Utilising CYP199A4 from
Rhodopseudomonas palustris HaA2 for

Biocatalysis and Mechanistic Studies

Rebecca Chao

Supervisors:
Dr. Stephen G. Bell
Prof. Andrew D. Abell

Thesis submitted for the degree of Master of Philosophy

THE UNIVERSITY

fADELAIDE

=

July 2016
School of Physical Sciences



Contents

Abstract iv
Declaration vi
Acknowledgements vii
Abbreviations viii
List of Figures xii
List of Tables xiii
1 Introduction 1
1.1 Cytochrome P450s . . . . . . . . .. ..o 1

1.2 Reactions Catalysed by P450s . . . . . . . . ... ... ... ... ... 4
1.2.1 Hydroxylation . . . . . . . .. .. ... 5

1.2.2  Heteroatom Dealkylation . . . . . .. ... .. ... ... .... 7

1.2.3  Alkene and Alkyne Oxidation . . . .. ... .. ... ... ... 8

1.2.4  Desaturation . . . . . . ... ... 10

1.2.5 Aldehyde Oxidations . . . . . . . ... . ... ... ... .... 11

1.2.6 The Potential of P450s for Biocatalysis . . . . . . . . ... ... 12

1.3 CYP199A4 from Rhodopseudomonas palustris HaA2 . . . . . . . .. .. 13
1.4 Thesis Objectives . . . . . . . . . . 15

2 Experimental 17
2.1 General . . . ... 17
2.2 Enzymes and Molecular Biology . . . . . . . .. .. ... ... ..... 17
2.2.1 Production and Purification of CYP199A4 Enzymes . . . . . . . 18

2.2.2  Production and Purification of HaPux . . . . .. ... ... .. 19

2.2.3 Construction of the In Vivo Systems . . . . . . . .. ... ... 19

2.3 Substrate Binding Assays . . . . . ... 20
2.4 In Vitro NADH Activity Assays . . . . . . . . . ... ... 20
2.5 In Vivo Activity Assays . . . . . . ... 22
2.6 Analysis of Metabolites . . . . . . . . . ... ... 22
2.7 Chiral Product Synthesis . . . . . . .. .. .. oo 24

3 Reactions Catalysed by CYP199A4 25
3.1 Imtroduction . . . . . . ... 25
3.2 Results. . . .. .. 27



3.3 Discussion . . . . . ..o 34

The Active Oxidant(s) in CYP199A4 Catalysis 37
4.1 Introduction . . . . . . . .. ... 37
4.1.1 The Conserved Alcohol Residue of P450s . . . . . . . .. .. .. 37
4.1.2 The Conserved Acidic Residue of P450s . . . . . . . . .. .. .. 40
4.2 Results. . . . . . . 42
4.2.1 Investigation of the Activity of T252Acypigoas - « + - -« . . . . 42
4.2.2 Investigation of the Activity of D251Ncypiggas - « « « « v+« . . 45
4.3 Discussion . . . . . . ... 48

The Oxidation of para-Substituted Cinnamic Acid Derivatives by

CYP199A4 54

5.1 Introduction . . . . . . . .. .. 54

52 Results. . . . . . . 57

5.2.1 Substrate Binding Studies on Cinnamic Acid Derivatives . . . . 57
5.2.2  Activity and Product Formation Assays with Cinnamic Acid

Derivatives . . . . . . ... 61

5.2.3  Whole-cell Oxidations of Cinnamic Acid Derivatives by CYP199A4 68

5.3 Discussion . . . . . . ... 71

Expanding the Substrate Range of CYP199A4 73

6.1 Introduction . . . . . . . . . ... 73

6.2 Results. . . . . . . . 75

6.2.1 In Vivo Screening of CYP199A4 Mutants . . . . . . . . .. .. 75
6.2.2 Activity and Product Formation Assays with the S244D and

S244N Mutants of CYP199A4 . . . . . . . . . ... .. ... .. 78

6.2.3 Activity and Product Formation Assays with 5244D CYP199A4 82

6.3 Discussion . . . . . . ... 87

The Oxidation of Methyl- and Ethyl-modified Substrates by Wild-

type and S244D CYP199A4 89

7.1 Imtroduction . . . . . . . . . . ... 89

7.2 Results. . . . . . . . 92
7.2.1 Binding Studies and Activity Assays with Methyl-modified Sub-

strates . . . . ... 92

7.2.2 Substrate Binding Studies on Ethyl-modified Substrates . ... 97

7.2.3 Activity and Product Formation Assays with Ethyl Substrates . 99
7.3 Discussion . . . . . . . 106

il



8 Conclusions and Future Directions

References
Appendices
Appendix A Data for Chapter 3
Appendix B Data for Chapter 4
Appendix C Data for Chapter 5
Appendix D Data for Chapter 6

Appendix E Data for Chapter 7

il

109

126

127

127

131

135

148

154



Abstract

The cytochrome P450 enzyme CYP199A4 from Rhodopseudomonas palustris strain
HaA2 is highly specific for the regioselective oxidation of para-substituted benzoic
acids. A selection of these compounds was tested with the enzyme with the aim
of investigating the mechanism of different P450-catalysed reactions. These studies
revealed that the binding affinity and oxidative activity of CYP199A4 is influenced
by the substituent at the para-position, and that to the enzyme’s known oxidative
activities (demethylation, hydroxylation, heteroatom oxidation and desaturation) can

be added alkene epoxidation, alkyne oxidation and aldehyde oxidation.

The active oxidants involved in these CYP199A4-catalysed oxidations were investigated
using two active site mutants at the conserved acid-alcohol pair, T252Acyp1g9as and
D251N¢ypiggas, which should disrupt different steps of the catalytic cycle. There was
a general increase in hydrogen peroxide uncoupling in the T252Acypig9as mutant but
significant levels of product formation were observed with each substrate. The D251N
mutation reduced the activity of the enzyme dramatically in all but one case, suggesting
that this mutation interferes with proton delivery as expected. The elevated rate of
4-ethynylbenzoic acid oxidation by T252Acypig9as Wwhen compared to the wild-type
enzyme suggested the involvement of Cpd 0 in alkyne oxidation, while a reduction in
activity with 4-methoxybenzoic acid implicated Cpd I in demethylation. Additionally,
the notable increase in product formation and coupling efficiency of D251N¢cypiggas
with 4-formylbenzoic acid suggested the involvement of the peroxo-anion in aldehyde

oxidation.

Larger cinnamic acids and closely related substrates were also investigated with
CYP199A4. The binding affinity and oxidative activity of the enzyme de-
creased in the order 4-methoxybenzoic acid > 4-methoxycinnamic acid > 3-(4-
methoxyphenyl)propionic acid > 4-methoxyphenylacetic acid, highlighting its selectiv-
ity for a planar, benzoic acid- or cinnamic acid-like framework. The exclusive oxidation
of cinnamic acids and related derivatives at the para-position further demonstrated the
high regioselectivity of CYP199A4.

While CYP199A4 exhibited low oxidation activity towards para-methoxy substituted
benzene derivatives, considerably higher levels of activity reminiscent of the demethyla-
tion of 4-methoxybenzoic acid were observed for the Ser244 — Asp244 (5244D) mutant
of CYP199A4. The exclusive demethylation of the para-methoxy substituted benzenes
by S244D revealed that the regioselectivity of CYP199A4 oxidation is maintained in

this mutant.
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The regioselectivity of the S244D mutant was further investigated using a selection of
methyl- and ethyl-substituted derivatives. The methyl analogues were exclusively ox-
idised at the para-position to a single a-hydroxylation product. a-Hydroxylation and
Cq-Cp desaturation products were generated in the turnovers of the ethyl derivatives.
The alcohol was formed with high stereoselectivity. The electronic properties of the
ethyl substrates were found to influence the ratio of hydroxylation/desaturation prod-
uct, with the more electron donating substrates giving rise to a greater proportion of
the latter. This suggested the involvement of a cationic intermediate in CYP199A4-

catalysed desaturation.
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