional space above the heme afforded by the L182 residue

allowed the para phenyl ring of the substrate to rotate and achieve more productive

conformations that enabled interactions between the phenyl π-system and Cpd I.256

This productive conformation was likely not present with the F298V mutant.

The F182L mutant demonstrated a strong preference for hydroxylation at the ortho

position of the phenyl ring. It is likely the binding orientation of the substrate possibly

favours strong interactions between this position and the Fe=O of Cpd I. However,

further MD simulations predict that para hydroxylation would be most preferred as

this position showed the highest percentage of catalytically active poses during sim-

ulations.256 It was also calculated that the ortho position has a lower energy barrier

for oxidation and could explain why hydroxylation at this position was the major

oxidation site observed experimentally.256 Crystallisation of the F182L mutant with

4-phenylbenzoic would be needed to fully explain the product selectivity and enable

further understanding on the geometric requirements for aromatic oxidation.

Mutants F298V and F182L was also able to catalyse the oxidation of 4-

cyclohexylbenzoic acid with changes in product selectivity when compared to the WT

enzyme. Mutant F182L strongly favoured oxidation at the α-benzylic position and the

F298V mutant also showed higher selectivity for the same position compared to WT

CYP199A4. WT CYP199A4 prefers oxidation at the β carbon and the crystal structure

of the WT enzyme with 4-cyclohexylbenzoic acid reveals that the β carbon is positioned

closest to the heme-iron.260 The additional space in the active site afforded by both

mutants likely allowed for a binding orientation that positioned the α-benzylic carbon

closer to the heme to enhance the selectivity towards this position. The F182L mutant

even showed formation of additional oxidation metabolites that were likely to arise

from single or possibly even double hydroxylation events. The low coupling activity of

the F182L mutant with 4-cyclohexylbenzoic acid would hinder its use with large-scale
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whole-cell oxidation systems to generate these oxidation metabolites in larger yield for

additional characterisation.148 Further mutagenesis studies could be useful in attain-

ing a CYP199A4 mutant that is able to generate higher levels of metabolites when

oxidising 4-cyclohexylbenzoic acid.

Overall, aromatic oxidation was successfully enabled in CYP199A4 through rational

mutagenesis. Further structural characterisation of this mutant would be useful to

understand the requirements for aromatic oxidation by P450 enzymes.
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7 Conclusions and Future Directions

In Chapter 2, the capability of different methods of supplying hydrogen peroxide

(H2O2) in situ to P450 peroxygenases to drive enzymatic activity was explored. Mu-

tant T252E is an engineered peroxygenase variant of CYP199A4 studied extensively

in this work. In situ methods of supplying H2O2 include the use of the surrogate oxy-

gen donor, urea-hydrogen peroxide (UHP) and a light-driven flavin system. Oxidative

demethylation of 4-methoxybenzoic acid by T252E-CYP199A4 was achieved with UHP

that yielded total turnover number (TTN) levels comparable when H2O2 was used at

the same concentration. Optimisation of reactions conditions found 32 mM and 64

mM of either UHP or H2O2 gave the highest level of oxidised metabolite with 3 µM

enzyme, 1 mM substrate at 30 ◦C. A flavin system that generates H2O2 from light and

EDTA was also able to achieve total conversion of substrate to product for the reaction

of T252E-CYP199A4 (2.5 % molar equivalents) with 4-methoxybenzoic acid (200 µM).

This light-driven flavin system was also applied to the natural P450 peroxygenase,

CYP151A1 (P450BSβ). Light-driven reactions with P450BSβ and tetradecanoic acid

showed metabolites consistent with oxidative decarboyxlation yielding shorter chain

alkyl fatty acids alongside α/β-hydroxylation of said fatty acids.

This chapter also employed a deuterated substrate, 4-(methoxy-d3)benzoic-d4 acid in

O-demethylation reactions with both T252E and WT variants of CYP199A4. It was

found that no difference in product levels were observed between T252E (peroxygenase)

or WT (monooxygenase) enzymes using the deuterated substrate, which suggests that

no kinetic isotope effect was present. It is therefore concluded that C-H bond ab-

straction was not rate limiting in either peroxygenase and monooxygenase reaction

mechanisms and consistent with Cpd I being the active intermediate with both mech-

anisms.

In Chapter 3, an enzymatic approach to generate H2O2 in situ for P450 peroxygenases

was described. Three different oxidase enzymes, AldOx from Streptomyces coelicolor

A3(2), AoFOx from Aspergillus oryzae and an engineered choline oxidase (AcC06-

AcChOx) from Arthrobacter cholorphenolicus were investigated. AoFOx gave low ex-

pression of soluble protein but AldOx and AcC06-AcChOx was gave sufficiently high

yield of purified protein. Both AldOx and AcC06-AcChOx was able to generate H2O2

in solution with T252E-CYP199A4 to allow the P450 enzyme to generate metabolites

from the P450-catalysed demethylation of 4-methoxybenzoic acid through peroxyge-

nase activity. When the concentration of either oxidase enzyme was lowered relative

to the P450, the levels of product formation remained similar or only moderately lower
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compared to when the oxidase and P450 enzymes were equal in concentration. This

strongly suggests that the H2O2 production by the oxidase enzymes were not rate-

limiting.

AldOx was also used to drive peroxygenase activity with the oxidation of tetradecanoic

acid with P450BSβ. Product formation primarily from α/beta-hydroxylation was ob-

served and evidence of fatty acid decarboyxlation was also present though to a lesser

extent compared to the light-driven flavin system in Chapter 2. Future analysis into

the amount and rate of H2O2 produced by the oxidase enzymes studied here could

be useful to optimise reactions conditions involving oxidases and tune for selective

oxidation reactions with P450 peroxygenases.

P450 peroxygenases provides an alternative biocatalytic pathway towards selective ox-

idation reactions that is both simpler and cost-effective compared to NADH-dependent

reactions that require expensive co-factors and partner proteins. The optimisation of

P450 peroxygenase reactions that were carried out here using T252E-CYP199A4 and

different methods of supplying H2O2 in situ provides a platform to applying these

methods to other P450 peroxygenases with useful synthetic applications (Figure 7.1).

(a)

(b)

(c)

Figure 7.1: Reactions catalysed by P450 Peroxygenases. (a) CYP255 family of enzymes, GcoA and
SyoA catalyses demethylation of lignin monoaromatics. (b) Thermophilic CYP119 catalyses epoxida-
tion of styrene and ω-hydroxylation of fatty acids (c) CYP154 catalyses hydroxylation of progesterone.
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P450 peroxygenases that are of interest for further study with in situ generation of

H2O2 include the CYP255 family (GcoA and SyoA) that are O-demethylases of lignin

monoaromatics (Figure 7.1a), whereby facile and cheap reactions with these P450 en-

zymes could provide new ways of supplying useful chemicals and materials derived from

lignin waste.277 A thermophilic P450 peroxygenase, CYP119 from Sulfolobus solfatar-

icus is also a potential target to explore high temperature P450 reactions with faster

reaction rates and product formation (Figure 7.1b).278 P450 peroxygenases have also

been reported to be involved in steroid metabolism, whereby CYP154 is able to catal-

yse the hydroxylation of progesterone using H2O2 (Figure 7.1c).279,280 Peroxygenase

reactions using CYP154 with the optimised methods presented here could provide an

alternative pathway towards steroid metabolites derived from P450 oxidation activity

that is cheaper and more accessible without resorting to highly challenging mammalian

P450 systems.

Chapter 3 also explored constructing dual-function fusion enzymes that possesses both

oxidase and P450 peroxygenase domains through isothermal DNA assembly. This

approach would have allowed the P450 domain to utilise H2O2 generated by the oxidase

in close proximity for peroxygenase reactions. The sequences of these fusion enzymes

were successfully cloned into plasmid vectors, whereby an individual oxidase (AldOx,

AoFOx and AcC06-AcChOx) was fused to T252E-CYP199A4. However, the expression

of these fusion enzymes in E.coli were not successful. Optimising the expression of these

fusion enzymes would be an important step to investigate the viability of this approach.

In addition, T252E-CYP199A4 was used in Chapter 3 for flow biocatalysis reactions

driven by peroxygenase activity. The T252E mutant was successfully immobilised to

SOURCE15Q ion exchange media. Subsequent experiments showed enzymatic metabo-

lite formation with the immobilised enzyme in the presence of H2O2 and enzymatic

activity was remained present even after immobilisation for 100 h. Flow biocatalysis re-

actions with immobilised T252E-CYP199A4 were performed and low levels of substrate

conversion was observed. Flow biocatalysis reactions require fast enzymatic reaction

rates. To improve the use of CYP199A4 for flow biocatalysis reactions, mutagenesis

studies with this enzyme could be carried to enable faster peroxygenase reactions at

lower concentrations of H2O2.

In Chapter 4, crystals of T252E-CYP199A4 in-complex with 4-methoxybenzoic acid

showed evidence of in crystallo demethylation of the bound substrate after soaking

with H2O2. This represents a significant step to investigate reaction intermediates

for the P450 peroxygenase pathway of which the mechanism that forms Cpd I for

this pathway is still unclear. The highest reported occupancy of the enzyme-bound
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product relative to the initial substrate was 70 % with the conditions used in this

chapter. Further testing and optimisation of crystal soaking conditions could be carried

out with substrates of different P450 reactions such as hydroxylation, epoxidation and

sulfoxidation to possibly trap and observe intermediates involved in these reactions.

This study also provides a foundation for carrying out a larger breadth of in crystallo

reactions with other P450 peroxygenases (Figure 7.1). Mutagenesis approaches could

be applied to tune in crystallo peroxygenase activity and trap intermediates to better

understand how H2O2 interacts with these enzymes.

Chapter 5 presents a successful attempt at modelling C-C bond cleavage/lyase ac-

tivity of mammalian CYP17A1 with a bacterial P450. Substrates that mimic the

α-hydroxyketone moiety of CY17A1 substrates were employed including a specifically

designed substrate, JCM 1. Mutant F182L of CYP199A4 showed conclusively that

C-C cleavage activity with an α-hydroxyketone substrate was introduced via rational

mutagenesis of this P450 enzyme. A preliminary investigation exploring kinetic solvent

isotope effects (KSIE) with the C-C cleavage reaction of F182L-CYP199A4 showed a

small inverse KSIE present which would implicate the ferric peroxo anion intermediate

involved in P450-catalysed C-C cleavage reactions. Conversely, the hydroxylation path-

way showed a normal KSIE. The inverse KSIE observed during C-C cleavage activity

was consistent with similar studies with CYP17A1 and shows that F182L-CYP199A4

is a suitable model for C-C cleavage reactions with α-hydroxyketones. The C-C cleav-

age reaction with JCM 1 generates metabolites that can be further hydroxylated by

the F182L mutant and complicates downstream analysis. The partitioning of the C-C

cleavage and hydroxylation reaction through mutagenesis of the F182L mutant would

potentially generate more useful mutants to model CYP17A1 activity.

In addition, a crystal structure of F182L-CYP199A4 in complex with a bespoke α-

hydroxyketone, JCM 1 was solved and reported in Chapter 5. The active site structure

of this enzyme seems to preferentially bind the (S )-enantiomer of JCM 1. There was

also a cluster of active site water molecules present in this mutant not seen with the

WT enzyme. The F182L mutant was also able to show C-C cleavage activity with

JCM 1 as a peroxygenase in the presence of H2O2. The crystals of this F182L mutant

could then be used for in crystallo reactions using this mutant as seen in Chapter

4. An alternative in crystallo approach could involve reducing a crystal of this P450

with X-ray beams to generate Cpd I directly. These crystallographic approaches could

potentially allow intermediates of P450-catalysed C-C cleavage reactions to be trapped

and observed.

The work presented in Chapter 5 provides a basis for CYP199A4 to model not just C-C
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cleavage reactions of CYP17A1 but also P450s such as mammalian derived CYP11A196

and CYP5195 or CYP125 from Mycobacterium tuberculosis .281 Substrates of these

P450s that mimic the reaction centre of their physiological substrates (Figure 7.2)

could be used concurrently with rational mutagenesis of CYP199A4 to model these

reactions.

(a)

(b)

(c)

Figure 7.2: Different P450-catalysed C-C bond cleavage reactions that could potentially be modelled
by CYP199A4. The reaction centres of each substrate is highlighted in red.

In Chapter 6, aromatic oxidation was successfully enabled in CYP199A4 through mu-

tagenesis. The F182L mutant was able to catalyse the hydroxylation of the phenyl

substituent of 4-phenylbenzoic acid with a preference for the ortho position. The hy-

droxylation metabolites at the meta and para positions were formed at lower levels.

Solving a crystal structure of the F182L mutant in complex with 4-phenylbenzoic acid

would be essential to rationalise the regioselectivity observed with this mutant. There

is evidence that P450-catalysed hydroxylation at the meta position employs a different

mechanism (ipso-substitution) than for ortho or para hydroxylation (NIH-shift).270,273

The generation of new mutants of CYP199A4 that have exclusive regioselectivity at

the meta or ortho/para positions could function as models for aromatic hydroxylation

and probe the mechanistic underpinnings of this P450-catalysed reaction.

In summary, this thesis presents reaction and protein engineering studies with P450 en-

zymes to enable efficient and selective oxidations while also introducing new enzymatic

activity in the enzymes studied. Chemical oxygen surrogates and light-driven flavin

systems were able to allow T252E-CYP199A4 to carry out efficient oxidation reactions

driven by peroxygenase activity. The application of oxidase enzymes to generate H2O2
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for P450 peroxygenase enzymes was also explored. Protein engineering also enabled

both C-C bond cleavage and aromatic oxidation with CYP199A4 which allows this

enzyme to act as a suitable model for both reactions.
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Experimental  

Abbreviations 

P450, cytochrome P450; BSTFA, N,O-Bis(trimethylsilyl)trifluoroacetamide; , chemical shift; 

DMSO, dimethyl sulfoxide; EDTA, ethylenediaminetetraacetic acid; FAD, flavin adenine 

dinucleotide; FMN, flavin mononucleotide; GC-MS, gas chromatography-mass spectrometry; 

-D-1-thiogalactopyranoside; KIE, kinetic isotope effect; LRMS; low 

resolution mass spectrometry; NADH, reduced nicotinamide adenine dinucleotide; NADPH, 

reduced nicotinamide adenine dinucleotide phosphate; Pd/C palladium on carbon; PFR, product 

formation rate; THF, tetrahydrofuran; TLC, thin layer chromatography; TMS, trimethylsilyl; 

WT, wild-type. 
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Figure S1 The rate of heme bleaching of substrate-free T252E-CYP199A4 

(a) 1 mM H2O2, (b) 10 mM H2O2, (c) 20 mM H2O2, and (d) 60 mM H2O2. Difference spectra were

recorded at 2-minute intervals to monitor the loss of the Soret absorbance band. 
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Figure S2 Comparison of the rate of heme bleaching of (a) substrate-free T252E-CYP199A4 enzyme 

2O2, and (b) substrate-free WT CYP199A4 exposed to 60 mM H2O2.  

 
 
 

 

Figure S3 UV-vis spectra of the T252E variant of CYP199A4 before and after the addition of 4-
trifluoromethoxybenzoic acid  
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Figure S4 4-methoxybenzoic acid (cyan 
tube; PDB code: 7REH) and 4-
atoms is 0.144 Å over all 393 pairs. 

 

Table S1 Structural refinement and data collection statistics for T252E CYP199A4 bound with 4-
trifluorobenzoic acid. 

 4-trifluoromethoxybenzoic 
acid + T252E-CYP199A4 

PDB code 8D1C 
Wavelength (Å) 0.95373 
a/b/c (Å) 41.08/51.49/79.62 

 90.00/92.25/90.00 
Resolution (Å) 43.23-1.95 (2.00-1.95) 

 8.3 (0.9) 
Unique reflections 24354  (1642) 
Completeness 99.6 (95.9) 
Redundancy 6.8 (6.7) 
Rmerge (%) 12.7 (166.0) 
Rpim (%) 5.3 (68.0) 
CC1/2 99.7 (52.4) 
Rwork (%) 18.81 
Rfree (%) 23.45 
Ramachandran plot (%)  
Most favoured 98 
Allowed 2 
Outliers 0 
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Table S2 Distances (in angstroms) of key structural features of 4-trifluorobenzoic acid-bound T252E 
CYP199A4 compared with those of 4-methoxybenzoic acid. W25 is the heme bound aqua ligand. 

 Distance (Å) 
Equivalent distance in 4-

methoxybenzoic acid- 
bound T252E 

Fe - OH2 / OH- liganda 1.9 2.1 
Fe -  2.3 2.3 

Fe - C11 5.4 4.4 
Fe - O10 4.9 5.0 

Fe - Closest O of E252 4.4 4.2 
Fe - F12 5.2 - 
Fe - F13 6.8 - 
Fe - F14 5.4 - 

W25 - Closest O of E252 2.7 2.6 
W25 - C11 4.2 3.2 
W25 - O10 3.4 3.4 

C11 - Closest C of F298 5.1 3.4 
Angle (°) 

Dihedral (C04-C03-O10-C11) -85.8 -18.3 
C03-O10-C11 116.5 - 

Occupancies  
4-TrifluoromethoxyBA 91 % - 

F298 81 % - 
W25 85 % 92% 
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Heme bleaching by H2O2 inactivates the P450 

-free T252E-CYP199A4 was pre-

incubated with 50 mM H2O2 for 20 minutes before addition of 1 mM 4-methoxybenzoic acid. No 

product was generated by the bleached enzyme, demonstrating that it was completely inactive.   
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Figure S5 HPLC analysis of a 20-minute reaction of bleached T252E-CYP199A4 -

methoxybenzoic acid (red), demonstrating that the bleached enzyme is completely inactive. The 

T252E enzyme had been bleached by pre-incubation with 50 mM H2O2 for 20 mins before addition 

of substrate. No 4-hydroxybenzoic acid product was generated by the bleached enzyme. For 

comparison, a 20-min reaction of active T252E-CYP199A4 -methoxybenzoic 

acid in the presence of 50 mM H2O2 is shown in black, which generated product. In blue is authentic 

4-hydroxybenzoic acid. 
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Figure S6 A comparison of the total turnover numbers (TTN) obtained with T252E-CYP199A4 (5 

M) in the presence of 4-methoxybenzoic acid (0.5 mM or 1 mM) and a high concentration of UHP 

and H2O2 (32 mM or 64 mM). Reactions were carried out 16 °C and left for 24 h. Reactions were left 

for a further 48 h and showed no additional product formation. See Figure 2 for comparison. 
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Deuterated Substates: 
 

(a) (b)  

Figure S7 (a) Spin state shift analysis of 4-(methoxy-d3)benzoic-d4 acid with WT CYP199A4. The 

spin state induced by the deuterated substrate is similar to that of the its non-deuterated counterpart 

high spin).1 (b) HPLC analysis of the in vitro NADH turnover of 4-methoxybenzoic acid 

(black) and 4-(methoxy-d3)benzoic-d4 acid (red) with WT-CP199A4. Reaction conditions are P450 

The NADH consumption rate 

(given as mol.(molCYP) 1.min 1
 and abbreviated as min-1) was 3540 min-1  for 4-methoxybenzoic 

acid and 3380 min-1  for the deuterated derivative. Reactions were left 30 mins before HPLC analysis 

to ensure complete consumption of NADH. 

Table S3 NADH oxidation activity P450 catalysed oxidation reactions. 
 

Substrate .  -1 . min-1 
4-methoxyBA 3540  

4-(methoxy-d3)benzoic-d4 acid 3380  
Mixture-of deuterated/non-deuterated 

4-methoxyBA 
4100 ± 340 

 

When higher concentration of P  used the NADH oxidation rate was 1000 ± 10 
min-1 and 1100 ± 10 min-1 for the non-deuterated and deuterated substrates, respectively. 
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(a) (b)  

Figure S8 (a) GC-MS analysis of the in vitro NADH driven monooxygenase oxidation of 4-

methoxybenzoic acid and 4-(methoxy-d3)benzoic-d4 acid with WT CYP199A4. (b) GC-MS analysis 

of the in vitro peroxygenase oxidation of 4-methoxybenzoic acid and 4-(methoxy-d3)benzoic-d4 acid 

with T252E-CYP199A4 with 1 mM H2O2. Substrate concentration used was 100 µM. Reactions were 

left for 20 h. 

 

Figure S9 GC-MS analysis of the in vitro NADH oxidation of 4-methoxybenzoic acid (black) and 4-

(methoxy-d3)benzoic-d4 acid (red) and a mixture of these two compounds (blue) by WT CYP199A4. 

A low concentration (0.01 µM of enzyme was used). HPLC analysis of the sample shown in Figure 

S7. 
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4-(methoxy-d3)benzoic-d4 acid (substrate, derivatised, m/z = 231) 

 
4-hydroxybenzoic-d4 acid (product, derivatised, m/z = 286) 
 

 
4-methoxybenzoic acid (substrate, derivitised, m/z = 224) 

 
4-hydroxybenzoic acid (product, derivitised, m/z = 282) 
 
 
Figure S10 MS analysis of 4-(methoxy-d3)benzoic-d4 acid and 4-methoxybenzoic acid alongside 

their product from the oxidation reactions with CYP199A4. 
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Figure S11 HPLC analysis of the H2O2 driven oxidation of a 1:1 mixture of deuterated and non-
deuterated 4-methoxybenzoic acid by T252E CYP199A4. The ratio of the areas of each species 
remains constant throughout the duration of the reaction. Reaction conditions are as follows: 
T252E-CYP199A4 2O2 with 0.5 mM of each deuterated and non-deuterated 
substrate.  

 

Table S4 Ratio of deuterated to non-Deuterated 4-methoxybenzoic acid substrate in reaction with 
T252E-CYP199A4 and 32 mM H2O2. 

Time (min) Ratio 

5 0.894 

30 0.905 

60 0.894 
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GC-MS analysis: CYP152A1 (P450 ) with Light-Driven Conditions 
 

(b)  
 

Figure S12 An enlarged version of the GC-MS Analysis of light driven oxidation of tetradecanoic 

acid (C14) by CYP152A1 (black, P450 ). In red is a control reaction with no P450 added. ( 

 

 tetradecanoic acid (substrate, derivatised, m/z = 300) 

 

 -hydroxytetradecanoic acid (product, derivatised, m/z = 388) 

 

  -hydroxytetradecanoic acid (product, derivatised, m/z = 388) 

Figure S13 (a) MS analysis of the tetradecanoic acid and its hydroxylation products as the substrate 
. Mass spectrum of the hydroxy products matches those in the literature.2 
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 Tridecanoic acid (product, derivatised, m/z = 286) 

 

 -hydroxytridecanoic acid (product, derivatised, m/z = 374) 

 

 -hydroxytridecanoic acid (product, derivatised, m/z = 374) 

Figure S13 (b) MS analysis of the tridecanoic acid and its hydroxylation products in a reaction with 
 

  

50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 300.0 325.0 350.0 375.0
0.0

1.0

2.0

3.0
(x10,000)

73.00

117.00

271.1555.00
132.05

95.05 201.10 227.20 243.10184.95159.00 257.00 286.10

50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 300.0 325.0 350.0 375.0
0.0

2.5

5.0

(x1,000)
73.00

147.10

233.0055.05 97.1083.05 189.05117.05 133.05 317.10 359.10216.95 269.10 343.10256.10 291.00

50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 300.0 325.0 350.0 375.0
0.0

2.5

(x1,000)
73.00

257.1557.00 147.0583.00 97.10

129.10 331.20 360.10169.00 190.00 243.00 291.20267.20215.00 346.10309.20

195



 

 Dodecanoic acid (product, derivatised, m/z = 272) 

 

 -hydroxydodecanoic acid (product, derivatised, m/z = 360) 

 

 -hydroxydodecanoic acid (product, derivatised, m/z = 360) 

Figure S13 (c) MS analysis of the dodecanoic acid and its hydroxylation products in a reaction with 
 Mass spectrum of the -hydroxy product matched the that of the literature.3 

 

  

50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 300.0 325.0 350.0
0.0

2.5

(x10,000)
73.05

117.05

257.1055.05
132.05

81.05 97.05 201.00159.05 229.00187.00 243.10 272.10

50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 300.0 325.0 350.0
0.0

2.5

5.0

7.5

(x1,000)
73.00

147.05

83.05 233.0057.10 229.1097.10 189.00133.05117.05 303.15 345.10204.10 329.10255.00177.10 299.00270.10

50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 300.0 325.0 350.0
0.0

2.5

5.0
(x1,000)

73.05

243.15147.0583.10 97.1055.00
133.05 271.20 317.20 345.10190.00 256.10220.00171.00 301.20

196



 

 Undecanoic acid (product, derivatised, m/z = 258) 

 

 Decanoic acid (product, derivatised, m/z = 244) 

Figure S13 (d) MS analysis of the undecanoic acid  and decanoic acid as products in a reaction with 
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Figure S14  HPLC Analysis of light driven epoxidation of 4-vinylbenzoic acid by T252E-

CYP199A4 (black). In red is a control reaction with T252E-CYP199A4 and 32 mM H2O2. 

2 -

driven reaction.4  
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Appendix B Supporting Information for Chapter 3

B.1 gBlocks for Isothermal DNA Assembly of Oxidase-P450

Fusion Enzymes

gBlock for T252E-CYP199A4

AGTTCTGTTTCAGGGTCCGGGTAGTGGTGGTGGCGGTAGC
catATGGTCAGTAACTCATCGGCGGAGAGTATTAGTGCTCCGCCTAACG
ATTCTACTATCCCTCACCTTGCAATCGATCCATTCTCTTTAGACTTCTTT
GACGACCCATATCCTGATCAGCAAACTTTACGTGACGCGGGGCCGGTTG
TTTACCTGGATAAATGGAACGTCTATGGGGTGGCTCGCTATGCCGAGGT
CCATGCCGTTTTGAATGATCCAACGACATTCTGTTCGTCCCGTGGCGTC
GGATTATCTGACTTTAAGAAGGAAAAACCGTGGCGCCCTCCTAGCCTTA
TCTTAGAGGCAGACCCACCAGCACATACCCGTCCGCGTGCCGTGCTTTC
CAAAGTCCTGTCTCCCGCGACGATGAAAACTATCCGTGACGGGTTCGCT
GCAGCCGCAGACGCCAAGGTCGACGAATTGTTACAGCGTGGTTGTATCG
ACGCGATTGCTGATCTGGCGGAAGCCTATCCACTTTCTGTGTTCCCGGA
CGCAATGGGCTTGAAGCAAGAGGGACGCGAACATTTGCTGCCCTACGCG
GGCCTGGTTTTCAATGCATTCGGCCCACCAAACGAACTGCGCCAGACTG
CGATTGAACGCAGTGCCCCACACCAAGCGTACGTCAATGAACAGTGCCA
ACGTCCAAACTTAGCACCGGGAGGATTCGGCGCCTGCATTCACGCGTTT
ACTGACACAGGAGAGATCACTCCTGACGAGGCACCCCTTTTAGTGCGCT
CGTTGCTGTCAGCGGGTTTGGATGAAACTGTCAACGGCATTGGTGCAGC
AGTCTATTGTTTAGCCCGTTTTCCCGGAGAACTTCAACGTCTTCGTTCCG
ACCCGACTTTAGCTCGTAACGCGTTCGAAGAAGCTGTTCGCTTCGAGTC
TCCTGTTCAGACGTTTTTCCGTACTACGACTCGTGAGGTTGAATTGGGC
GGTGCCGTGATCGGTGAGGGAGAAAAGGTCTTAATGTTCTTGGGTTCTG
CCAATCGCGACCCTCGTCGTTGGAGCGACCCTGATTTATATGATATCAC
TCGTAAAACAAGTGGGCATGTCGGATTTGGTTCAGGTGTGCACATGTGC
GTGGGTCAGCTTGTGGCACGTTTAGAGGGAGAGGTTATGTTGAGTGCCT
TGGCGCGTAAGGTCGCGGCCATTGACATCGATGGCCCTGTAAAGCGTCG
TTTTAACAATACACTTCGCGGCCTGGAATCCTTACCCGTTAAATTAACAC
CGGCCTAATAATAAGGGTTCAGCGCCaagCTTTGCGGCCGCACTCGAG
CACCACCACCACCACCACTGAGAT

Figure B1: gBlock containing the DNA sequence of T252E-CYP199A4 used in isothermal DNA as-
sembly. The 5′ end (italicised) contains the DNA sequence of the HRV3C amino acid linker that
overlaps with the 3′ end in gBlocks for the oxidase enzymes. The 3′ end contains a region of homology
with the digested backbone of the pET28 plasmid digested with NcoI and HindIII (italicised). The
NcoI and HindIII restriction sites are underlined.
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gBlock for AldOx

tctAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACC ATGCA
CCATCACCATCACCACGGTGAGAATCTTTATTTTCAGGGCATGAGCGACA
TCACCGTGACCAACTGGGCTGGGAACATCACGTACACCGCCAAAGAGTTA
TTACGTCCGCATTCCCTTGATGCTCTTCGTGCCCTTGTGGCGGATAGTGC
GCGTGTGCGTGTCTTGGGTTCCGGACACTCCTTTAATGAGATTGCTGAAC
CGGGCGATGGGGGAGTCCTTTTGTCGCTGGCAGGACTGCCCTCTGTAGTG
GATGTCGATACAGCAGCTCGCACGGTTCGCGTGGGCGGCGGTGTTCGCTA
CGCTGAGCTGGCTCGTGTGGTGCATGCCCGTGGGTTAGCATTGCCGAACA
TGGCCTCTTTGCCGCACATTTCTGTCGCGGGTTCTGTTGCGACAGGCACC
CACGGCTCTGGGGTTGGAAATGGCAGTCTGGCCAGTGTAGTACGTGAGG
TAGAGCTTGTCACTGCAGATGGATCAACCGTTGTCATTGCTCGCGGGGAT
GAACGCTTTGGTGGTGCGGTAACCTCTTTGGGTGCGCTGGGAGTTGTCAC
AAGTTTGACACTTGACTTGGAGCCGGCCTATGAAATGGAGCAACACGTT
TTTACAGAATTACCATTAGCCGGCTTAGACCCGGCTACGTTTGAGACAGT
GATGGCCGCAGCTTACTCAGTAAGTCTGTTTACCGATTGGCGCGCTCCAG
GATTCCGTCAAGTGTGGCTGAAACGTCGTACAGATCGCCCCCTGGACGG
TTTCCCTTATGCGGCACCAGCCGCAGAGAAAATGCATCCAGTACCCGGCA
TGCCAGCCGTAAATTGCACCGAACAGTTTGGCGTCCCTGGACCTTGGCAT
GAACGTCTTCCACATTTTCGCGCCGAATTTACCCCCTCGTCGGGAGCTGA
ACTTCAGTCTGAGTATTTGATGCCGCGTGAACACGCTTTAGCCGCGCTGC
ACGCGATGGATGCAATCCGCGAGACTTTGGCACCCGTTCTGCAAACGTGT
GAAATCCGCACGGTCGCAGCTGACGCACAGTGGCTTTCACCCGCGTATGG
ACGCGACACGGTAGCCGCTCACTTCACGTGGGTGGAAGACACAGCCGCG
GTGCTGCCAGTAGTCCGCCGTTTAGAAGAAGCATTGGTGCCGTTCGCAG
CTCGTCCACATTGGGGGAAGGTATTTACTGTGCCGGCTGGTGAGTTACG
CGCATTATACCCACGCCTTGCGGACTTTGGTGCCTTAGCGGGAGCCCTTG
ATCCTGCTGGCAAATTTACCAACGCATTCGTGCGCGGGGTTCTGGCCGGC
GGTAGTGGTCTGGAAGTTCTGTTTCAGGGTCCGGGTAGTGGTG-
GTGGCGGTAGC

Figure B2: gBlock containing the DNA sequence of alditol oxidase (AldOx) used in isothermal DNA
assembly. The 5′ end (italicised) contains an overlapping region with the digested backbone of the
pET28 plasmid digested with NcoI and HindIII. The 3′ end (italicised) contains the DNA sequence
of the HRV3C amino acid linker that overlaps with the 5′ end in the gBlock containing T252E-
CYP199A4. The XbaI restriction site is underlined.

201



gBlock for AoFOx

tctAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACC ATGCA
CCATCACCATCACCACGGTGAGAATCTTTATTTTCAGGGCATGGCCACAG
ACGGGTCCCACTTTGATTTCGTAATTGTTGGCGGAGGGACCGCTGGGAAT
ACAGTGGCTGGGCGTCTTGCTGAGAACCCTAACGTAACGGTTTTGATCGT
CGAGGCCGGAATCGGAAATCCTGAGGACATTCCTGAGATCACTACCCCCA
GCTCCGCGATGGATCTTCGCAACTCCAAATACGACTGGGCATACAAGACC
ACGATGGTCCGCCGCGATGATTACGAGCGTATCGAAAAACCAAATACACG
TGGTAAAACGCTGGGTGGGTCGAGTTCCTTGAATTACTTCACCTGGGTGC
CTGGTCATAAAGCAACCTTCGACCAATGGGAAGAATTCGGGGGTAAAGAG
TGGACGTGGGATCCCTTGGTTCCATACCTGCGTAAATCCGCTACTTACCA
TGACGATCCGCGCCTGTATTCTCCAGAACTGGAGAAGATCGGCGGCGGAG
GGCCAATCCCAATCTCACACGCGGAGCTGATTGACGAAATGGCCCCTTTC
CGCGAAAACCTGACGAAGGCGTGGAAGTCTATGGGGCAACCACTTATCGA
GAATATTTACGATGGGGAAATGGATGGTCTGACCCACTGCTGCGACACCA
TTTACCGCGGCCAACGTTCTGGGTCTTTTTTGTTTGTGAAAAACAAACCT
AATATTACAATCGTCCCTGAAGTTCACTCCAAGCGTCTTATTATCAATGA
GGCCGATCGTACTTGCAAAGGAGTGACGGTCGTTACTGCTGCGGGAAAC
GAATTGAATTTCTTCGCTGATCGCGAGGTCATCCTTAGCCAAGGAGTATT
TGAGACCCCTAAACTTTTGATGTTAAGTGGCATCGGACCAACCCGTGAAT
TGTCACGTCACGGGATCAATACAATCGTAGATTCTCGTCATGTTGGCCAG
AACTTAATGGATCACCCAGGCGTGCCTTTTGTCTTGCGCGTGAAGGACGG
ATTTGGTATGGATGATGTCTTATTACGCCACGGCCCGAAGCGTGACGCAG
TGGTGTCTGCTTACAATAAGAATCGTTCAGGGCCCGTTGGTAGTGGGCTT
CTGGAGCTGGTTGGCTTTCCACGTATCGATAAGTATCTGGAGAAGGACGC
TGAATATCGTAAAGCTAAAGCAGCGAATGGGGGGAAGGATCCGTTTAGC
CCGTTAGGGCAACCTCACTTTGAACTGGACTTCGTGTGTATGTTTGGCAC
CGCCTTCCAATGGCACTTTCCTACGCCTAAGACCGGAGATCACCTGACCG
TAGTGGTTGACCTGGTTCGCCCCATCTCTGACCCCGGAGAAGTTACTCTT
AACTCTGCGGACCCGTTTCAACAACCTAACATTAACTTAAACTTTTTTGC
TAATGATCTTGATATCATCGCAATGCGCGAAGGTATTCGTTTCTCGTACG
ACTTGCTTTTCAAAGGAGAAGGGTTTAAGGATCTGGTAGAATCTGAGTAT
CCGTGGGAAATGCCTTTGGATTCTGATAAAGAAATGCATCGTGCGGTGTT
GGATCGCTGCCAGACTGCGTTTCACCCGACAGGTACGGCTCGTTTATCTA
AAAACATTGATCAAGGTGTGGTAGATCCCAAGCTGAAAGTGCATGGTATT
AAAAAACTGCGTGTAGCGGATGCTTCTGTTATCCCAATTATTCCAGACTG
TCGTATCCAAAATTCTGTATATGCCGTGGGAGAAAAATGCGCTGATATGA
TTAAGGCAGAACACAAAGACCTGTACGGTAGTGGTCTGGAAGTTCT-
GTTTCAGGGTCCGGGTAGTGGTGGTGGCGGTAGC

Figure B3: gBlock containing the DNA sequence of formate oxidase (AoFOx) used in isothermal
DNA assembly. The 5′ end (italicised) contains an overlapping region with the digested backbone
of the pET28 plasmid digested with NcoI and HindIII. The 3′ end (italicised) contains the DNA
sequence of the HRV3C amino acid linker that overlaps with the 5′ end in the gBlock containing
T252E-CYP199A4. The XbaI restriction site is underlined.
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gBlock for AcC06-AcChOx

tctAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGCAC
CATCACCATCACCACGGTGAGAATCTTTATTTTCAGGGCATGCACATCGA
TAACATCGAGAATCTGAGCGACCGCGGGTTTGACTACGTTGTAATTGGTG
GTGGAAGCGCAGGCGCAGCAGTAGCCGCGCGCTTATCTGAGGACCCGGA
CGTGTCGGTGGCCTTAGTGGAAGCCGGACCTGACGATCGTAATATTCCGG
AAATCCTGCAACTTGACCGTTGGATGGAACTGCTGGAGAGTGGCTACGA
CTGGGATTACCCGATCGAGCCACAAGAAAACGGCAATTCATTCATGCGCC
ATGCACGCGCCAAAGTCATGGGAGGCTGTAGCTCCCACAATGCGTGCATT
GCTTTCTGGGCACCGCGCGAGGACCTGGATGAATGGGAATCGAAGTACG
GGGCAACCGGCTGGAACGCCGCGAATGCTTGGCCATTGTACAAGCGCCTT
GAAACGAACCAGGACGCTGGTCCTGACGCGCCGCACCACGGGGACTCAG
GTCCCGTGCACCTGATGAATGTTCCGCCAGCGGATCCGAGCGGCGTCGCG
TTGCTTGACGCATGTGAAGAGGCTGGGATTCCTCGCGCCCGTTTTAACAC
GGGTACAACTGTTGTAAACGGGGCAAATTTCTTCCAGATTAATCGTCGTG
GAGATGGGACACGTTCTAGTAGTTCGGTTAGTTATATTCACCCCATTATC
GAGCGTGATAATTTCACATTACTTACAGGATTGCGTGCACGTCAATTAGT
CTTCGATGCCGATAAGCGTTGCACCGGCGTTGAGGTCGTCGGCGGCGCA
CGCGGACGCACTCACCGTTTGACGGCGCGTCATGAAGTAATTCTTTCCAC
AGGAGCTATTGACTCACCGAAACTTCTTATGTTAAGTGGCATTGGTCCTG
CGGAACACTTAGCACAACACGGGATCGAAGTCTTAGTTGATTCTCCAGGG
GTCGGGGAAAATCTTCAAGATCACCCCGAGGGAGTGGTACAATTTGAGG
CAAAGCAGCCGATGGTTCAAACATCAACACAGTGGTGGGAGATTGGAATC
TTCACTCCAACCGAGGATGGATTGGACCGTCCGGATCTTATGATGCATTA
CGGATCTACTCCCCGCGATCGCAACACGCTTCGTCACGGCTATCCTACAA
CGGAAAACGGGTTCTCCTTAACTCCGAATGTTACTCACGCCCGTAGTCGC
GGGACAGTCCGCCTTCGCTCGCGCGACTTTCGCGACAAGCCTATGGTTGA
CCCACGTTATTTTACCGACCCTGAAGGACATGACATGCGTGTAATGGTGG
CCGGCATTCGTAAGGCCCGTGAAATCGCGGCACAACCCGCCATGTCCGCG
TGGACAGGGCGTGAACTTTCGCCGGGCGTTGGGGCCCAAACTGACGAAG
AGTTACAGGATTACATCCGCAAGACACACAACACGGTCTATCATCCGGTG
GGTACAGTACGCATGGGTGCCGATGACGACGGCATGTCCCCATTAGACGC
CCGCCTTCGCGTCAAAGGTGTCACCGGATTACGTGTAGCAGACGCTTCTG
TGATGCCCGAGCATGTAACAGTAAACCCTAATATTACAGTGATGATGATT
GGCGAGCGCTGTGCAGACTTAATTAAAGCTGATTACGCGGGGGCTGATG
CCTTGGAAGAAAAAGAGTTGACAACGAGCTTCGCCGGTAGTGGTCTG-
GAAGTTCTGTTT CAGGGTCCGGGTAGTGGTGGTGGCGGTAGC

Figure B4: gBlock containing the DNA sequence choline oxidase (AcC06-AcChOx) used in isothermal
DNA assembly. The 5′ end (italicised) contains an overlapping region with the digested backbone
of the pET28 plasmid digested with NcoI and HindIII. The 3′ end (italicised) contains the DNA
sequence of the HRV3C amino acid linker that overlaps with the 5′ end in the gBlock containing
T252E-CYP199A4. The XbaI restriction site is underlined.
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B.2 Sequencing Primers for Oxidase-P450 Enzyme Fusions

The following primer pairs were used to attempt to fully sequence the insert of AldOx

+ T252E-CYP199A4 in pET28. A map of the binding site for each primer pair is

shown also. The direction of PCR amplification for each primer is shown as black

arrows.

T7 Promoter :

5′-taatacgactcactataggg-3′

HRV3C to Oxidase Reverse:

5′-ccctgaaacagaacttccagac-3′

T7 Promoter :

5′-taatacgactcactataggg-3′

AldO Reverse:

5′-cacacttgacggaatcctgg-3′

AldO Forward :

5′-gtaagtctgtttaccgattgg-3′

HRV3C to Oxidase Reverse:

5′-ccctgaaacagaacttccagac-3′

HRV3C to CYP199A4 Forward :

5′-tccgggtagtggtggtggcg-3′

T7 Terminator:

5′-gctagttattgctcagcgg-3′
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The following primer pairs were used to attempt to fully sequence the insert of AcChOx

+ T252E-CYP199A4 in pET28. A map of the binding site for each primer pair is shown

also. The direction of PCR amplification for each primer is shown as black arrows.

T7 Promoter :

5′-taatacgactcactataggg-3′

HRV3C to Oxidase Reverse:

5′-ccctgaaacagaacttccagac-3′

T7 Promoter :

5′-taatacgactcactataggg-3′

AcChOx Reverse:

5′-tttgcctcaaattgtaccact-3′

AcChOx Forward :

5′-cgttgcttgacgcatgtgaa-3′

HRV3C to Oxidase Reverse:

5′-ccctgaaacagaacttccagac-3′

HRV3C to CYP199A4 Forward :

5′-tccgggtagtggtggtggcg-3′

T7 Terminator:

5′-gctagttattgctcagcgg-3′
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The following primer pairs were used to attempt to fully sequence the insert of AoFOx

+ T252E-CYP199A4 in pET28. A map of the binding site for each primer pair is

shown also. The direction of PCR amplification for each primer is shown as black

arrows.

T7 Promoter :

5′-taatacgactcactataggg-3′

HRV3C to Oxidase Reverse:

5′-ccctgaaacagaacttccagac-3′

T7 Promoter :

5′-taatacgactcactataggg-3′

AoFOx Reverse:

5′-cgattcttattgtaagcagac-3′

AoFOx Forward :

5′-aatggatggtctgacccact-3′

HRV3C to Oxidase Reverse:

5′-ccctgaaacagaacttccagac-3′

HRV3C to CYP199A4 Forward :

5′-tccgggtagtggtggtggcg-3′

T7 Terminator:

5′-gctagttattgctcagcgg-3′
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B.3 Sequence of P450BSβ

ccATGGCGCACCACCACCACCACCACGGAGGCGGTAGCAACGAGCAGATCC
CTCATGATAAATCATTGGACAACTCTCTTACTTTATTAAAAGAGGGCTAC
TTGTTTATTAAAAACCGCACGGAACGTTACAATAGCGACCTGTTTCAAGC
TCGTCTTTTAGGGAAAAATTTCATTTGTATGACTGGAGCGGAAGCAGCGA
AGGTTTTTTACGATACAGACCGTTTCCAACGTCAGAACGCTTTGCCTAAG
CGCGTCCAAAAGTCCTTATTCGGGGTGAATGCCATCCAAGGAATGGATGG
CTCGGCACACATCCACCGTAAAATGCTGTTTCTTAGTCTTATGACGCCGC
CCCACCAAAAGCGCTTGGCTGAGCTTATGACCGAAGAGTGGAAAGCGGCT
GTTACTCGCTGGGAGAAGGCTGATGAAGTAGTGTTGTTTGAAGAGGCTA
AGGAGATTCTTTGCCGTGTCGCATGTTATTGGGCAGGGGTCCCCTTAAAG
GAGACTGAAGTTAAAGAACGTGCTGACGATTTCATCGATATGGTAGACGC
CTTTGGTGCGGTTGGACCACGTCATTGGAAGGGACGCCGCGCCCGTCCAC
GTGCCGAGGAATGGATTGAGGTTATGATCGAGGACGCTCGCGCCGGTCT
GTTGAAGACGACGTCAGGCACCGCACTTCATGAAATGGCATTTCACACCC
AGGAGGATGGCTCGCAATTGGACTCTCGCATGGCTGCGATCGAATTGATT
AACGTATTGCGCCCTATTGTGGCAATCTCTTATTTCCTGGTTTTCTCCGC
TTTGGCTCTTCATGAGCACCCGAAGTACAAGGAATGGTTGCGCAGCGGAA
ATTCACGCGAGCGTGAGATGTTTGTTCAAGAAGTCCGCCGTTACTATCCC
TTTGGGCCTTTCCTTGGTGCGTTGGTCAAGAAAGACTTTGTGTGGAATAA
TTGCGAATTTAAGAAAGGAACATCTGTATTATTGGACTTGTATGGGACCA
ACCATGATCCACGTCTGTGGGATCATCCCGATvGAGTTTCGCCCTGAGCG
TTTTGCAGAGCGTGAAGAGAACTTGTTTGATATGATTCCGCAGGGAGGTG
GGCATGCTGAGAAAGGGCATCGCTGCCCTGGTGAGGGCATTACAATTGA
GGTAATGAAAGCGAGCCTGGATTTTCTGGTACACCAAATCGAATACGATG
TGCCTGAGCAGTCTTTACATTATTCTCTTGCACGTATGCCTAGTTTACCG
GAAAGCGGATTTGTTATGAGCGGAATCCGCCGCAAATCGGAATTCGGAG
GCGGTAGCATGCCCGGACGTGCGCGTGCCCAACGCCAATCTTCTCGCGGG
CGCTAATAAAAGctt

Figure B17: Sequence of P450BSβ. The NcoI and HindIII restriction sites are underlined. The 3′

contains the DNA sequence of a silica-binding domain.
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Figure B18: SDS-PAGE analysis of the purification of AcC06-AcChOx and AoFOx. SDS-PAGE was
performed with a Mini-PROTEAN TGX gel (Bio-Rad). A broad range protein ladder (10 - 250 kDa)
was used.
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Figure B19: Agarose gel electrophoresis analysis (0.8 % gel) of AcC06-AcChOx + T252E-CYP199A4
(Lane 2) and AoFOx + T252E-CYP199A4 (Lane 3) cloned into pET28 via isothermal DNA assembly.
These plasmids were digested at XbaI and HindIII restriction sites. The same digest was carried out
with a pET28 plasmid containing an insert that contains only T252E-CYP199A4 as a control (Lane
1). It can be seen that bands corresponding to the expected size of an insert with both oxidase and
T252E-CYP199A4 DNA sequences were observed. A 1 kb DNA ladder from Geneworks was used.

Figure B20: UV-visible spectra for the supernatant of the reaction of immobilised T252E-CYP199A4
and subsequent wash. No P450 enzyme was detected from the reaction and the wash indicating it is
still bound to the SOURCE15Q media.
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Appendix C Supporting Information for Chapter 4

Figure C1: The superimposed structure of T252E-CYP199A4 complexed with 4-hydroxybenzoic acid
(yellow tubes) with a structure of T252E-CYP199A4 complexed 4-methoxybenzoic acid (PDB 7REH,
navy tubes). The RMSD between the Cα atoms is 0.157 Å over all 393 pairs.

Figure C2: The superimposed structure of T252E-CYP199A4 co-crystallised with 4-methoxybenzoic
acid and soaked with 1 mM H2O2 for 0 min (magenta sticks) with a structure of T252E-CYP199A4
complexed 4-methoxybenzoic acid (PDB 7REH). The RMSD between the Cα atoms is 0.250 Å over
all 393 pairs.
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Figure C3: The superimposed structure of T252E-CYP199A4 co-crystallised with 4-methoxybenzoic
acid and soaked with 4 mM H2O2 for 5 mins with a structure of T252E-CYP199A4 complexed 4-
methoxybenzoic acid (PDB 7REH). The RMSD between the Cα atoms is 0.261 Å over all 393 pairs.

Figure C4: The superimposed structure of T252E-CYP199A4 co-crystallised with 4-methoxybenzoic
acid and soaked with 2 mM H2O2 for 10 mins with a structure of T252E-CYP199A4 complexed 4-
methoxybenzoic acid (PDB 7REH). The RMSD between the Cα atoms is 0.268 Å over all 393 pairs.
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Figure C5: Crystal structure of T252E-CYP199A4 complexed with 4-methoxybenzoic that has been
soaked in 1 mM H2O2 (magenta sticks). The electron density above the heme centre has been modelled
with a hydrogen peroxide molecule (H2O2, red sticks). The Fo-Fc map (red mesh, 2.5 σ contour) was
shown around the H2O2 molecule.
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Appendix D Supporting Information for Chapter 5

Figure D1: HPLC analysis of the H2O2 reaction of WT CYP199A4 with 4-(2′-
hydroxypropanoyl)benzoic acid (red) in comparison with terephthalic acid as a control (black)
and substrate (blue).
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(a)

(b)

Figure D2: HPLC analysis of the in vitro oxidation reaction of WT CYP199A4 with 4-(1-hydroxy-
2′-oxopropyl)benzoic acid in comparison with formylbenzoic acid (a) and 4-terephthalic acid (b) as
controls.
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Figure D3: HPLC analysis of the in vitro oxidation reactions of T252E CYP199A4 (magenta) with
4-(1′-hydroxy-2′-oxopropyl)benzoic acid (tR = 6.4 min) with 5 mM H2O2. A control of 4-(1′-hydroxy-
2′-oxopropyl)benzoic acid with 5 mM H2O2 (blue) and the substrate control (green, offset in y-axis
for clarity) is shown. Further oxidation metabolites is indicated by “ * ”.

217



(a)

(b)

Figure D4: UV-visible spectra of WT CYP199A4 before and after addition of substrates, JCM 1 (a)
and JCM 2 (b). The substrate free form is shown in red and the substrate bound form in black. The
Soret maximum for WT CYP199A4 without substrate was 418 nm.
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(a) (b)

Figure D5: (a) UV-visible analysis of WT CYP199A4 with 4-acetylbenzoic acid. (b) Difference
spectra of WT CYP199A4 with 4-acetylbenzoic acid. The substrate free form is shown in red, and
the substrate bound form in black.

Figure D6: HPLC analysis of the peroxygenase turnover reaction of WT CYP199A4 with JCM 1 and
32 mM H2O2 (black) and a JCM 1 substrate control is shown also (red).
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Figure D7: HPLC analyses of the in vitro NADH regenerating turnover reaction of WT CYP199A4
with JCM 1 and alcohol dehydrogenase (ADH, black). The same reaction with no alcohol dehydro-
genase control is shown also (red). JCM 1 was used at a low concentration (50 µM) as to mitigate
the effect of the 4-acetylbenzoic acid impurity, where 4-acetylbenzoic acid will be consumed first and
should allow JCM 1 to be oxidised after.
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Figure D8: UV-visible spectra of F298V-CYP199A4 before and after addition of JCM 2. The
substrate-free form is shown in red and the substrate-bound form in black.

Figure D9: UV-visible analysis of the NADH oxidation reaction of F182L-CYP199A4 with JCM 2.
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Figure D10: HPLC analysis of the NADH oxidation reaction of F182L-CYP199A4 with JCM 2 with
the NADH regenerating system (ADH, black) and without the NADH regenerating system (green).
Terephthalic acid standard (red) and a control containing no P450 (blue) is shown also. Unknown
metabolites indicated by “ # ” and “ * ”.

Figure D11: UV-visible analysis of the NADH oxidation reaction of F182L-CYP199A4 with JCM 1.
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Figure D12: HPLC analysis of the in vitro oxidation reaction of F182L-CYP199A4 and purified JCM
1 (red). A no P450 control is shown in black.
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GC-MS Analysis: JCM 1 and Products

Figure D13: GC-MS analysis of the reaction between F182L-CYP199A4 and JCM1 (red) and a no
P450 control with JCM 1 is shown also (black). The m/z value for product peaks is as labelled.
Unknown product peaks are labelled with “ ? ”.

(a) Mass spectra of JCM 1, with m/z = 352.2 and tR = 14.4 min

(b) Mass spectra of 4-(2′-hydroxyacetyl)benzoic acid with m/z = 324.1 and tR = 14.4 min

(c) Mass spectra of a potential hydroxylation product of JCM 1 (“ & ”, doubly derivitised) with m/z = 368.2 and tR
= 16.1 min

Figure D14: Mass spectra of JCM 1 reaction with F182L-CYP199A4.
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(a)

(b)

Figure D15: HPLC analysis of the co-elution experiment of 4-(2′-oxoacetyl)benzoic acid (black) with
the NADH oxidation reaction of F182L-CYP199A4 with JCM 1 (a) and 4-acetylbenzoic acid (b), both
shown in red.
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Figure D16: HPLC analysis of the reaction of WT CYP199A4 with 4-formylbenzoic acid (black)
provided by Rebecca Chao co-eluted with terephthalic acid (blue) and 4-formylbenzoic acid (red).253
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Figure D18: Calibration curve of 4-acetylbenzoic acid.
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Figure D19: The superimposed structure of F182L-CYP199A4 complexed with (S )-JCM 1 (PDB:
8G35) with a structure of WT CYP199A4 complexed 4-methoxybenzoic acid. The RMSD between
the Cα atoms is 0.492 Å over all 393 pairs.

Figure D20: The superimposed structure of F182L-CYP199A4 complexed with terephthalic acid
(PDB: 8G36) with a structure of WT CYP199A4 complexed 4-methoxybenzoic acid. The RMSD
between the Cα atoms is 0.597 Å over all 393 pairs.
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Table D.1: B-factor comparison between W291, W267, W107 and W255 with their respective closest
residues in F182L-CYP199A4.

Water Molecule B, water Average B, Closest Residue

W291 22.8 26.0 (T252)

W267 24.3 26.7(A243)

W107 29.36 30.4 (D251)

W255 28.2 22.478 (L182)

Table D1: Statistics for data collection and refinement of crystal structures of The F182L mutant of
CYP199A4 in complex with JCM1 and JCM2.

F182L-CYP199A4 + JCM 1 F182L-CYP199A4 + JCM 2a

PDB Code 8G35 8G36

Beamline MX1 MX1

Wavelength (Å) 0.95373 0.95373

Space group P1211 P1211

a/b/c (Å) 44.29/51.35/78.69 44.32/51.41/78.91

α/β/γ 90.00/92.62/90.00 90.00/92.47/90.00

Resolution (Å) 44.25 - 2.00 (2.05 - 2.00) 44.28-2.10 (2.16-2.10)

< I/σ(I) > 12.1 (2.3) 3.4 (0.9)

Unique Reflections 23987 (1761) 20827 (1594)

Completeness 99.7 (99.9) 99.3 (94.2)

Redundancy 6.8 (6.8) 6.8 (6.6)

Rmerge (%) 10.5 (88.5) 41.7 (192)

Rpim 4.3 (36.7) 17.2 (79.2)

CC1/2 99.7 (85.7) 96.7 (41)

Rwork (%) 17.43 20.0

Rfree (%) 22.17 25.52

Ramachandran Plot (%)

Most Favoured 96 96

Allowed 4 4

Outliers 0 0

aThe electron density within the active site was more readily modelled as a terephthalic acid
molecule instead of JCM 2.

229



Appendix E Supporting Information for Chapter 6

Figure E1: The superimposed structure of WT CYP199A4 complexed with 4-phenylbenzoic (7JW5)
acid with a structure of WT CYP199A4 complexed 4-ethylbenzoic acid (PDB: 4EGM). The RMSD
between the Cα atoms is 0.518 Å over all 393 pairs.
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Table E1: Statistics for data collection and refinement of crystal structures of WT CYP199A4 in
complex with 4-phenylbenzoic acid.

WT CYP199A4 + 4-phenylbenzoic acid

PDB Code 7JW5

Beamline MX2

Wavelength (Å) 0.95

Space group P1211

a/b/c (Å) 44.5/51.5/78.7

α/β/γ 90.00/92.14/90.00

Resolution (Å) 44.48 - 1.53 (1.53 - 1.55)

< I/σ(I) > 8.9 (0.8)

Unique Reflections 53158 (2365)

Completeness 97.7 (87.8)

Redundancy 6.7 (5.5)

Rmerge (%) 10.8 (147)

Rpim 4.5 (66.9)

CC1/2 99.8 (43.2)

Rwork (%) 16.6

Rfree (%) 19.8

Ramachandran Plot (%)

Most Favoured 97.4

Allowed 2.6

Outliers 0
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GC-MS Analysis: 4-Phenylbenzoic Acid Metabolites

Figure E2: (a) GC-MS analysis of the NADH oxidation reaction with WT CYP199A4 and 4-
phenylbenzoic acid (blue). The same reactions with CYP199A4 mutants, F182L (red) and F298V
(black) can be seen also. Three different metabolites were detected in the reaction with the F182L
mutant. These metabolites were identified as 4-(4′-hydroxyphenyl)benzoic acid (tR = 19.9 min), 4-
(3′-hydroxyphenyl)benzoic acid (tR = 19.2 min) and 4-(2′-hydroxyphenyl)benzoic acid (tR = 17.0
min). All samples were derivatised with excess BSTFA/TMCS (99:1).

Figure E3: GC-MS analysis of the reaction between F182L-CYP199A4 and 4-phenylbenzoic acid
(red). Co-elution with standards of 4-(4′-hydroxyphenyl)benzoic acid (black, tR = 19.9 min), 4-(3′-
hydroxyphenyl)benzoic acid (green, tR = 19.2 min) and 4-(2′-hydroxyphenyl)benzoic acid (blue, tR
= 17.0 min). All samples were derivatised with excess BSTFA/TMCS (99:1).
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(a) Mass spectra of TMS-derivatised 4-(2′-hydroxyphenyl)benzoic acid, with m/z = 358.2 and tR = 17.0 min

(b) Mass spectra of TMS-derivatised 4-(3′-hydroxyphenyl)benzoic acid with m/z = 358.2 and tR = 19.2 min

(c) Mass spectra of TMS-derivatised 4-(4′-hydroxyphenyl)benzoic acid with m/z = 358.2 and tR = 19.9 min

Figure E4: Mass spectra of products from the 4-phenylbenzoic acid reaction with F182L-CYP199A4.

(a) Mass spectra of authentic standard of TMS-derivitised 4-(2′-hydroxyphenyl)benzoic acid, with m/z = 358.2 and tR
= 17.0 min

(b) Mass spectra of authentic standard of TMS-derivatised4-(3′-hydroxyphenyl)benzoic acid with m/z = 358.2 and tR
= 19.2 min

(c) Mass spectra of authentic standard of TMS-derivatised4-(4′-hydroxyphenyl)benzoic acid with m/z = 358.2 and tR
= 19.9 min

Figure E5: Mass spectra of authentic standards of hydroxylated 4-phenylbenzoic acid metabolites.
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GC-MS Analysis: 4-Cyclohexylbenzoic Acid Metabolites

Figure E6: (a) GC-MS analysis of the NADH oxidation reaction with WT CYP199A4 and 4-
cyclohexylbenzoic acid (blue). The same reactions with CYP199A4 mutants, F182L (red) and
F298V (black) can be seen also. Metabolites detected and confirmed via mass spectra include 4-
2′-hydroxycyclohexylbenzoic acid (tR = 16.3 min) and and 4-(cyclohex-1′-en-yl)benzoic acid (tR =
15.7 min). A peak potentially belonging to singly TMS-derivatised 4-(1′-hydroxycyclohexyl)benzoic
acid (tR = 16.8 min was detected also. Two unknown metabolites “ $ ” (tR = 17.8 min) and “ # ” (tR
= 18.0 min) were detected also. MS spectra of these unknown metabolites corresponded to singly and
doubly hydroxylated metabolites. All samples were derivatised with excess BSTFA/TMCS (99:1).
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(a) Mass spectra of double TMS-derivatised 4-cyclohexylbenzoic acid as the substrate, with observed m/z = 276.2
(expected 276 m/z) and tR = 14.8 min.

(b) Mass spectra of double TMS-derivatised 4-(cyclohex-1′-en-yl)benzoic acid with m/z = 274.2 (expected 274 m/z)
and tR = 15.7 min.

(c) Mass spectra of double TMS-derivatised 4-(2′-hydroxycyclohexyl)benzoic acid with m/z = 364.2 (expected 364.1
m/z) and tR = 16.3 min.

(d) Mass spectra of single TMS-derivatised 4-(1′-hydroxycyclohexyl)benzoic acid with m/z = 292.15 (expected 292.1
m/z) and tR = 16.3 min. Metabolite was derivatised with a single TMS rather than two expected.

(e) Mass spectra of the peak at tR =17.8 min with m/z = 364.1 (“ $ ”). The mass spectrum corresponded to the singly
hydroxylated 4-cyclohexylbenzoic acid that has been derivatised with a single TMS. Possible identity of this metabolite
could be 4-(3′-hydroxycyclohexyl)benzoic acid or 4-(4′-hydroxycyclohexyl)benzoic acid.

(f) Mass spectra of the peak at tR =18 min (“ # ”) with m/z = 380. The m/z value of 380 could correspond to the
doubly hydroxylated 4-cyclohexylbenzoic acid that has been derivatised twice with TMS.

Figure E7: Mass spectra of products from the 4-cyclohexylbenzoic acid reactions with CYP199A4
variants.
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