Rational redesign of cytochrome P450 BM3
(CYP102A1) towards industrially relevant drug
metabolites

A thesis submitted to The University of Manchester
for the degree of Doctor of Philosophy in the Faculty
of Life Sciences

2015

Manca Povsic

Table of Contents
List of Figures ....................................................................................................................................................... 5
List of Tables ......................................................................................................................................................... 8
Abbreviations .....................................................................................................................................................10
Abstract…... ...........................................................................................................................................................13
Declaration...........................................................................................................................................................14
Copyright statements .....................................................................................................................................14
Acknowledgements .........................................................................................................................................15
1. Introduction ..................................................................................................................................................16
1.1

What are cytochromes P450? ................................................................................... 16

1.2

Physiological roles of cytochromes P450 .................................................................. 21

1.3

The cytochrome P450 catalytic cycle ........................................................................ 25

1.4

The P450 heme iron spin-state ................................................................................. 30

1.5

Cytochrome P450 redox systems .............................................................................. 31

1.6

Cytochrome P450 structure ...................................................................................... 33

1.7

The P450 BM3 enzyme .............................................................................................. 37

1.7.1

Overview ................................................................................................................. 37

1.7.2

P450 BM3 structure ................................................................................................ 38

1.8

Biotechnological applications of cytochrome P450 enzymes ................................... 45

1.9

Aims of the project .................................................................................................... 50

2. Materials and methods............................................................................................................................53
2.1.

Materials ................................................................................................................... 53

2.2.

Bacterial cell strains................................................................................................... 53

2.3.

E. coli growth media .................................................................................................. 54

2.4.

Transformation of plasmids into competent E. coli cells .......................................... 55

2.5.

Plasmid DNA purification from E. coli ....................................................................... 55

2.6.

DNA primers .............................................................................................................. 56

2.7.

Generation of WT and mutant P450 BM3 proteins .................................................. 56

2.8.

Analytical restriction digestion .................................................................................. 58

2.9.

Agarose gel electrophoresis ...................................................................................... 59

2.10.

Buffers ....................................................................................................................... 60

2.11.

Protein expression..................................................................................................... 60

2.12.

Bacterial cell lysis and protein purification ............................................................... 61

2.13.

SDS-PAGE analysis ..................................................................................................... 63
2

2.14.

UV-visible spectroscopic analysis...............................................................................63

2.15.

P450 protein reduced heme iron-CO complex formation .........................................64

2.16.

Ligand and substrate binding titrations .....................................................................65

2.16.1. Fluorescence spectroscopy .....................................................................................68
2.17.

Steady-state kinetic assays ........................................................................................69

2.18.

Differential Scanning Calorimetry (DSC) ....................................................................71

2.19.

Electron Paramagnetic Resonance (EPR) Spectroscopy ............................................71

2.20.

Multiangle Laser Light Scattering (MALLS) analysis ...................................................72

2.21.

P450 BM3 metabolite turnover and analysis by LC-MS.............................................72

2.22.

Crystallization of the WT BM3 and I401P heme domains and determination of
protein structure ........................................................................................................74

3. Investigating novel substrate specificity of the BM3 I401P mutant ............................. 76
3.1.

Introduction ...............................................................................................................76

3.2.

Construction of the P450 BM3 I401P full length and heme domain protein
expression systems ..................................................................................................77

3.3.

Expression and purification of the full length WT BM3 protein and its I401P
mutant .......................................................................................................................83

3.4.

Purification of the full length I401P protein using LipidEx and Q-Sepharose
column chromatography .........................................................................................86

3.5.

Expression and purification of the WT BM3 and I401P heme domains ..............88

3.6.

Spectroscopic characterization of the full length and heme domain forms of WT
and I401P BM3 proteins ..........................................................................................91

3.7.

Reduced, CO-bound complex formation in WT and I401P BM3 proteins ...........95

3.8.

Characterization of I401P using known substrates...............................................98

3.9.

Characterization of I401P BM3 using known inhibitors .....................................102

3.10.

Characterization of the I401P BM3 mutant using novel ligands ........................106

3.10.1 Characterization of full length I401P BM3 using fluorescent substrates ........106
3.10.2 WT BM3 metabolises 7-benzyloxy-4-trifluoromethyl-coumarin ....................107
3.10.3 I401P BM3-dependent metabolism of 7-ethoxy-resorufin ..............................111
3.10.4 Characterisation of I401P BM3 using human CYP drugs..................................114
3.10.5 Identification of further molecules inducing type I spectral shifts on

binding

to the full length I401P mutant ...........................................................................122
3.10.6 Characterisation of the I401P BM3 mutant by CYP inhibitor binding.............126
3.11

Summary .................................................................................................................129

4. Biophysical and functional analysis of the P450 BM3 I401P mutant .........................135
4.1

Introduction ............................................................................................................135
3

4.2

Differential scanning calorimetry (DSC) of the I401P heme domain ...................... 137

4.3

Electron paramagnetic resonance (EPR) studies of WT and I401P BM3 heme
domains..……………………………………………………………………………………………………………….1
43

4.3.1

Solvent effects on the EPR spectra of the I401P heme domain ........................... 146

4.3.2

DMSO effects on the EPR spectrum of the P450 BM3 WT heme domain ............ 149

4.3.3. EPR studies of the I401P heme domain bound to human drugs .......................... 151
4.4

Analysis of the aggregation state of the I401P heme domain by multiangle laser
light scattering (MALLS) .......................................................................................... 163

4.5

Crystallography of the I401P heme domain............................................................ 166

4.6

Steady-state kinetic analysis of substrate-dependent NADPH oxidation by the intact
I401P P450 BM3 enzyme......................................................................................... 177

4.7

Product identification from I401P BM3 drug turnovers using liquid chromatographymass spectroscopy (LC-MS) ..................................................................................... 181

4.8

Summary ................................................................................................................. 187

5. Properties of the A330P BM3 mutant, the A330P/I401P double mutant and the
A82F/F87V/I401P triple mutant.................................................................................................... 197
5.1

Introduction............................................................................................................. 197

5.2.

Construction of the P450 BM3 A330P, A330P/I401P and A82F/F87V/I401P full
length and heme domain protein expression systems ........................................... 202

5.3.

Expression and purification of the full length A330P BM3 and A82F/F87V/I401P
mutant proteins ...................................................................................................... 203

5.4.

Expression and purification of the A330P BM3 and AP/IP double mutant heme
domains ................................................................................................................... 207

5.5.

Spectroscopic characterization of the full length and heme domain forms of the
A330P BM3 and the AP/IP double mutant proteins ............................................... 212

5.6.

Reduced CO-complex formation in A330P BM3 and AP/IP double mutant proteins
214

5.7.

Characterization of the A330P BM3 mutant using known WT BM3 and I401P BM3
substrates ................................................................................................................ 216

5.8

Electron paramagnetic resonance (EPR) of the A330P BM3 heme domain ........... 220

5.8.1

EPR of the A330P BM3 heme domain with C12-imidazole................................... 222

5.8.2

EPR of the A330P BM3 heme domain with the solvent DMSO ............................ 224

5.9.

Characterization of the AP/IP double mutant using known WT BM3 and I401P BM3
substrates ................................................................................................................ 226
4

5.10

Differential scanning calorimetry (DSC) of the AP/IP heme domain protein ..........230

5.11

Product identification from A82F/F87V/I401P P450 BM3 triple mutant diclofenac
turnover using liquid chromatography-mass spectroscopy (LC-MS).......................234

5.12

Summary ..................................................................................................................237

6. Discussion ....................................................................................................................................................248
6.1

Introduction .............................................................................................................248

6.2

Initial investigations into the novel substrate specificity of the I401P BM3
mutant…… ................................................................................................................251

6.3

The biophysical characterization of the I401P BM3 mutant ...................................253

6.4

Further P450 BM3 proline mutations ......................................................................257

6.5

Conclusions and future directions ...........................................................................260

7. References ...................................................................................................................................................267

Word count: 74,791

List of Figures
Chapter 1
Figure 1.1: The UV-Visible spectral features of a typical P450 enzyme in its substratefree, substrate-bound and inhibitor-bound states ......................................................... 20
Figure 1.2: Common reactions performed by cytochromes P450. .......................................... 23
Figure 1.3: The catalytic cycle of P450 enzymes. ............................................................................ 27
Figure 1.4: The oxygen rebound mechanism of P450-catalyzed oxygen insertion
chemistry. ........................................................................................................................................ 28
Figure 1.5: The P450 ferric heme iron 3d orbital configuration for the low-spin and
high-spin state. .............................................................................................................................. 31
Figure 1.6: The structure of FMN, FAD and a 2Fe-2S iron cluster from P450 redox
partners. ........................................................................................................................................... 33
Figure 1.7: The general structure of a P450 enzyme, illustrated by the P450 BM3 heme
domain. ............................................................................................................................................. 36
Figure 1.8: The crystal structure of the NPG-bound WT BM3 heme domain and
organisation of important catalytic residues. ................................................................... 41
Chapter 3
5

Figure 3.1: The plasmid map of pET15b/BM3 (A) and pBM20 (B). ........................................79
Figure 3.2: Restriction digest of the full length I401P/pET15b construct. ...........................80
Figure 3.3: Restriction digest of the heme domain I401P/pBM20 construct. .....................80
Figure 3.4: The full length P450 BM3 gene sequence, with indicated restriction sites for
cloning, and the I401 and A330 positions and the end of the heme domain and
reductase domain shown in different colours. .................................................................81
Figure 3.5: Gene sequence of the P450 BM3 heme domain aligned with its amino acid
sequence. ..........................................................................................................................................83
Figure 3.6: Ni-IDA purification of the full length WT BM3 protein (A) and full length
I401P protein (B). .........................................................................................................................85
Figure 3.7: Q-Sepharose column purification of the full length I401P protein. ..................87
Figure 3.8: Purification of the I401P heme domain protein using an AKTA purification
system. ...............................................................................................................................................90
Figure 3.9: Spectral comparison of the I401P heme domain (black line) and the full
length WT BM3 (red line). .........................................................................................................93
Figure 3.10: NADPH cycling of the high-spin, full length I401P BM3 protein. ....................94
Figure 3.11: Spectroscopic characterization of the ferric, ferrous and CO-bound forms of
the full length WT BM3 protein. ..............................................................................................97
Figure 3.12: Optical binding titration of full length I401P BM3 with NPG......................... 100
Figure 3.13: Optical binding titration of full length I401P BM3 with lauric acid. .......... 101
Figure 3.14: Chemical structures of lauric acid (A) and NPG (B). .......................................... 102
Figure 3.15: Optical binding titration of full length I401P BM3 with 4-phenylimidazole.
............................................................................................................................................................ 104
Figure 3.16: Optical binding titration of full length I401P BM3 with imidazole. ............ 105
Figure 3.17: Chemical structure of imidazole (A) and 4-phenylimidazole (B). ............... 106
Figure 3.18: Fluorescence analysis of the binding and turnover of BFC with full length
WT P450 BM3. ............................................................................................................................. 110
Figure 3.19: Chemical structure of 7-benzyloxy-4-trifluoromethyl-coumarin –BFC (A)
and its oxidation product 7-hydroxy-4-trifluoromethyl-coumarin – HFC (B) . 111
Figure 3.20: Fluorescence studies of the binding and metabolism of 7-ethoxy-resorufin
by full length I401P BM3......................................................................................................... 113
Figure 3.21: Chemical structures of 7-ethoxy-resorufin (A) and resorufin (B). .............. 114
Figure 3.22: Binding titration of I401P BM3 heme domain with ±nicotine. ..................... 118
Figure 3.23: Binding titration of I401P BM3 heme domain with alosetron. ..................... 119
Figure 3.24: Optical binding titration of I401P BM3 heme domain with caffeine. ......... 120
Figure 3.25: Optical binding titration of full length I401P BM3 with glycerol. ................ 125
Figure 3.26: Optical binding titration of the I401P heme domain with econazole. ........ 128
6

Chapter 4
Figure 4.1: DSC data for the thermal unfolding of substrate-free WT BM3 and I401P
heme domains. .............................................................................................................................141
Figure 4.2: DSC data for the thermal unfolding of NPG-bound WT BM3 heme domain (A)
NPG-bound I401P heme domain (B), 4-phenylimidazole-bound WT heme
domain (C) and 4-phenylimidazole-bound I401P heme domain (D). ..................142
Figure 4.3: EPR spectra for the substrate-free WT BM3 and I401P heme domains.......145
Figure 4.4: EPR spectra of the I401P heme domain with solvents. .......................................148
Figure 4.5: EPR spectra of the WT BM3 heme domain with added DMSO solvent. ........150
Figure 4.6: EPR spectra for the I401P heme domain bound to human CYP drugs. ........153
Figure 4.7: EPR spectra of substrate-free and substrate-bound I401P heme domain
forms. ...............................................................................................................................................159
Figure 4.8: EPR spectra of the substrate-free, fluvoxamine-bound and econazole-bound
I401P heme domain...................................................................................................................161
Figure 4.9: MALLS analysis of the WT BM3 heme domain (A) and the I401P heme
domain (B).....................................................................................................................................165
Figure 4.10: Structural changes in the I401P heme domain mutant. ...................................170
Figure 4.11: The active site of the substrate-free I401P BM3 mutant. ................................172
Figure 4.12: Crystal structure of the ethylene glycol-bound I401P heme domain. ........174
Figure 4.13: Steady-state kinetic analysis for caffeine- and ±nicotine-stimulated I401P
BM3-dependent NADPH oxidation......................................................................................180
Figure 4.14: Schemes outlining the reactions performed by human P450 enzymes on
selected drugs. .............................................................................................................................183
Figure 4.15: LC-MS traces for diclofenac turnover by the I401P BM3 enzyme. ...............184
Figure 4.16: LC-MS traces for ±nicotine turnover by the I401P BM3 enzyme .................185
Figure 4.17: LC-MS traces for caffeine turnover by the I401P BM3 enzyme.....................186
Chapter 5
Figure 5.1: Crystal structure of the substrate-free A330P heme domain active site. ....198
Figure 5.2: Ni-IDA purification of the full length A330P protein. ...........................................205
Figure 5.3: Q-Sepharose column purification of the full length A330P protein. ..............206
Figure 5.4: Purification of the A330P heme domain protein using an AKTA purification
system. ............................................................................................................................................210
Figure 5.5: Purification of the AP/IP heme domain protein using an AKTA purification
system. ............................................................................................................................................211
Figure 5.6: Purification of the His-tagged AP/IP heme domain protein using Ni-IDA
chromatography..........................................................................................................................211
7

Figure 5.7: Spectral comparison of the A330P BM3 full length and the AP/IP heme
domain protein............................................................................................................................ 213
Figure 5.8: Spectroscopic characterization of the ferric, ferrous and ferrous-CO-bound
forms of the full length A330P BM3 protein. .................................................................. 215
Figure 5.9: Optical binding titration of full length A330P BM3 with C12-imidazole. .... 219
Figure 5.10: X-band EPR spectra for the substrate-free A330P BM3 and WT BM3 heme
domains. ......................................................................................................................................... 221
Figure 5.11: EPR spectra of the A330P heme domain with C12-imidazole and ethanol.
............................................................................................................................................................ 223
Figure 5.12: EPR spectra of the A330P heme domain with DMSO solvent. ....................... 225
Figure 5.13: Optical binding titration of AP/IP His-tagged heme domain with NPG..... 229
Figure 5.14: DSC data for the thermal unfolding of substrate-free (A), NPG-bound (B)
and 4-phenylimidazole-bound (C) AP/IP heme domain. .......................................... 233
Figure 5.15: Reaction scheme outlining the reaction performed by the human P450
enzymes responsible for the metabolism of diclofenac. ............................................ 235
Figure 5.16: LC-MS traces for diclofenac turnover by the A82F/F87V/I401P P450 BM3
enzyme............................................................................................................................................ 236
Chapter 6
Figure 6.1: The binding and kinetic data of the WT P450 BM3 and its I401P, A330P,
A330P/I401P (AP/IP) and A82F/F87V/I401P (AF/FV/IP) mutants .................. 264

List of Tables
Chapter 1
Table 1.1: The important functions of P450 enzymes in different organisms ....................17
Chapter 2
Table 2.1 Details of E. coli cell strains used in research, their suppliers and genotype
information. .....................................................................................................................................54
Table 2.2: Mutant primer sequences ....................................................................................................56
Table 2.3: Sequences for the forward and reverse primers to generate stop codons for
the BM3 heme domain genes ...................................................................................................57
Table 2.4: Reaction A - set up for the full length P450 BM3 DNA restriction digest using
NdeI and BamHI endonuclease enzymes ............................................................................58
Table 2.5: Reaction B - set up for the P450 BM3 heme domain DNA restriction digest
using the HindIII endonuclease enzyme..............................................................................59
8

Table 2.6: Substrates and inhibitors used in P450 BM3 binding titrations ......................... 66
Table 2.7: Fluorescent substrates used in assays with full length P450 BM3 enzyme and
its mutants to determine their binding and turnover ................................................... 69
Table 2.8: Mobile phase and applied gradient conditions used for product analysis from
substrates analysed using LC-MS........................................................................................... 74
Chapter 3
Table 3.1: Properties of fluorescent substrates (and their metabolites) used in binding
and turnover studies with full length WT and I401P P450 BM3............................107
Table 3.2: Novel substrates of I401P, their structures, the human CYPs that metabolise
them and the Kd values derived for their binding to the I401P P450 ...................117
Table 3.3: The structures and apparent Kd values of a variety for molecules that showed
type I binding with I401P BM3 .............................................................................................124
Table 3.4: Structures and Kd values (where applicable) for selected CYP inhibitor
binding to the I401P BM3 heme domain ..........................................................................127
Chapter 4
Table 4.1: DSC P450 BM3 thermal unfolding data for WT and I401P heme domains in
substrate-free, substrate-bound and inhibitor-bound forms ..................................140
Table 4.2: The structures of DMSO-dissolved, ethanol-dissolved and acetonitriledissolved drugs............................................................................................................................155
Table 4.3: The structures of drug substrates used in EPR studies of the I401P BM3
protein .............................................................................................................................................160
Table 4.4: The structures of inhibitors used in EPR studies of the I401P BM3 heme
domain ............................................................................................................................................162
Table 4.5: X-ray data collection and refinement statistics for the substrate-free I401P
heme domain and the I401P heme domain with ethylene glycol. .........................168
Table 4.6: Drug-dependent NADPH oxidation kinetics for the I401P full length BM3
enzyme ............................................................................................................................................178
Chapter 5
Table 5.1: The substrates of WT BM3 and I401P BM3 used in binding titrations with the
A330P mutant ..............................................................................................................................218
Table 5.2: The substrates of WT BM3 and I401P used in binding titrations with the
AP/IP mutant heme domain ..................................................................................................228
Table 5.3: DSC thermal unfolding data for WT BM3 and AP/IP heme domain proteins in
substrate free, substrate-bound and inhibitor-bound forms ...................................232

9

Abbreviations
4-PIM

4-phenylimidazole

7BQ

7-benzyloxyquinoline

7-e-res

7-ethoxyresorufin

7HQ

7-hydroxyquinoline

ΔHcal

Calorimetric enthalpy

ΔHVH

Van’t Hoff enthalpy

δ-ALA

delta-aminolevulinic acid

A330P

A330P mutant of P450 BM3

A82F

A82F mutant of P450 BM3

ACN

Acetonitrile

AP

A330P mutant of P450 BM3

BFC

7-benzyloxy-4-trifluoromethyl-coumarin

BM3

Cytochrome P450 BM3 (CYP102A1)

C4

Butyric acid

C6

Hexanoic acid

C12

Lauric acid

C12-imidazole

12-(imidazolyl)-dodecanoic acid

C14

Myristic acid

C16:1

Palmitoleic acid

C20:4

Arachidonic acid

CO

Carbon monoxide

CPO

Chloroperoxidase

CPR

Cytochrome P450 reductase

CYP

Cytochrome P450

DCM

Dichloromethane

DEAE

Diethylaminoethyl cellulose

DMSO

Dimethyl sulfoxide

DNA

Deoxyribonucleic acid

DSC

Differential scanning calorimetry

DSF

Differential scanning fluorimetry

DTT

Dithiothreitol

EDTA

Ethylenediaminetetraacetic acid
10

ENDOR

Electron nuclear double resonance

EPR

Electron paramagnetic resonance

F87V

F87V mutant of P450 BM3

FAD

Flavin adenine dinucleotide

FMN

Flavin mononucleotide

HAMC

7-hydroxy-4-aminomethyl-coumarin

HD

Heme domain

HFC

7-hydroxy-4-trifluoromethyl-coumarin

HPCD

Hydroxypropyl-β-cyclodextrin

HPLC

High performance liquid chromatography

HS

High-spin

I401P

I401P mutant of P450 BM3

IC50

Inhibitor concentration for 50% loss of target enzyme activity

IEC

Ion exchange chromatography

IDA

Iminodiacetic acid

IP

I401P mutant of P450 BM3

IMAC

Immobilised metal affinity chromatography

IPTG

Isopropyl β-D-1-thiogalactopyranoside

kbp

Kilobase pair

kcat

Turnover number

Kd

Dissociation constant

kDa

KiloDalton

Ki

Inhibition constant

Km

Michaelis constant

KPi

Potassium phosphate buffer

LB

Luria-Bertani growth medium

LC-MS

Liquid chromatography-mass spectrometry

LS

Low-spin

MALLS

Multiangle laser light scattering

MAMC

7-methoxy-4-aminomethyl-coumarin

MFC

7-methoxy-4-trifluoromethyl-coumarin

Mw

Molecular weight

NAD

Nicotinamide adenine dinucleotide
11

NADH

Nicotinamide adenine dinucleotide (reduced form)

NADP+

Nicotinamide adenine dinucleotide phosphate

NADPH

Nicotinamide adenine dinucleotide phosphate (reduced form)

NAPQI

N-acetyl-p-benzoquinone imine

NEB

New England Biolabs

nm

Nanometre

NMR

Nuclear magnetic resonance

NOS

Nitric oxide synthase

NPG

N-palmitoylglycine

O2

Dioxygen

OMF

3-O-methylfluorescein

P450

Cytochrome P450

PAH

Polycyclic aromatic hydrocarbon

PCB

Polychlorinated biphenyl

PCDD

Polychlorinated dibenzo-p-dioxin

PCR

Polymerase chain reaction

PDB

Protein data bank

PDOR

Phthalate dioxygenase reductase

PEG

Polyethylene glycol

RNA

Ribonucleic acid

RT

Retention time

SB

Substrate-bound

SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SDT

Sodium dithionite

SF

Substrate-free

SOB

Super optimal broth

SRS

Substrate recognition site

TB

Terrific broth

Tm

Transition midpoint (or melting temperature)

Tris

Tris(hydroxymethyl)aminomethane

UV

Ultraviolet

Vis

Visible

WT

Wild type
12

Abstract
The University of Manchester
Manca Povsic
Rational redesign of cytochrome P450 BM3 (CYP102A1) towards industrially
relevant drug metabolites
September 2015
Human drug metabolites are frequently biologically active, with many
implications for human health. Pharmaceutical companies have become
increasingly aware of the need to identify and test these metabolites. The P450
BM3 enzyme from Bacillus megaterium offers substantial advantages to the
current methods of metabolite synthesis, as its soluble, catalytically selfsufficient nature, coupled with its high catalytic activity, make P450 BM3 ideal
for engineering towards specificity for human drugs. The highly-active I401P
BM3 mutant was characterized for its reactivity towards human drugs and for
the development of a human P450-like metabolite profile. The I401P mutant
exhibits binding to molecules including alkaloids, steroids, and azole drugs,
along with many other compounds. I401P binds/oxidizes human CYP
substrates, including alosetron, phenacetin, caffeine, nicotine and diclofenac. LCMS product identification shows that I401P BM3 forms 4OH-diclofenac, the
major human metabolite for diclofenac. I401P BM3 also produces nornicotine,
the second major human metabolite of nicotine. I401P BM3 also forms
theophylline, theobromine and paraxanthine, the three major human
metabolites of caffeine. Thermostability (DSC) data show that the I401P
mutation destabilizes the BM3 heme domain in both its substrate-free and
substrate-bound forms. The I401P heme domain X-ray crystal structure
reinforces previous structural observations that the Pro401 mutation causes the
BM3 protein to adopt a high-spin, “substrate-bound” state, with a displaced
heme iron axial water, producing a “catalytically primed” mutant with greater
diversity in substrate selectivity. The destabilisation of the BM3 heme domain
structure due to the Pro401 mutation increases conformational plasticity in this
mutant, allowing it to function as a platform for future mutagenesis aimed at
improved binding and metabolite yield from specific drug substrates. Further
proline mutations (A330P, A330P/I401P and A82F/F87V/I401P) were
examined for increased affinity for drug substrates. The A330P mutant shows
no novel drug substrate specificity, despite its reported affinity for small
molecules. The A330P/I401P double mutant demonstrates weak binding to WT
BM3 and I401P substrates, but no synergistic effects were obtained by
combining the two mutations. The double mutant exhibits very low solvent
tolerance and significant structural destabilisation. DSC data confirms this, with
the double mutant destabilising the BM3 heme domain by up to 20 °C. Initial
work with the A82F/F87V/I401P mutant showed increased affinity for
A82F/F87V- and I401P-type substrates, including diclofenac. LC-MS product
analysis confirms that the A82F/F87V/I401P mutant oxidises diclofenac into its
major human metabolite 4OH-diclofenac. These data indicate that human-like
oxidation reactions are feasible with BM3 mutants. In this work, proline
insertion mutants were generated that introduced novel affinity for
biotechnologically relevant substrates. In particular the I401P mutant offers an
excellent platform for future biotechnological engineering.
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1.

Introduction

1.1

What are cytochromes P450?

Cytochromes P450 are a prominent superfamily of monooxygenases enzymes,
which can be found in all domains of life. There are currently over 21,000
identified P450 genes [1], ranging across the fungal, bacterial, archeal, plant and
animal kingdoms; underlining their abundance, as well as their importance in all
of the domains of life. Discovered by Hayaishi et al. in the 1950’s [2], oxygenases
were the first enzymes to be found capable of inserting atmospheric oxygen
atoms into a carbon bond of a substrate. A plethora of oxygenase enzymes have
been discovered in subsequent years, including many with metal cofactors,
showing that utilizing atmospheric oxygen to functionalise molecules is a major
part of aerobic metabolism of molecules across all the domains of life [3].
Oxygenases are divided into two classes, the mono- and di-oxygenases,
depending on whether they insert one or two molecules of dioxygen (O2) into
their substrates. Cytochromes P450 (also referred to as CYPS or P450s) belong
to the monooxygenase class of enzymes and although they represent only one
member of a large oxygenase family, they are widespread and play a crucial role
in many biological processes.
Cytochromes P450 perform two broad roles in biology: the metabolism of
xenobiotics (compounds exogenous to the organism) and the biosynthesis of
compounds such as lipids, steroids, antibiotics and signalling molecules.
Xenobiotic detoxification plays a major role in toxic molecule degradation and
solubilisation [3], while synthesis of signalling molecules is crucial in the
regulation of the homeostasis of the organism. Specifically, in mammals P450s
participate in the synthesis of steroid hormones, vitamin metabolism and the
conversion of unsaturated fatty acids into bioactive molecules [3, 4]. P450s also
play a critical role in human drug metabolism, where they modify and detoxify
the majority of drugs and toxins that enter the body. P450s have similar roles in
plants and bacteria, for instance mediating key reactions in herbicide
degradation and antibiotic synthesis, respectively [5, 6].
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Organism

P450

Functions

Family/Example
Vertebrates

CYP1

Metabolism of hydrocarbons and
amines

Vertebrates

CYP2

Metabolism of drugs and
environmental chemicals

Vertebrates

CYP4, CYP7A,

Fatty acid, steroid and cholesterol

CYP21, CYP24

hydroxylases

Insects

CYP3

Metabolism of pesticides

Yeast

CYP52

Alkane hydroxylase

Fungi

CYP55

Nitric oxide reductase

Eukaryotes

CYP51

Sterol demethylase

Bacillus

CYP102A1

Fatty acid hydroxylase

CYP101A1

Camphor hydroxylase

CYP107A1

Antibiotic synthesis

CYP86A1

Fatty acid hydroxylase

Arabidopsis

CYP705A5,

Plant hormone and defensive

thaliana

CYP94C1

compound synthesis

megaterium
Pseudomonas
putida
Saccharopolyspora
erythraea
Arabidopsis
thaliana

Table 1.1: The important functions of P450 enzymes in different organisms.
P450s exist in all domains of life. Their roles are diverse, ranging from lipid, steroid and
antibiotic synthesis, to the degradation of toxins, pesticides and human drugs.

P450s were originally recognised as pigments in mammalian liver cell
samples [7]. Due to the presence of a heme cofactor, they could bind carbon
monoxide (CO) to a reduced heme iron and gave a distinct major (Soret) heme
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absorption maximum at 450 nm (giving the name P450, or Pigment with
absorbance at 450 nm), which identified them as cytochromes. This unusually
red shifted heme Soret absorption spectrum is due the characteristic properties
of the heme iron proximal ligand cysteine (in its thiolate form). While many
important catalytic residues are widely conserved among a large proportion of
P450 enzymes, the only completely conserved residue across the entire P450
“superfamily” is the proximal cysteine, and the electron donating character of
the cysteine ligand is crucial for the catalytic activity of P450s in dioxygen
activation and substrate monooxygenation.
Cytochromes P450 have several distinct spectral features arising from the heme
cofactor and the coordination state of its iron that can be observed in the UVVisible spectrum: principally the α, β, γ (Soret) and δ bands of the heme, as well
as a weak charge-transfer band originating from the coordination of high-spin
ferric heme iron by cysteine thiolate [8]. In native cellular conditions, the P450
heme iron is thought to be in a ferric, low-spin state - reflecting the organisation
of the electrons in the heme iron 3d orbitals. However, various P450s may also
be predominantly in a ferrous state intracellularly. The α and β band peaks of a
low-spin, ferric P450 enzyme are typically located at ~569 nm and ~536 nm,
the low-spin Soret peak at ~418 nm, and the δ band at ~360 nm. A typical,
substrate-free P450 UV-Visible spectrum is shown in Figure 1.1. These features
are characteristic of the substrate-free state of a P450, with a water molecule
occupying the sixth axial ligand position to the heme iron, trans to the cysteine
thiolate fifth ligand. On substrate binding, the water coordination of the heme is
perturbed, and the 6th ligand water is often displaced completely. The low-spin
ferric heme iron (S = 1/2) shifts to a high-spin state (S = 5/2), and the reduction
potential of the heme iron is typically substantially more positive in the
substrate-bound, high-spin form – helping to facilitate electron transfer to the
heme iron in its substrate-bound form from a redox partner [9]. In the
substrate-bound, high-spin ferric state, the Soret band is shifted to a lower
wavelength, typically to ~390 nm (Figure 1.1, red spectrum). In contrast, the
binding of many P450 inhibitor molecules (e.g. azole drugs such as fluconazole
and clotrimazole) to ferric P450s displaces the axial water molecule and
replaces the 6th ligand with a tighter-binding moiety – e.g. an imidazole or
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triazole nitrogen. This stabilizes the low-spin state of the heme iron and induces
a shift of the Soret band to longer wavelengths, typically to ~424 nm (in the case
for nitrogen ligation of the heme iron) [10]. An inhibitor-bound P450 spectrum
is shown in Figure 1.1 (blue spectrum). This process usually prevents P450
redox chemistry, the binding of dioxygen in the distal position on the heme iron
and catalytic activity of the enzyme. Due to the readily observable spectral
changes on substrate/inhibitor binding, cytochromes P450 can be easily
analysed spectroscopically, for instance to establish their heme iron ligation and
spin states.
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Figure 1.1: The UV-Visible spectral features of a typical P450 enzyme in its
substrate-free, substrate-bound and inhibitor-bound states. The UV-Vis spectrum
of the full-length P450 BM3 (CYP102A1) from Bacillus megaterium is shown as a
representation of a typical P450. The substrate-free BM3 enzyme (black spectrum) has
the Soret peak at 418 nm, the α and β band peaks at 570 nm and 535 nm, and the δ
band at 360 nm. Oxidized flavin contributions are also seen at ~470 nm. On substrate
binding to the low-spin, ferric P450 BM3 (red spectrum), its Soret peak is shifted
towards shorter wavelengths, to 390 nm. The δ band is obscured by the high-spin Soret
peak. Inhibitor binding (4-phenylimidazole) to the low-spin, ferric P450 BM3 (blue
spectrum) shifts the Soret peak towards longer wavelengths and gives a peak at 422
nm. This spectrum is typical of a distal nitrogen ligation of the heme iron.

Since their discovery, cytochromes P450 have been increasingly recognized to
have numerous crucial physiological functions and great biotechnological
potential in light of their capacity to insert oxygen atoms into their substrates
with a high degree of regio- and stereo- selectivity [4,5]. In recent years, a
number of P450 enzymes have been engineered (using both rational and
random/direct evolution methods) to enable them to adopt new substrate
specificity for applications in e.g. chemical synthesis and bioremediation [11].
Mammalian and other eukaryotic P450s are membrane-bound enzymes with a
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single transmembrane helix at their N-terminal that tethers them to the
membranes in the endoplasmic reticulum or to the inner mitochondrial
membrane in adrenal gland cells [12]. This makes these P450s more difficult to
purify and more difficult to maintain in an active state during isolation
processes involving use of detergents [13]. In contrast, P450s from bacteria and
archea are soluble enzymes that lack the N-terminal membrane anchor region,
and are typically easier to express and purify in an active state, and in larger
yield. Their properties have led to an increased interest in bacterial P450s as a
model for mammalian P450 systems. Due to their solubility and relative ease of
expression, as well as their similarities to mammalian P450s, bacterial enzymes
such as the fatty acid hydroxylase P450 BM3

from Bacillus megaterium

(CYP102A1 according to the systematic P450 nomenclature system devised by
David Nelson) and the Pseudomonas putida camphor hydroxylase P450CAM
(CYP101A1) have been the focus of several engineering studies aimed at
interrogating their catalytic mechanism and altering their substrate specificity
for applications in biotechnological research [4]. The existing P450 classification
system places P450 enzymes with ≥ 40% amino acid identity in the same CYP
family, and those with ≥ 55% amino acid identity in the same CYP subfamily
within the P450 enzyme superfamily. Members of the same P450
family/superfamily generally have similar substrate specificity profiles [14].

1.2

Physiological roles of cytochromes P450

P450s are involved in numerous biological processes and can catalyse a variety of
distinctive reactions, the majority of these reactions stemming from the
signature monooxygenation reaction. This reaction requires two electrons
(almost always from NADPH or NADH) and two protons to reductively cleave
dioxygen, inserting one oxygen molecule into the substrate, while the second
oxygen atom is reduced to water, as shown in the reaction equation below. RH
in this case is an organic substrate.
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2 e- + 2 H+ + O2 + RH

H2O + ROH

Typical P450 reactions include carbon hydroxylation, heteroatom oxygenation,
dealkylation, epoxidation, group migration and heme inactivation (Figure 1.1),
as well as more uncommon reactions such as aromatic dehalogenation, ring
formation, ring expansion, chlorine oxygenation and nitration [15]. Carbon
hydroxylation is a common monooxygenation reaction, where an oxygen atom is
inserted into a carbon-hydrogen bond, producing an alcohol (Figure 1.2, A). It is
generally considered a detoxification reaction, though fatty acid hydroxylations,
for example, have important physiological functions [16]. Another common
P450 reaction is the heteroatom hydrogenation, where oxygen is added to atoms
other than carbon (e.g. N, S, P) (Figure 1.2, B). This is primarily a detoxification
reaction, importantly involved in the biotransformation of certain aromatic and
heterocyclic amine carcinogens in humans [17]. Dealkylation occurs when a
carbon adjacent to the heteroatom is hydroxylated, producing a cleavage between
the two atoms (Figure 1.2, C). Epoxidation occurs when both carbons in a double
bond become bonded to the inserted oxygen molecule (Figure 1.2, D). Group
migration, e.g. substituent rearrangement on oxidation of phenols or olefins, is
another common P450 reaction (Figure 1.2, E). Several terminal olefins and
acetylenes can mediate self-catalysed heme alkylation in the P450, resulting in
heme destruction (Figure 1.2, F) [15]. The potential for heme destruction lies in
the reactivity of unsaturated carbon-carbon bonds of the substrates, rather than
being associated with any other structural features [18].
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Figure 1.2: Common reactions performed by cytochromes P450. The reactions
show carbon hydroxylation (A), heteroatom oxygenation (B), dealkylation (C),
epoxidation (D), group migration (E) and heme inactivation through its covalent
modification induced by attack of a reactive P450 iron-oxo species on an acetylenic
substrate (F) [15, 16].
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Due to the diverse roles P450s take in nature, they have a wide range of natural
substrates. Some P450s, specifically those involved in compound clearance and
bioactivation, act on a range of substrates that vary in size, chemical properties
and structure. Many of these molecules are hydrophobic and insoluble, and P450
metabolism, via e.g. hydroxylation, increases product solubility and clearance [3].
Plants possess a high number of P450 enzymes, many of which are involved in
the breakdown of herbicides and in synthesis of a number of defensive
compounds against animal, insect and microbial predation [19]. Many bacterial
P450s are involved in the metabolism of fatty acids and alkanes, both in their
degradation and their synthesis as secondary metabolites and signalling
molecules [20]. The human bacterial pathogen Mycobacterium tuberculosis
expresses 20 P450 enzymes, some of which are known to be involved in its
pathogenicity, and are thus of great scientific interest [21].
In humans, much of the xenobiotic clearance occurs in the kidneys. However,
many toxic molecules are lipophilic and cannot be cleared by renal metabolism.
These molecules, including human drugs, accumulate in the liver, where they can
be metabolised by liver P450s. The CYP1, CYP2 and CYP3 P450 enzyme families
are responsible for metabolic clearance of most drugs and toxins from the body,
with the CYP3A family catalysing up to 50% of all P450-induced drug metabolism
[22, 23], showing enormous substrate diversity and versatility. However, the
shared metabolism of drugs by human P450s can lead to numerous drug-drug
interactions, as well as induction or inhibition of P450 enzymes by clinical
drugs. Equally problematic is drug inactivation or decreased efficacy due to
rapid metabolism by CYP enzymes [24]. Often, CYP metabolism of clinical drugs
leads to drug bioactivation, creating toxic metabolite products. The antiinflammatory drug diclofenac is metabolised by P450s, ultimately forming
reactive glutathione metabolites in rat and human livers, suggesting that these
metabolites contribute to hepatotoxicity in both cases [25]. Similarly, drugs that
require P450-mediated biotransformation into their active forms can exhibit
decreased efficacy due to inhibition or drug-drug interactions between the
metabolites of these drugs [24]. For example, losartan, a hypertension drug, is
metabolised by CYP2C and CYP3A enzymes into its active metabolite E3174, as
well as 2 other metabolites, both of which are not effective at treating
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hypertension [26]. The identification of CYP drug metabolites and their toxicity
is thus of extreme importance to pharmaceutical companies, both for the
research and development into new drugs and for the increased understanding
of the safety and effectiveness of drugs already on the market.

1.3

The cytochrome P450 catalytic cycle

A typical P450 catalytic reaction requires delivery of two electrons and two
protons to the heme iron. Electrons are almost always derived from the
pyridine nucleotide coenzymes NADH or NADPH (though hydrogen peroxide is
also used by certain fungal and other microbial P450s) and are then transported
to the heme by one or more redox partner proteins [27]. Electrons are then
delivered to the heme iron at discrete points in the catalytic cycle, allowing for
the binding and activation of molecular oxygen and for the insertion of one
oxygen atom into a substrate molecule – the second oxygen atom of dioxygen
being reduced to water in the productive P450 catalytic cycle. The P450
catalytic process as we know it today has been extensively researched [3], with
most of its intermediates identified and characterised definitively in studies
using the P450CAM enzyme [28]. Due to its transient nature, compound I (the
active ferryl-oxo intermediate, considered to be the active species in the
catalytic process of oxygen atom insertion) has been particularly difficult to
characterise, having been definitively identified only recently through studies
of a P450 system from a thermophilic archaeon (Sulfolobus sp.) [29]. Figure 1.3
shows a model of the cytochrome P450 catalytic cycle.
In its resting state, the iron atom is ferric (FeIII) and six-coordinate; the heme
porphyrin ring supplies 4 nitrogen ligands that bind equatorially, one axial
ligand is the conserved cysteine residue and the last axial ligand, usually
water, is situated above the iron atom, trans to the cysteine (I). Substrate
binding in the active site usually displaces the distal water molecule, shifting the
ferric heme iron from a low-spin (S=1/2), substrate-free to a high-spin (S=5/2),
substrate-bound state (II). This can be seen spectroscopically, where the
absorbance of the hemoprotein shifts from a low-spin, substrate free form at
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~418 nm to the high-spin substrate bound form at ~390 nm (see Section 1.1).
The high-spin state increases the reduction potential of the ferric heme iron,
allowing it to be reduced by a single electron from ferric (FeIII) to ferrous (FeII)
[30] (III). The electron is delivered via a redox partner and is almost inevitably
derived from NAD(P)H. This cascade is likely a mechanism of preventing
electron transfer from the redox partner to the P450 when there is no substrate
available, thus preventing unproductive enzyme turnover and the formation of
reactive oxygen species. This allows for regulation of substrate oxidation and is
often seen in P450s with strict substrate selectivity [3]. The ferrous heme iron
binds molecular oxygen, creating a ferrous-oxo (formally ferric-superoxo)
complex (IV). The second electron is then supplied by the redox partner,
creating a nucleophilic ferric-peroxy intermediate (V), which is rapidly
protonated into a ferric-hydroperoxy intermediate, also known as compound 0
(VI). A second protonation at the distal oxygen atom triggers O-O bond
heterolysis and the loss of water, creating the ferryl (FeIV)-oxo complex (VII).
The complex, known as compound I, is the active species in P450 attack and
oxidation of substrates [29]. Compound I oxygenates the substrate (VIII),
leading to oxygenated product dissociation from the active site and leaving the
heme iron ferric and pentacoordinated. This allows a water molecule to re-bind
to the heme iron as the 6th ligand. This restores the enzyme to a resting, lowspin state and the cycle is complete.
The mechanism by which P450 enzymes insert oxygen into substrates was first
proposed by Groves et al. and occurs via a hydrogen abstraction step (Figure
1.4) [31]. The reactive ferryl-oxo compound I attacks the CH bond of the
substrate (RH), abstracting the hydrogen. A ferryl-hydroxo (compound II)
intermediate and a carbon radical on the substrate are produced, followed by
the carbon radical rebound to the intermediate, forming the hydroxylated
product and restoring the ferric heme iron that subsequently coordinates water
in the distal position on the heme iron to restore the resting form of the P450
[32, 33].
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Figure 1.3: The catalytic cycle of P450 enzymes. T he P450 enzyme is in its resting,
ferric (FeIII), state with a water molecule occupying the axial position (I). On substrate
binding the water molecule is displaced and the ferric iron shifts from low-spin
(S=1/2) to high-spin (S=5/2) (II). This enables the transfer of one electron to the
heme, reducing the ferric iron to a ferrous (Fe II ) state (III). The ferrous iron binds
oxygen to form a ferric-superoxo complex (IV), which in turn receives another electron,
reducing the heme iron into a ferric-peroxy complex (V). Protonation of the complex
gives a ferric-hydroperoxy intermediate - compound 0 (VI), and a further protonation
leads to the cleavage of the bound dioxygen and produces a water molecule. The other
oxygen atom remains on the P450 heme, which is now in a ferryl (FeIV)-oxo form
(compound I) with the porphyrin ring in a radical cation state (VII). This intermediate
is the active form of P450, hydroxylating the substrate via the oxygen rebound
mechanism (VIII) and facilitating product dissociation from the enzyme. This
allows the re-binding of water to the ferric iron. Uncoupling reactions can occur in the
cycle. Through superoxide uncoupling, the ferric-superoxo complex can generate
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superoxide (O2-) and ferric (FeIII) iron. Protonation of the iron-bound oxygen of
compound 0 can lead to peroxide uncoupling, where hydrogen peroxide is released and
the P450 returns to a ferric (FeIII) state. Lastly, oxidase uncoupling occurs when the
oxygen atom of compound I is reduced to water, again returning the P450 to a ferric
(FeIII) state.

Figure 1.4: The oxygen rebound mechanism of P450-catalyzed oxygen insertion
chemistry. Compound I abstracts the hydrogen from the substrate (R-H). This
produces a carbon radical on the substrate and a ferryl-hydroxo (compound II)
intermediate on the heme iron. The carbon radical immediately “rebounds” to the
reactive compound II intermediate, forming the hydroxylated product. The ferric heme
iron then binds a water molecule and returns to its resting state [32].

In addition to the described steps, the catalytic cycle also contains 3 branch
points where abortive reactions can occur (Figure 1.3, dashed lines). These
reactions are where substrate oxidation becomes uncoupled from NAD(P)H
oxidation and can produce reactive oxygen species (superoxide or peroxide) or
water. A high degree of uncoupling can occur when water access to the ironoxygen complexes is uncontrolled, if the substrate occupies the active site in
unproductive orientations in respect to compound I, or if the substrate is
difficult to oxidise [34–36]. Superoxide uncoupling occurs when the ferrous-oxo
complex auto-oxidises and releases superoxide from the complex, returning the
P450 to a ferric iron state [33]. Peroxide uncoupling may occur when a poor
substrate does not prevent water re-entry to the vicinity of the heme iron
and/or is not bound in a productive mode. This facilitates the protonation of the
iron-bound oxygen of the ferric-peroxo species to form compound 0, leading to
the release of hydrogen peroxide and the return of P450 to a ferric state [5].
Lastly, oxidase uncoupling is possible if a substrate binds in a way that prevents
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hydrogen abstraction. In this case the oxygen atom of the highly reactive
compound I is reduced to water, returning the P450 to a ferric state.
Peroxide uncoupling can also proceed in reverse. This “peroxide shunt”
mechanism can be used productively at high peroxide concentrations, allowing
for substrate oxidation to be driven by hydrogen peroxide instead of NAD(P)H.
In this way, compound 0 is formed directly by reaction with H2O2 and a
productive cycle continues from this point. Chloroperoxidases (CPOs) are hemecontaining peroxidases that utilise peroxide to perform some P450-type
oxidations [37]. Some P450 enzymes naturally drive the oxidation of products
using hydrogen peroxide, such as OleT from the CYP152 family, which utilises
peroxide to produce terminal olefins from long chain fatty acids by oxidative
decarboxylation of the substrate [38]. Many bacterial and mammalian P450s can
use organic hydroperoxides to generate oxidised products, and P450s have been
shown to be responsible for most of the microsomal peroxidase activity using
hydrogen peroxide [39]. However, excess peroxide degrades the heme moiety,
decreasing catalytic activity of the P450 enzyme due to enzyme inactivation.
Due to the deleterious effects of uncoupled catalytic reactions, the catalytic cycle
is tightly regulated in many P450s. Electron flow in the catalytic cycle is
regulated through redox control of catalysis. The P450 heme iron exists in a lowspin, ferric (FeIII) state when substrate-free due to its low (negative) reduction
potential. For example, the redox potential of substrate-free P450CAM is −330 mV
and the value is -427 mV for P450 BM3 [40, 41]. This low potential is
maintained by the presence of a negatively charged cysteinate ligand to the
heme iron and is linked to the sixth ligand binding the iron. The redox potential
of the main reducing agent of the enzyme, NAD(P)H, is ~ -320 mV, and the
potentials of the redox partners are roughly similar [42], meaning that electron
flow to the heme iron is very unfavourable in these conditions. In the absence of
other ligands, water will coordinate the heme as the sixth ligand, reinforcing the
low-spin state of the ferric heme [43]. Substrate binding usually displaces the
water molecule (and other water molecules close to the active site) and shifts
the heme into its pentacoordinated state, leading to a spin-state change from
low-spin to high-spin ferric heme [44]. This is accompanied by a large increase
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in the redox potential of the heme iron, leading to the substrate-bound heme
potential being more positive than (or at least compared to) the potential of the
redox partners and NAD(P)H [9, 42]. This allows the transfer of electrons to
occur and the catalytic cycle to proceed. This mechanism prevents futile cycling
of electrons without a substrate present and reduces the formation of toxic
superoxide and peroxide species.
1.4

The P450 heme iron spin-state

As discussed above, the heme iron spin-state is coupled to its redox potential.
The redox potential can be perturbed by the change in ligation state (whether
low-spin or high-spin) or by the strength of ligation exhibited by these ligands
(e.g., a strong ligand for the ferric state will lower the redox potential, while a
strong ligand for the ferrous state may displace water from the active site very
effectively, giving rise to a more positive redox potential). In its resting state, the
heme iron is in a low-spin, six-coordinated state, ligated via a distal water
molecule, 4 heme porphyrin nitrogens and a cysteinate proximal ligand.
Substrate binding displaces the water, allowing for a more positive redox
potential and the transfer of an electron to the heme iron. This destabilises the
hexacoordinated structure, instead giving rise to the pentacoordinated highspin state. This involves the reorganisation of the heme iron 3d orbitals from a
low-spin state (where electrons are distributed in a ferric S=1/2 configuration)
to a high-spin state where all five electrons are unpaired in a S=5/2
configuration (Figure 1.5).
The energy difference (ΔO) associated with arranging electrons in the t2g and eg
orbitals determines whether low-spin or high-spin organisation occurs. If the
energy difference is large, electrons will populate the lower energy t2g orbitals
completely before filling the eg orbitals. This electron configuration gives rise to
the low-spin state (S=1/2). If the energy difference is small, the energy required
to pair two electrons in the t2g orbital is greater than the energy required to
populate the higher orbital with single electrons, and hence one electron is
placed in each of the 5 heme iron 3d orbitals. This configuration is a high-spin
state (S=5/2). The energy difference between the orbitals is affected by
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substrate or by ligand binding to the heme iron. Substrates reduce the energy
difference and, aided by the displacement of water, shift the low-spin heme iron
into a high-spin state. Ligands such as imidazoles increase the energy difference
between orbitals, reinforcing the low-spin state [3].

Figure 1.5: The P450 ferric heme iron 3d orbital configuration for the low-spin
and high-spin state. In the low-spin state electrons are paired and occupy the t2g
orbitals, as ΔO (the energy difference between the t2g and eg orbitals) is large. In the
high-spin state the ΔO decreases, and electrons are distributed between the t2g and eg
orbitals.

1.5

Cytochrome P450 redox systems

As discussed above, most P450s require a delivery of two electrons to the heme
in order to function as oxygenases. The electrons are almost exclusively derived
from NAD(P)H and delivered to the P450 via one or more redox partners. It
was originally thought that there were only two distinct types of redox partner
systems that accomplish this: the prokaryotic type (class I) and the eukaryotic
type (class II) system. Class I systems include the majority of bacterial P450
systems and consist of a soluble P450, an iron-sulfur protein (ferredoxin) and a
flavin-containing, NAD(P)H-binding reductase. Work on P450CAM showed that
the reductase was a FAD (flavin adenine dinucleotide) containing reductase
(putidaredoxin reductase), which transfers electrons to a ferredoxin
(putidaredoxin, binding a 2Fe-2S cluster), which in turn transports electrons
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one at a time to the P450CAM [45, 46]. Class II systems include mammalian and
other eukaryotic P450s, and consist of a membrane-bound cytochrome P450
reductase (CPR) and the P450. The CPR transfers electrons from NAD(P)H via
its FAD- and then its FMN (flavin mononucleotide)-binding domains to the P450
[4]. Electrons derived from NADPH enter through the FAD domain (via hydride
ion transfer), which transfers electrons to the FMN, which then passes them to
the P450 [47, 48]. The active species for heme iron reduction is considered to
be the 2-electron reduced FMN hydroquinone, while the resting state of CPR in
the cell is thought to be a 1-electron-reduced state in which the FMN is in a
semiquinone state. Thus, electronic population of the CPR is considered to pass
through a 1-3-2-1 system, where the active donating species is a FMN
hydroquinone (and the FAD is in either semiquinone or oxidised state). The
structures of FAD, FMN and the 2Fe-2S cluster found in putidaredoxin are
shown in Figure 1.6.
A third class of redox systems was established with the discovery by Fulco et al.
of a redox partner fusion P450 enzyme in Bacillus megaterium, where a P450
domain was covalently fused to its CPR redox partner domain via a short
peptide linker region [49]. The enzyme, P450 BM3 (CYP102A1, BM3), exhibited
high catalytic activity and contained no membrane anchor regions [50]. This
enzyme will be discussed in detail later. Since the discovery of BM3, many other
fusion systems have been characterised, including two BM3 homologues in B.
subtilis [51]. P450foxy from the fungus Fusarum oxysporum is another fusion
P450 with a CPR domain linked to the P450 domain, and is capable of
hydroxylating fatty acids, much like P450 BM3 [52]. The CYP116B family of
P450s are bacterial enzymes that have the P450 enzyme covalently linked to a
FMN- and 2Fe-2S-containing NAD(P)H-dependent phthalate dioxygenase
reductase module (PDOR domain) [53]. Fusion proteins such as the CYP102A1
and CYP116B family members generally exhibit high catalytic efficiency, due to
the proximity of the P450 domain to its redox partner [4].
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Figure 1.6: The structure of FMN, FAD and a 2Fe-2S iron cluster from P450 redox
partners. FMN and FAD are bound in distinct domains of CPR in class II P450 redox
systems and. Membrane-bound CPR is the electron donor to most mammalian,
membrane-bound P450s. Iron-sulfur cluster-binding proteins (ferredoxins) include
putidaredoxin, the P450CAM redox partner. Putidaredoxin is reduced by the FAD/NADHbinding putidaredoxin reductase in a typical bacterial class I P450 redox system. P450
enzymes in the adrenal glands involved in steroid biosynthesis also use a class I system
– this involves the NADPH-dependent, FAD-binding adrenodoxin reductase, the 2Fe-2S
cluster-binding adrenodoxin and the P450. While bacterial class I systems have soluble
protein components, the adrenal gland adrenodoxin reductase and P450 partner are
both membrane-bound.

1.6

Cytochrome P450 structure

The first P450 crystal structure, the full structure of P450CAM, was obtained in
1985 [54]. Since then, many P450s have been structurally resolved, in their
substrate-free as well as in substrate- and inhibitor-bound forms [55–57]. The
structural data revealed that, despite the lack of amino acid similarity between
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them, all P450s share a highly similar overall fold. No non-P450 enzymes share
this fold, showing that the P450 fold is uniquely adapted for the binding of its
selected redox partners and for the oxygen activation reactions that the P450
enzymes perform [12].
The P450 BM3 heme (P450) domain structure (Figure 1.7) was found to
represent the general structural properties of the P450 superfamily well. P450s
have two structural domains, the larger α helix rich region (α-domain), and a
smaller β sheet rich region (β-domain), that encircle the heme. The heme
porphyrin ring sits between the distal I-helix and proximal L-helix, and is
proximally ligated by a cysteine thiolate, the only absolutely conserved residue
in the P450 oxygenases [58, 59]. The heme iron sits at the bottom of the
enzyme’s active site, surrounded by other highly conserved residues that are
essential for the enzyme’s oxygenase activity. An important and heavily
conserved residue is a phenylalanine (Phe) that typically resides 7 residues
before the conserved cysteine and interacts with the Cys-Fe bond, regulating the
heme iron reduction potential and its reactivity with oxygen [18]. The Phe
residue (Phe393) is part of the highly conserved heme binding motif
FxxGx(H/R)xCxG, where the C represents the cysteine ligating the heme iron
[12]. This motif is required to hold the cysteine in place and contains peptide NH
groups that provide H-bonds for stabilisation of heme ligation. A similar
conserved sequence can also be found in non-P450 proteins, such as nitric oxide
synthase (NOS), which also catalyse monooxygenation reactions [60]. The Hbonds that the cysteine forms with neighbouring amides serve to regulate the
redox potential of the heme iron, tuning it to a range where reduction by a redox
partner is well regulated with respect to preferential reduction of a substratebound P450 [61]. Another highly conserved region of the P450 fold is a portion
of the I-helix close to the heme iron. In this region, a highly conserved threonine
(occasionally a serine) residue delivers protons to the iron-linked oxygen and
assists in O-O bond scission, therefore playing a major role in P450 catalysis.
Adjacent to the hydroxyl group-containing amino acid is usually an acidic amino
acid, which assists in the process, likely through proton transfer to the Thr/Ser
residue. In P450CAM, the relevant residues are Asp251/Thr252 [36, 62].
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Despite the conserved fold common to all P450s, the active site amino acid
sequence varies significantly, creating enough diversity to allow for binding of
an enormous variety of substrates. Some P450s are highly substrate-specific,
while others, like human liver CYPs, metabolise a huge range of substrates.
Substrate recognition is achieved mainly by the peptide regions lining the
active site, which have been described as ~6 substrate recognition sites (SRS
regions), that reside on the P450 helices forming the active site (B, F, G, I and
K-helices) [58, 63]. These regions are extremely flexible, undergoing
conformational changes on substrate binding [64]. This means that, in many
cases, the structural organisation of the substrate-free form of a P450 enzyme
is different to that of the substrate-bound state, with the P450 undergoing
several structural rearrangements to enable entry of the substrate and to
make stabilizing interactions with the substrate in the active site.
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Figure 1.7: The general structure of a P450 enzyme, illustrated by the
P450 BM3 heme domain. The two main domains of the P450 are the α helix-rich “αdomain” (teal) and the β sheet-rich “β-domain” (green), which enclose the heme (red).
The helices are labeled from the N-terminus as A to L in standard P450 nomenclature
[58]. Elements close to the heme are well conserved among the P450s, as they contain
residues essential for the activation of molecular oxygen and for heme iron
coordination and redox potential regulation.
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1.7 The P450 BM3 enzyme
1.7.1 Overview
P450 BM3 (CYP102A1) was first isolated from the soil bacterium Bacillus
megaterium by Fulco et al. in 1974 [65]. It was found to be a 119 kDa selfsufficient fatty acid monooxygenase, requiring only NADPH and molecular
oxygen to establish hydroxylation of fatty acids [66]. P450 BM3 was the first
P450-redox partner fusion enzyme identified, containing an N-terminal P450
heme domain covalently linked to a C-terminal CPR domain by a peptide linker
[67]. Further characterisation revealed that the CPR domain in the P450 BM3
contains two flavin groups, FAD and FMN [ 6 7 ] . B ot h the P450 and the CPR
domain lack a membrane anchor region that is usually found in mammalian CYP
and CPR proteins, revealing the protein as a soluble and catalytically selfsufficient multi-domain flavocytochrome, requiring only its substrates (fatty
acids, NADPH and dioxygen) to function. The BM3 enzyme catalyses the
hydroxylation of fatty acids at sub-terminal positions (ω-1, ω-2 and ω-3
positions) and is functionally similar to mammalian fatty acid hydroxylases
(CYP4A), which are ω-hydroxylases, although a key residue (Phe87) in P450
BM3 interacts with the terminal methyl group of the fatty acid to prevent
oxidation at this position [68].
P450 BM3 catalyses the hydroxylation of saturated long-chain fatty acids,
favouring fatty acids with a carbon chain length of 12-20. Hydroxylated fatty
acids, fatty alcohols, fatty amides, and unsaturated fatty acids are also
substrates, the latter of which can also be epoxidized [49, 69]. The true
physiological role of BM3 is unclear. Unbranched fatty acids were thought to be
its natural substrates, although the BM3 enzyme exhibits uncoupled oxidation
of NADPH with some of these substrates [66, 70]. In B .megaterium, BM3 gene
expression is induced by barbiturates and by polyunsaturated fatty acids (e.g.
arachidonic acid) [71, 72]. Polyunsaturated fatty acids are toxic to
B.megaterium, suggesting that a possible physiological role for BM3 may be the
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detoxification of these molecules [73]. Another possible endogenous substrate
for BM3 may be branched-chain fatty acids, which also induce BM3 gene
expression and make up over 90% of the bacterium’s fatty acid content [74,
75].
The oxygenase activity of BM3 is the highest reported for a CYP enzyme
(~17,000 min-1 with arachidonic acid), due to the rapid electron transfer
through the P450 system, facilitated by the fusion of the P450 heme and
CPR domains, and by the particularly fast reduction of the CPR FAD
cofactor by NADPH [76]. P450 BM3’s rapid catalysis, coupled with its
solubility and self-sufficiency (as well as the similarity of its heme domain
structure to those of eukaryotic CYP4 fatty acid hydroxylases) has led to it
becoming a model P450 system. It has been cloned ad expressed in E. coli, to
produce large amounts of pure protein; and has been extensively characterised
using kinetic, spectroscopic, structural and analytical methods [50, 57, 77, 78].
The active form of the BM3 enzyme was shown to be a dimer, that dissociates
into monomers at low (nanomolar) protein concentrations [79]. Studies
involving restoration of catalytic activity using mutants (with variously
disrupted heme, FAD or FMN binding) showed that electron transfer in the
dimer occurs from NADPH to FAD and onto FMN of one monomer, and then
from this FMN across to the heme domain of the second monomer [80, 81].

1.7.2 P450 BM3 structure
Due to the self-sufficient, eukaryotic P450-like nature of BM3, it became a major
target of structural research in order to understand its organisation and
mechanism. Eukaryotic P450 enzymes are membrane bound, and have proven
difficult to isolate in a homogeneous state and to crystallize. However, this has
been addressed by protein engineering of human and other class II P450s to
remove their N-terminal anchor regions and to promote their solubility,
ultimately facilitating the crystallization and structural elucidation of a number
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of eukaryotic P450 enzymes [82]. Due to the fusion of the P450 and CPR
domains in the soluble BM3 enzyme, attempts were made to crystallize the
intact BM3, and to obtain the structure of its catalytically active form. However,
the full-length enzyme structure was not forthcoming. The P450 heme domain
and the component domains of the CPR module (i.e. the FAD/NADPH-binding
and flavodoxin-like, FMN-binding domain) of the enzyme have since been
crystallized separately and their structures determined by X-ray diffraction [68].
The first crystal structure of the BM3 heme domain revealed a crystallographic
dimer, one monomer in a more “closed” conformation than the other (PDB file
2HPD) [57, 83]. When a substrate-bound BM3 structure was solved, it revealed
the binding of the palmitoleic acid in the long, hydrophobic substrate access
channel leading to the heme iron [84]. The “substrate-bound” structure
exhibited large structural rearrangements compared to the substrate-free forms
crystallized previously. However, the substrate binding mode was too far away
from the heme iron for oxidative chemistry to occur. NMR studies showed that
heme reduction triggered a further conformational change that brings the
substrate closer to the heme, although this work has not been replicated and it
is also feasible that the substrate is able to migrate to and from its structurally
identified position towards the heme for catalysis [85].
The P450 BM3 heme domain structure (Figure 1.8, panel A) shows the typical
P450 fold, consisting of α and β domains surrounding the heme. The larger αdomain is α-helix rich, while the β-domain has a substantial proportion of β
sheet structure. The helices are labelled A – L, following standard P450
nomenclature [58]. The α domain consists of 70% and the β region of 22% of
the overall BM3 heme domain structure [57]. The heme porphyrin ring rests
between the I-helix on top and the L-helix on the bottom. While substrate-free,
the heme is six-coordinated, with a proximal cysteinate thiolate ligand, and a
distal water ligand. The substrate access channel is filled with solvent molecules
in its substrate-free conformation. On substrate binding, water molecules in the
active site are displaced, including the heme iron axial water ligand, resulting in
a heme iron shift from a low-spin to a high-spin state. Substrate binding induces
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a change in the positioning of the F/G loop and the F- and G-helices, tilting the
helices and closing the access channel, holding the substrate in place [44]. In the
substrate-free conformation, the I-helix exhibits a kink common in many P450
enzymes, due to the disruption of its hydrogen bonding by a water molecule
inserted between the Ile263−Glu267 and the Ala264−Thr268 carbonyl oxygens
[44]. Substrate binding displaces this water molecule, rearranging the hydrogen
bonding network and allowing for a decreased kink in the I-helix. This leads to
displacement of the heme iron distal water ligand, which then interacts with the
Thr268 residue of the I-helix [44]. The heme iron becomes penta-coordinated,
with the axial water located above and to the side of the heme iron, close to
where oxygen binds on heme iron reduction [44]. A threonine (or serine)
residue corresponding to the BM3 Thr268 residue is well conserved in other
P450s and has (as discussed above) been implicated in the protonation of ironoxo intermediates in the P450 catalytic cycle in order to ensure that proton
relay to reactive heme ion-oxo species occurs efficiently to prevent uncoupling
of substrate oxidation [86, 87].
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B

Figure 1.8: The crystal structure of the NPG-bound WT BM3 heme domain and
organisation of important catalytic residues. In panel A, the WT BM3 heme domain
(PDB 1PJZ) [44] is in pale green, NPG is in beige and the heme is in red. The BM3 heme
domain structure exhibits a typical P450 fold. The I-helix residues Ile263 and Glu267
are coloured in blue and the Ala264 and Thr268 residues are in green. A water
molecule sits between these residues in the substrate-free structure, inducing a kink in
the I-helix. Residues Arg47 and Tyr51 are situated at the mouth of the active site and
interact with substrate carboxylate, and are coloured in pink. Panel B shows the active
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site residues in BM3. The heme is in red and the NPG in beige. The Ile263−Glu267
residues are in blue and the Ala264-Thr268 residues in green. Thr268 is situated close
to the heme iron and interacts with the heme axial water ligand on substrate binding.
Phe87 is in magenta and rotated inwards in the substrate-bound form, enabling it to
interact with the ω-methyl group of the fatty acid substrate. Ala82 (orange) is part of
the active site hydrophobic pocket, also near the substrate tail. Arg47 and Tyr51 (pink)
interact with the substrate at the entrance of the active site. Cys400 (yellow) is the
proximal cysteine thiolate heme ligand, the only absolutely conserved residue in all
oxygenase P450s. Ile401 (teal) immediately follows the Cys400 heme iron ligating
residue. Proline replacement mutations at both Ala330 (black) and Ile401 result in
structurally perturbed heme domain structures and introduce novel substrate
selectivity properties [88]. The same is true for Ala82 mutations (e.g. A82F) [89].

Due to the large structural rearrangements in the BM3 P450 domain that occur
upon substrate binding and the fact that its substrate-bound crystal structure
only shows a “pre-catalytic state” (i.e. the substrate resides too far from the
heme iron for oxidative catalysis to take place), it is unclear whether the
positioning of active site residues in the resolved structures are relevant to the
binding of substrates in any catalytically “ready” conformation. Despite this
issue, many of the residues in P450 BM3’s active site channel have been
mutagenized to explore their role in the catalytic process. Several residues have
been found to be particularly important for the binding of substrate and for the
catalytic function of the BM3 enzyme (Figure 1.8, panel B).
The Phe87 residue extends into the active site close to the heme. In a substratefree conformation it is positioned perpendicular to the heme. However on
substrate binding it rotates ~90°, thus positioning itself between the heme iron
centre and the ω-terminal end of the substrate [84]. Phe87 has been implicated
in the control of sub-terminal oxidation of substrates in BM3, a conclusion
which was supported by mutagenesis studies [90, 91]. The F87A mutant was
reported to hydroxylate lauric acid almost exclusively at the ω-position, while
the F87V mutant allowed for ~100% epoxidation of arachidonic acid at the
14(S)-15(R) position, compared to just 20% in WT BM3 [92, 93]. However,
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perhaps more reliable data for the influence of mutation to Phe87 came
through the studies by Dietrich et al., where BM3 triple mutants including the
F87A mutation were shown to catalyse lauric acid substrate hydroxylation at
positions substantially removed from the ω-position [94]. Phe87 thus interacts
with the terminal methyl group of substrate and when mutated to alanine
this interaction no longer occurs, likely allowing for the substrate to protrude
further into the active site, or possibly for it to bind in novel modes. Due to its
importance in the regulation of activity and regiospecificity in P450 BM3, it is
one of the most commonly mutated residues in the enzyme [93]. The
mutagenesis of Phe87 towards less bulky side-chains is often beneficial for
enabling the oxidation of large substrates, and therefore F87V and other similar
Phe87 mutations are commonly used as component mutations introduced into
BM3 mutants that metabolise pharmaceuticals and other bulky substrates.
Ala82 is also part of the hydrophobic pocket around the BM3 heme domain
active site, and likely also interacts with the fatty acid substrate [57, 95]. When
Ala82 is substituted for bulky, hydrophobic residues (e.g. phenylalanine or
tryptophan), these residues can protrude further into the hydrophobic pocket,
so altering the structure of the active site pocket and resulting (from structural
analysis) in the heme domain occupying a conformation like that of the
substrate-bound

form

of

the

enzyme

(rather

than

a

substrate-free

conformation). The A82F and A82W mutants show increased fatty-acid affinity
and reported improved catalytic efficiency, consistent with the model that they
now favour a catalytically “primed” conformation [96]. They also exhibit novel
binding to indole, suggesting a generally improved activity towards smaller
molecules [96]. The A82F and A82F/F87V mutants of P450 BM3 introduced
specificity for binding to gastric proton pump inhibitor drugs, enabling these
mutants to oxidise omeprazole and related drugs to the same products as are
produced by human P450 enzymes [89]. Arg47 and Tyr51 are residues at the
active site mouth, which are important in the recognition of substrates. Arg47,
in particular, plays a key role in electrostatic binding to the fatty acid
carboxylate, while Tyr51 is also able to hydrogen bond to this substrate
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functional group [76]. A crystal structure of the BM3 heme domain bound to
palmitoleic acid revealed c l e a r l y that these two residues interact with the
carboxylate group of this substrate, although the Arg47 residue electron density
is poorly defined, suggesting that its interaction with the substrate is flexible
[84]. Mutations to these residues (R47A, Y51F and the R47A/Y51F double
mutant) exhibited lower fatty acid binding affinity and hydroxylase activity [76].
Ile401 is located on the proximal side of the heme iron, immediately
after the proximal cysteine thiolate ligand to the heme iron. A proline
substitution at this position (I401P mutant) showed oxidation of non-natural
substrates, but left native fatty acid selectivity largely unaltered [88, 97]. The
I401P BM3 mutant enhanced NADPH oxidation by 37% with lauric acid as the
substrate and by 400% with non-natural substrates, such as fluorene and (+)-αpinene, as well as increasing efficiency of coupling of NADPH oxidation to
product formation with non-natural substrates [97]. The I401P heme domain
mutant was found to be partially high-spin when substrate-free and exhibited a
~100 mV higher redox potential than the substrate-free WT BM3 heme domain
[97]. The crystal structure of the substrate- free I401P mutant s t r o n g l y
resembled that of the NPG-bound WT BM3 heme domain [88]. The I401P heme
iron has its axial water molecule displaced, exhibiting a penta-coordinated state
[88, 97]. Many other active site residues involved in substrate binding (e.g.
Phe87, Ile263 and Ala264) assume a “substrate-bound” conformation in the
I401P mutant structure. Due to its similarity to the substrate-bound WT BM3
structure, the I401P BM3 substrate-free structure was suggested to be
catalytically “primed”, allowing for the observed activity-enhancing properties
seen in this mutant [88].
The Ala330 residue resides in the SRS5 substrate recognition region of P450
BM3, thus helping to regulate substrate specificity and binding in the active site.
An A330P mutant was made that showed enhanced activity with short chain
fatty acids as well as with small substrates such as pentane [88]. The A330P
heme domain crystal structure revealed a reshaping of the substrate recognition
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region, where instead of the mutated proline adjusting to accommodate existing
residues, the a d j a c e n t Pro329 residue is displaced and its side chain
protrudes into the access channel next to the heme iron [88]. This constricts
the area around the heme, preventing large substrates from interacting with the
heme iron.

1.8

Biotechnological applications of cytochrome P450 enzymes

Bacterial P450-redox partner fusion systems such as P450 BM3, often show
higher efficiency and reaction velocity than do non- fused systems (e.g. NADPH
oxidation rate of BM3 is ~17,000 min-1 with arachidonic acid, compared to the
rate of 930 min-1 for P450CAM with camphor [98]). Moreover, bacterial P450s
are soluble and g e n e r a l l y readily purified from expression hosts, and
typically exhibit higher activity and stability than do their membrane-bound,
multi-component counterparts, such as the mammalian hepatic P450s and their
CPR partners [99, 100]. In this respect, it is not surprising that P450-redox
partner fusion systems have been used extensively as biocatalysts. As discussed
above, eukaryotic P450 enzymes are frequently difficult to express and purify in
an active state. However, the hepatic P450 enzymes do metabolise a large array
of substrates compared to typical bacterial P450s. Thus, their applications lie
predominantly in the pharmaceutical and biotechnological industries.
In medicine, human P450 metabolism can be used to activate a variety of drugs
[101–103]. Importantly, several commonly used cancer prodrugs, such as
cyclophosphamide and ifosfamide, are bioactivated by the human liver CYP
enzymes [104]. Through P450 gene transfer, these drugs can be activated
directly in the target tissue, reducing their toxicity and producing the active
form [105]. P450s can also be used as biosensors to monitor drug levels in
blood, shedding light on drug toxicity and drug-exogenous molecule interactions
[106]. Mammalian P450s are often employed in such biosensors. For instance,
the CYP3A4 enzyme can be used to detect the retroviral drug indinavir at subplasma levels in blood [107]. Biosensors are particularly important in
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monitoring the effects of genetic variation on CYP activity and drug metabolism,
with a view to personalise medicine [108].
Another prominent area of research is the use of P450s in bioremediation.
Industrial pollutants such as polycyclic aromatic hydrocarbons (PAHs) can be
metabolised by P450 BM3 [11, 15]. Two triple mutants, R47L/Y51F/F87A and
R47L/Y51F/A264G, showed an order of magnitude increase in oxidation of a
number of PAHs, compared to the WT BM3 [109]. Polychlorinated dibenzo-pdioxins (PCDDs) can be degraded by human CYP enzymes, and microorganisms
engineered to express CYP1A enzymes are capable of bioremediation of
contaminated soil [110]. Polychlorinated biphenyls (PCBs) can be metabolised
by a number of CYPs, with the extent of their metabolism depending on the
position and degree of chlorination [111]. Furthermore, many bacterial and
plant P450s can remove specific herbicides from the environment, allowing
for the creation of herbicide resistant plants. For instance, CYP71A10 can Ndemethylate phenylurea herbicides in the soybean plant [112, 113]. Coexpression of this gene and its P450 reductase partner in tobacco plants showed
an order of magnitude increase in the resistance of transgenic plants towards
some of these phenylurea herbicides [114].
The most active area of P450 research is driven by the biotechnology industry.
Enzymes are frequently used in biotechnology as environmentally-friendly
regio- and stereo-selective oxidation biocatalysts. This “green” chemistry is an
alternative to conventional chemical synthesis, which often requires harsh
conditions (high temperature, pressure etc), produces undesired side-products
and gives low yields. Enzymes can also catalyse reactions that are not possible
to achieve by conventional synthesis, combining in one reaction what chemical
synthesis could only achieve through a multi-step process [115]. For example,
pure enantiomers of styrene oxide can be produced via a styrene
monooxygenase enzyme [116]. Bacterial P450s are involved in many antibiotic
synthesis pathways, e.g. the synthesis of erythromycin requires the CYP107A
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family P450eryF [117]. Approximately half of the 19 steps in the biosynthesis of
taxol, a chemotherapeutic drug, are catalysed by P450 enzymes [118, 119].
The ability of P450 enzymes to perform C-H bond oxidation makes them an
attractive alternative to traditional chemical synthesis. P450 BM3, in particular,
has been widely used in P450 biotechnology due to its self-contained nature,
ease of expression and solubility [115]. Some of the enzyme’s natural substrates
are used as precursors for biotechnologically important products, such as the
production of δ- and γ-lactones from lauric acid [94]. However, most of the
biotechnologically interesting molecules are not natural BM3 substrates and are
oxidised slowly (if at all) by wild-type P450 BM3. Directed evolution, irrational
mutagenesis and random site-directed mutagenesis have all been employed to
produce BM3 enzyme variants with altered substrate selectivity or increased
activity towards existing substrates [5].
While P450 BM3 mutants can be highly regio- and stereo-selective in their
oxidation of substrates, BM3’s flexible active site allows for substrate mobility,
and a mixture of products is often a more likely outcome [5, 120]. To obtain a
high yield of a specific product, the active site needs to be redesigned. Selectivity
control is often difficult to achieve, as mutations often do not have predictable
or generic effects, and thus the engineering of specificity must be dealt with on a
substrate-to-substrate basis [5]. Directed evolution, as well as site-directed and
random mutagenesis of the active site, were initially employed to produce BM3
mutants showing selectivity to molecules structurally similar to the WT BM3’s
natural substrates, e.g. short chain fatty acids [121]. Various BM3 mutants
generated by directed evolution were shown to oxidise molecules such as
alkanes and indole, and to produce ethanol from ethane substrate [122–124].
Oxidation of indole was found to be common in many selectivity-altering BM3
variants, and the discovery that this reaction turned culture media blue (as
indole was converted to indigo) provided an efficient method of screening for
altered oxidase activity [125]. A highly active indole-metabolising triple mutant
(A74G/F87V/L188Q) was generated using directed evolution restricted to a
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specific group of residues [123]. This triple mutant could oxidise an array of
non-natural substrates, including alkanes, PAHs and phosphorothionate
pesticides [126–128]. Using site-directed mutagenesis, product distribution in
BM3 reactions also can be manipulated. A series of double mutants, created by
recombining five hydrophobic mutations at the Phe87 and Ala328 residues, was
shown to improve regio- and stereo-selectivity of oxidation for terpene and
cycloalkane substrates [129, 130].
Indole screening methods have frequently led to discovery of variants that can
metabolise molecules that are structurally very different to indole [131]. In
order to engineer P450 BM3 mutants for the metabolism of targeted molecules,
new screening methods were developed that are high-throughput and involve
substrates closely related to the target molecule. A continuous fluorescence
screening assay was designed by using p-nitrophenoxycarboxylic acids, which
are converted into the chromophore p-nitrophenolate on P450-mediated Odealkylation of the substrate [132]. This assay was used to create mutants using
the F87A mutant as a platform, since this mutant exhibits increased activity
towards medium chain length substrates [133]. Other screens developed
include an assay for NADP+ formation, which (when treated with alkali) can be
readily detected via spectrophotometric/fluorimetric methods. Various other
customised BM3 screens have also been developed, including assays for alcohol
and epoxide formation [134–136]. Substrates including resorufins produce
fluorescent products on P450-dependent O-dealkylation, enabling their use in
fluorescence assays [137]. These types of molecules are used widely to screen
BM3 mutants for their ability to metabolise pharmaceuticals.
A particularly active area of BM3 biotechnological research is in the
development of mutants for the oxidation of pharmaceuticals and the
production of human-like CYP substrate metabolites. Understanding the
oxidative modification and subsequent metabolism and excretion

of

pharmaceuticals is crucial, as drug metabolites are frequently biologically active
in their own right and can lead to toxicity and to adverse interactions with both
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endogenous and exogenous molecules [138]. Information about which human
CYP enzyme(s) are responsible for the metabolism of a drug candidate must
frequently be known before the molecule can be submitted for testing/approval
[5]. Human CYP enzymes are difficult to express and do not lend themselves
readily to metabolite production at scale, due to their instability and
requirement for an additional membranous partner enzyme. Redox partner
fusion system CYP enzymes, and in particular the high-activity, soluble P450
BM3, are thus much more suitable for producing drug metabolites than are
mammalian P450 systems. They are also expected to generate higher yields of
drug metabolite products. BM3 has better stability and has been proven to
exhibit binding to a vast range of substrates in its various engineered forms
[139–142]. WT BM3 was shown to metabolise a number of CYP2E1 and CYP3A4
substrates at a higher rate than the human CYPs [143]. Also, a small panel of
BM3 mutants was found to produce 12 out of 13 human metabolites for two
marketed drugs (verapamil and astemizole) and also to make products from a
large array of other pharmaceuticals [142]. The D251G/Q307H BM3 mutant
was shown to generate the major human CYP metabolites of diclofenac,
ibuprofen and tolbutamide [144]. Steroids were also targeted, with an
A82W mutant showing regioselective hydroxylation of testosterone and
norethisterone at the 16β position [145]. Engineered BM3 variants have
produced human CYP-like metabolite profiles from a large number of
pharmaceuticals, frequently in different ratios but in much higher yields than
from the relevant human CYP enzymes [140, 146, 147]. P450 BM3 variants were
also engineered to mimic the substrate selectivity of CYP2C9, one of the main
human hepatic P450s [138].
P450 BM3 can be expressed to high levels in E. coli and thus can be purified in
high yields for in vitro applications. In addition, intact BM3 transformant cells
are also viable systems for the oxidation of drugs and other substrates for
biotechnological applications [148]. Extensive engineering of BM3 has proven
that this enzyme is suitable for production of individual metabolites for
preclinical toxicology and bioactivity analysis [142]. The ease of expression,
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high activity and yield make this enzyme an excellent candidate for the
production of high value pharmaceutical metabolites.

1.9

Aims of the project

The work in this thesis is aimed at diversifying the substrate pool for the WT
BM3 towards human drug metabolites. Using current knowledge of BM3
variants shown to have activity towards selected human drugs, mutagenesis of
some of the most promising target residues was done to generate mutants that
could be applied for novel drug metabolite formation. This work involved the
generation of selected of proline replacement mutations, these being the I401P
and A330P point mutants (known to have substantial effects on substrate
selectivity in P450 BM3) and the A330P/I401P double mutant (to explore the
influence of combining these two mutations). The genes encoding the intact
P450 BM3 mutant enzymes, along with their mutant heme domains, were
expressed in E. coli and the proteins purified in large quantities, to allow
comparative studies of their properties with those of the wild-type BM3
enzyme. Characterisation of the three mutant enzymes was carried out using a
variety of techniques, with initial studies using UV-Vis spectroscopy to analyse
the spectral properties of the reduced/CO-bound complexes of the mutants. This
allowed for the confirmation of the P450 nature of all three mutant enzymes, for
the determination of their concentrations and for analysis of their binding to
heme and flavin cofactors.
UV-Vis spectral binding studies were also performed to investigate the
interactions between these enzymes and potential substrate/inhibitor
molecules. Where such interactions occurred, Kd values were determined by
spectral binding assays to ascertain the affinity of the mutant enzymes for the
relevant substrate/inhibitor in comparison to their wild-type counterpart.
These studies helped to “probe” the active site structure and the molecular
preference of the mutants for diverse substrates. Binding studies were first
carried out with known WT BM3 substrates/inhibitors and later with novel
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substrates to characterise the extent of substrate specificity diversification
exhibited by each of the mutants. Novel substrate specificity was probed using a
selection of fluorogenic substrates that are frequently used in activity assays for
human CYP enzyme metabolism. The binding and oxidative metabolism of these
compounds was determined using fluorescence spectroscopy, and by following
shifts in the intensity and/or wavelength of the fluorescence maximum of the
substrate(s) on their transformation to product(s) following oxidation by the
BM3 mutants in presence of NADPH reductant. These data helped clarify
whether the mutant BM3 enzymes perform oxidative reactions similar to those
that specific human CYPs catalyse for these fluorescent substrates, and which
are used as characteristic activity assays for these CYPs. Once the types of
reactions performed by the mutant BM3 enzymes were elucidated via
fluorescent substrate binding and oxidation assays, further UV-Vis assays were
done to probe the mutants’ active sites using optical spectroscopy to analyse
binding to a range of drugs, steroids, inhibitors and small molecules.
Biophysical characterisation of the BM3 mutants was also done, including
differential scanning calorimetry (DSC) to investigate the thermal stability of the
mutants, and multiangle laser light scattering (MALLS) to determine the natural
aggregation states of the enzymes (monomeric, dimeric etc.). Electron
paramagnetic resonance (EPR) spectroscopy was used to investigate the heme
iron ligation environment of the BM3 mutants and their interactions with drugs
and other ligands. X-ray crystallography was used to determine the structure of
the I401P BM3 heme domain. This enabled the analysis of the structure of the
active site and gave further insights into protein engineering strategies that
could be undertaken to improve binding of novel substrates. Steady-state kinetic
analysis was used to probe the dependence of NADPH oxidation rate on novel
drug/substrate binding with the mutant I401P enzyme. This work was
important to establish that novel drugs not only bind, but that their binding also
triggers electron flow from the reductase to the heme domain to support their
metabolism by the I401P BM3 mutant. Finally, where such a kinetic dependence
was observed, high performance liquid chromatography (HPLC) and liquid
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chromatography-mass spectrometry (LC-MS) were performed to resolve and to
ascertain the identity of metabolites produced by the I401P BM3-dependent
oxidation of these drug substrates. These metabolites were then compared to
known human metabolites of the drugs used and further mutagenesis strategies
to improve the properties of the I401P mutant were designed. The I401P mutant
was also combined with a preceding A82F/F87V mutant of BM3 that also
exhibited novel human drug binding and metabolism properties [89, 149]. The
A82F/F87V/I401P triple mutant was examined for novel substrate binding and
in cases where the triple mutant exhibited higher binding affinity than the I401P
point mutant and the A82F/F87V double mutant, metabolite production from
this triple mutant was examined using LC-MS.
The studies carried out in this thesis present a characterization of a highly active
P450 BM3 mutant (I401P BM3), as well as including studies of the A330P
mutant

and

the

A82F/F87V/I401P

A330P/I401P
triple

double

mutant.

A

mutant,
series

of

and

the

combined

studies

including

substrate/inhibitor binding, EPR spectroscopy, protein crystallography and
organic product analysis were done to characterize the properties of these P450
BM3 enzymes and their heme domains. In particular, a significantly diversified
substrate pool was characterized for the I401P mutant enzyme, including work
that showed its binding to various small molecules and to an assortment of
human drugs. I401P BM3 also exhibited a human CYP-like metabolite profile
from different compounds, along with a much higher enzyme production yield
than is feasible for human CYP enzymes. This makes the I401P BM3 enzyme a
good candidate for use in industrial metabolite scale-up reactions, where
production of large quantities of drug metabolites is needed. Further protein
engineering was done on the I401P BM3 enzyme in efforts to improve its
binding and oxidation with known substrates and with the novel substrates
identified in this research project, and also to explore the effects that the
additional mutations have on the properties of this biotechnologically important
P450 BM3 enzyme.
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2.

Materials and methods

2.1.

Materials

All fluorescent substrates and human CYP substrates were supplied by Cypex
(Dundee, UK), unless stated otherwise. The + and -nicotine were supplied by
Fisher Scientific (Leicestershire, UK). All other materials were supplied by
Sigma-Aldrich (Poole, UK) unless otherwise stated.

2.2.

Bacterial cell strains

A number of Escherichia coli strains were used in this work: BL21 (DE3)
competent cells were used for high level protein expression and were supplied
by Stratagene-Agilent (Cheadle, UK). NovaBlue cells were used for plasmid
transformation and were supplied by Novagen (Darmstadt, Germany). XL10G old ultracompetent cells w e r e also used for plasmid transformation when
high transformation efficiency was required. XL10-Gold ultracompetent cells
were supplied by Aligent Technologies (Amsterdam, The Netherlands). The
cells, their suppliers, original strains and genotypes are shown in Table 2.1.
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Cell strain

Supplier

Original strain Genotype

BL21

Stratagene/

B834

(DE3)

Agilent

F–, ompT, gal, dcm, lon, hsdSB(rBmB-), λ(DE3 [lacI, lacUV5-T7
gene 1, ind1, sam7, nin5])

NovaBlue

Novagen

K12

endA1, hsdR17 (rK12– mK12+),
supE44, thi-1, recA1, gyrA96,
relA1, lac, Fʹ[proA+B+,
lacIqZΔM15::Tn10], (TetR)

XL10-Gold

Agilent

/

endA1, glnV44, recA1, thi-1,
gyrA96, relA1, lac, Hte,
Δ(mcrA)183, Δ(mcrCB-hsdSMRmrr)173, tetR, F'[proAB
lacIqZΔM15 Tn10(TetR Amy
CmR)]

Table 2.1 Details of E. coli cell strains used in research, their suppliers and
genotype information.

2.3.

E. coli growth media

All E. coli strains and transformants were cultured in LB (Luria-Bertani) broth
(for every litre of distilled water, the following was added: 10 g bacto- typtone, 5
g bacto-yeast extract and 10 g NaCl) or grown on LB agar (ForMedium,
Hunstanton, UK) plates containing 1.5% agar. Auto-induction media
(Formedium, Hunstanton, UK) was used to culture the A82F/F87V/I401P triple
mutant (for every litre of distilled water, the following was added: 10 g bactotryptone, 5 g bacto-yeast extract, 3.3 g (NH4)2SO4, 6.8 g KH2PO4, 7.1 g Na2HPO4,
0.5 g glucose, 2 g α-lactose and 0.15 g MgSO4). Cells in liquid cultures were
incubated overnight at 37°C on a shaking platform (250 rpm), while agar plates
were incubated at 37°C overnight and stored at 4°C. All media were autoclaved
before use. Antibiotic selection for transformant cells was done in all media,
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using carbenicillin and ampicillin (Formedium, Hunstanton, UK) at a final
concentration of 50 µg/ml in liquid culture and 100 µg/ml in agar plates.

2.4.

Transformation of plasmids into competent E. coli cells

20 µl of commercially sourced competent cells were thawed on ice. 10 ng of
plasmid DNA were added and mixed with the cells, and then incubated on ice for
10 min. The cells were heat shocked at 42°C for 30 s, then incubated on ice for 2
min. 30 µl SOB (super optimal broth) medium (for every litre of distilled water,
the following was added: 20 g bacto-tryptone, 5 g bacto-yeast extract, 0.5 g
NaCl, 0.186 g KCl, 0.9 g MgCl2, 2.46 g MgSO4) were added and mixed. 30 µl of
the mix was spread onto agar plates containing carbenicillin. Plates were
incubated overnight at 37°C.
The full length and heme domain BM3 genes were expressed from the pET15b
and pUC118 vectors, respectively. E. coli expression of these genes was found to
be “leaky” and when the plasmids were transformed into BL21 (DE3) competent
cells, no induction of expression using IPTG was required for high level
production of the encoded proteins.

2.5.

Plasmid DNA purification from E. coli

To obtain plasmid DNA, 5 ml transformant cell cultures were grown overnight
in LB medium containing carbenicillin. 1 ml of the culture was collected by
centrifugation for 1 min at 8000 rpm in a microfuge. Plasmid DNA was purified
from E. coli cells using a Spin MiniPrep Kit (QIAGEN Ltd, West Sussex, UK),
following the manufacturer’s protocol. The purified plasmid DNA was used as a
stock for transformations into E. coli cells and was stored at -20°C.
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To check the purity and concentration of extracted DNA, the absorbance was
measured at 260 and 280 nm for a 1 µl sample using a NanoDrop 2000
instrument (Thermo Scientific, Wilmington, USA).

2.6.

DNA primers

All o l i g o n u c l e o t i d e primers were ordered from Eurofins (Ebersberg,
Germany). 5 µl (3 . 2 p m o l / µ l ) of a n appropriate primer and 5 µl of DNA
(50 ng/µl) per sequencing reaction were sent to Source Bioscience
(Nottingham, UK) for sequencing, as per company instructions.

2.7.

Generation of WT and mutant P450 BM3 proteins

Mutants of the full length P450 BM3 and its heme domain were generated by
site directed mutagenesis. The full length WT BM3 gene was expressed as a Cterminal His-tagged form in the pET15b construct. This construct was used to
create I401P (IP) and A330P (AP) mutations. A QuikChange Lightning sitedirected mutagenesis kit (Agilent Technologies, Berkshire, UK) was used to
generate the mutations. The primers used (mutations in red, codon positions
underlined) are shown in Table 2.2.
Primer name

Sequence

A330P

CTTATGGCCAACTGCTCCTCCGTTTTCCCTATAT

A330P antisense

ATATAGGGAAAACGGAGGAGCAGTTGGCCATAAG

I401P

GGAAACGGTCAGCGTGCGTGTCCCGGTCAGCAGT

I401P antisense

ACTGCTGACCGGGACACGCACCCTGACCGTTTCC

Table 2.2: Mutant primer sequences. The mutations to the original sequence are
shown in red with the codon changed underlined.
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The WT and mutant heme domain genes, including the AP/IP double mutant
and the A82F/F87V/I401P triple mutant, were created using the pET15b
construct. A pair of stop codons was inserted into the gene after residue 473,
using the same QuikChange Lightning kit. The primers are shown in Table 2.3
(codons in bold, underlined). The pET15b constructs with the full length and
heme domain genes were obtained from Dr. Christopher Butler (University of
Manchester). The A82F/F87V/I401P full length triple mutant protein was
obtained from Mr. Charles Gamble (University of Manchester).

StopF

CAGTCTGCTAAAAAAGTACGCAAATAG

StopR

TAGGAAAACGCTCATAATACGCCGCTG
CAGCGGCGTATTATGAGCGTTTTCCTA
CTATTTGCGTACTTTTTTAGCAGACTG

Table 2.3: Sequences for the forward and reverse primers to generate stop
codons for the BM3 heme domain genes. The stop codons are underlined.

To aid crystallization and improve structural resolution, the WT and mutant
heme domain genes (amino acids 1-473) were transferred to a pUC118 vector
(pBM20 construct) to enable expression without a C-terminal His-tag. All genes
were fully sequenced to ensure the desired mutations were present and that no
other mutations were introduced. The heme domain gene in a pBM20 construct
was obtained from Dr. Hazel Girvan (University of Manchester).
A QuikChange Lightning kit was used for mutagenesis studies. A PCR
(polymerase chain reaction) was set up to synthesise mutated copies of the BM3
gene, using the existing constructs (pET15b and pBM20) containing the WT
gene as template. The samples were prepared and processed in a TPersonal PCR
machine (Biometra, Göttingen, Germany) according to the instructions supplied
with the kit. The reactions were set up as follows:
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Segment

Cycles

Temperature

Time

1

1

95°C

2 min

95°C

20 s

60°C

10 s

68°C

7 min

95°C

5 min

2
3

18
1

After PCR amplification of the mutant plasmid, the template DNA was degraded
using the DpnI restriction enzyme, which hydrolyses methylated parental DNA,
but not the newly formed mutated DNA strand [150]. The mutant DNA was
transformed into XL10-Gold ultracompetent cells and cells were grown on
agar plates containing carbenicilin (100 µg/ml). A number of colonies were
selected and grown overnight in 5 ml LB culture prior to plasmid preparation
by miniprep, as described above.

2.8.

Analytical restriction digestion

To prepare digested expression plasmid DNA for gel electrophoresis, a
restriction digest was used. For the full length P450 BM3 DNA, a single
reaction using two restriction enzymes (NdeI and BamHI, Reaction A) was set
up as shown in Table 2.4.
Reaction A: Nde I/Bam HI
200 ng DNA
1 µl H2O
1 µl 10x NEB buffer 4
0.5 µl NdeI (10 units)
0.5 µl BamHI (10 units)
Table 2.4: Reaction A - set up for the full length P450 BM3 DNA restriction digest
using NdeI and BamHI endonuclease enzymes.
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For the BM3 heme domain DNA, a single restriction digest with HindIII was set
up, as shown in Table 2.5.
Reaction B: HindIII
200 ng DNA
2.4 µl H2O
1 µl NEB buffer 2
1 µl Hind III (20 units)

Table 2.5: Reaction B - set up for the P450 BM3 heme domain DNA restriction
digest using the HindIII endonuclease enzyme.

NEB buffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM DTT
[dithiothreitol], pH 7.9) and

10x

NEB

buffer

4

(50 mM potassium

acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 1 mM DTT, pH 7.9 at
25°C) were supplied by New England BioLabs

(Hitchin, UK). The reaction

mixtures were incubated at 37 °C for 2 hours and the enzymes were then
inactivated by heating the sample at 65°C for 20 min. After the reactions were
cooled to room temperature, 2 µl of 6x DNA loading dye (0.25% bromophenol
blue, 0.25% xylene cyanol and 30% glycerol) (Fermentas, Loughborough, UK)
were added to each sample. 10 µl of each sample was loaded onto a 1.5% TAE
(Tris/Acetate/EDTA) buffer agarose gel containing SafeView (0.5 µg/ml).

2.9.

Agarose gel electrophoresis

A 1.5% agarose gel was prepared by melting 0.45 g agarose (Melford
Laboratories Ltd, Ipswich, UK) in 30 ml 1 x TAE buffer. The 1 x TAE buffer
was diluted from a 50 x TAE stock (242 g/l Tris-base, 57.1 ml glacial acetic
acid and 100 ml 0.5 M EDTA, pH 8.0). The agarose was allowed to cool, then
SafeView (NBS Biologicals, Huntingdon, UK) was added to a final concentration
of 0.5 μg/ml. The gel was poured into a casting stand and left to set for 1 hour.
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To prepare samples for loading, 2 µl of a 6x DNA loading dye were added to a 10
µl sample. 10 µl of GeneRuler 1 kb broad range DNA ladder (Fermentas) were
used as a DNA marker. Electrophoresis was carried out in TAE running buffer
(50% TAE buffer, 50% H2O, pH 7.0), at 80 V for approximately 40 min. DNA
was visualized using a UV transilluminator (GENE FLASH, Syngene Bioimaging,
Cambridge, UK).

2.10. Buffers
Buffer ingredients and pH values are detailed in the Methods section at the point
where they are first mentioned. Common buffers that are used throughout these
studies are detailed below:
Buffer name

Composition

pH

Buffer A

100 mM KPi

7.0

Buffer B

50 mM Tris, 1 mM EDTA 7.0 at 4°C

Buffer C

1 M KPi

7.0

2.11. Protein expression
A colony of BL21 (DE3) cells with the desired plasmid was picked and used to
inoculate a 5 ml test tube of sterile LB broth with carbenicillin (50 µg/ml). After
overnight incubation at 37°C, the culture was used to inoculate 50 ml of
sterile LB broth in a 100 ml flask with carbenicillin (50 µg/ml). After 7 hours
of growth at 37°C with shaking at 200 rpm, 10 ml of this culture were used to
inoculate either 12 or 24 x 2 litre flasks containing 500 ml TB (Terrific Broth)
medium (per 1 litre of distilled water the following was added: 12 g bactotryptone, 24 g bacto- yeast extract, 4 ml glycerol, 2.2 g KH2PO4 and 0.94 g
K2HPO4, pH 7.0) and 50 µg/ml ampicillin. Flasks were incubated with shaking at
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200 rpm at 37°C for approximately 36 hours. Cells were harvested by
centrifugation in a JLA 8.1 rotor at 6000 g for 8 min at 4°C. Supernatant was
discarded and the pellet was resuspended in 1000 ml buffer B (50 mM Tris, 1
mM EDTA, pH 7.0 at 4°C) to wash cells. The resuspended cells were then
centrifuged again as detailed above. The cell pellet was collected and stored at 20°C until use.

2.12. Bacterial cell lysis and protein purification
The bacterial expression cell pellet was thawed on ice and resuspended in 250
ml of buffer A (100 mM KPi, pH 7.0). Protease inhibitor cocktail (Roche, Welwyn
Garden City, UK), 1 µl/ml of DNAse and lysozyme (10 mg/ml) were added and
mixed with a stirrer bar at 4°C. The cell suspension was lysed by sonication in a
Sonic Dismembrator (model 120, Fisher Scientific, Loughborough, UK) in cycles
of pulse on for 10 s, and off for 50 s, for a total of 30 min at 40% intensity.
The lysed cells were centrifuged in a JA 25.50 rotor at 20,000 g for 30 min to
pellet cell debris. The supernatant was left to stir at 4°C for 2 hours while 35%
ammonium sulphate was added to precipitate non-P450 protein from the
extract. Precipitated material was removed by centrifugation as above, and the
supernatant was retained.
The full length WT P450 BM3 protein, as well as the full length I401P, A330P
and A330P/I401P mutants were purified by virtue of the C-terminal His-tag,
using immobilised metal affinity chromatography. 10 ml Ni-IDA (iminodiacetic
acid) metal chelating resin (Ni Sepharose™ High Performance, GE Healthcare,
Little Chalfont, UK) was washed with 100 ml equilibration buffer (buffer A plus
10 mM imidazole) and added to the protein supernatant, to which had
previously been added imidazole to a final concentration of 10 mM. The resin
and supernatant were left overnight at 4°C on a STR6 roller mixer (Stuart
Scientific Limited, Stone, UK). The equilibrated protein and resin was applied to
an empty column that had been pre-washed with two column volumes of
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equilibration buffer. The imidazole groups of the histidine residues of the Histagged protein bind to the nickel ions immobilised within the matrix. 10 column
volumes of wash buffer (buffer A plus 20 mM imidazole) were then applied to
the column. The BM3 protein was subsequently eluted with 10 column
volumes of elution buffer (buffer A plus 200 mM imidazole).

Eluted BM3 protein was dialysed against buffer B extensively. The protein was
then concentrated using a Vivaspin 20 centrifugal concentrator with a molecular
weight m e m b r a n e cut-off (MWCO) of 30 kDa (Sartorius Vivascience,
Epsom, UK). UV-Vis absorption spectral studies and SDS-PAGE analysis were
performed on the concentrated protein to determine its purity. The full length
I401P protein was passed through a LipidEx 1000 column (Perkin Elmer, UK) in
buffer B to remove any fatty acids retained during purification. The sample was
then applied to a Q-Sepharose anion exchange column (16 x 10 cm), with elution
in a salt gradient of 0-250 mM NaCl in buffer B. Both proteins were then stored
in buffer B at -80 °C.
Following cell disruption as described above, the non-His-tagged I401P, A330P
and A330P/I401P heme domain proteins had a 35% ammonium sulphate cut
applied, followed by centrifugation, similar to the steps used for the full length
proteins. The supernatant was dialysed in buffer B extensively to desalt the
sample, before the heme domains being purified further on an AKTA
purification system. The supernatant was applied to a DEAE (diethylaminoethyl
cellulose) Sepharose ion exchange chromatography [IEC] column, with protein
elution in a salt gradient of 0-250 mM NaCl in buffer B. The purest fractions
(identified by their 418/280 nm (Rz) ratios) were dialysed into a 25 mM KPi,
pH6.5 buffer and loaded onto a hydroxyapatite column (Bio-Rad, USA, 16 x 11
cm) with heme domain elution in a gradient of 25–500 mM KPi, pH 7.0. The
purest heme domain-containing fractions were dialysed into buffer B and
applied to a Q-Sepharose anion exchange column in the same buffer, with
elution in a salt gradient of 0-250 mM NaCl in buffer B. The purest heme
domain-containing fractions were applied to an S200 gel filtration column (16 x
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600 cm) and eluted in 10 mM Tris buffer, pH 7.0. Pure heme domain protein was
then passed through a LipidEx 1000 column (Perkin Elmer, UK) in buffer B to
remove any fatty acids retained by the P450s during purification.
The purity of protein fractions was determined by SDS-PAGE and UV-Vis
spectroscopy analysis. All pure protein fractions were concentrated using
VivaSpin concentrators as described above. Heme domain protein was used for
crystallography immediately following purification, or flash frozen in liquid
nitrogen and stored at -80 °C.

2.13. SDS-PAGE analysis
SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) was
used to resolve protein samples, separating them based on size. Samples were
made up to 30 µl with 15 μl Sample Buffer (4% SDS, 10% β-mercaptoethanol,
20% glycerol, 0.004% bromophenol blue, 125 mM Tris HCl at pH 6.8), 1-4 µl
protein sample and dH2O. Samples were mixed and boiled for 10 min at 95°C.
The samples were loaded onto a 10 % precast stain-free Bio-Rad gel in
addition to a broad range prestained protein ladder (Bio-Rad, California, USA).
The gel was submerged in SDS running buffer (25 mM Tris, 192 mM glycine,
0.1% SDS, pH 8.3) and a voltage of 300 V was applied to the gel until the dye
front reached the bottom of the gel. The gel was then visualised without
staining on a Bio-Rad Gel Doc EZ Imager (Bio-Rad, USA). This allowed us to
estimate protein purity, as well as to identify protein bands.

2.14. UV-visible spectroscopic analysis
All UV-Vis spectroscopy was carried out in black walled glass cuvettes suitable
for UV work using a Cary 50Bio UV-Vis spectrophotometer (Varian, CA, USA),
unless otherwise stated. All fluorescence spectroscopy was carried out in quartz
cuvettes with all four faces polished using a Cary Eclipse fluorescence
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spectrophotometer (Varian, CA, USA). The purity (Reinheitzahl, Rz) ratios were
determined by comparing the absorbance of the heme Soret peak at A418 and the
total protein peak at A280.

2.15. P450 protein reduced heme iron-CO complex formation
To determine the concentration of low-spin WT and mutant full length P450
hemoproteins and their heme domains, a sample of approximately 6 µM protein
and buffer A was made up to a volume of 1 ml in a quartz cuvette and its UV-Vis
spectrum (250 – 700 nm) was recorded. The heme iron was partly reduced by
the addition of a few grains of SDT (sodium dithionite). 1 cm3 of carbon
monoxide (CO) was then transferred using a syringe into the sealed cuvette and
the spectrum was recorded. Spectra were collected every minute for 1 hour, as
the Fe 2 + -CO complex formed slowly, as a result of the slow reduction of the
ferric iron by the SDT (followed by the rapid binding of CO). The concentration
of the P450 heme was calculated using the Beer-Lambert law:

𝑨 = 𝜺𝑪𝑳
Where A is absorbance, ɛ is the extinction coefficient, C is the molar
concentration and L is the pathlength. In the case of the oxidised, low-spin form
of the heme domain, the the ɛ418 = 95 mM-1 cm-1. For oxidised, low-spin full
length BM3 enzymes, the ɛ418 = 105 mM-1 cm-1. These values enable estimation
of the P450 hemoprotein concentrations from their low-spin Soret maxima at
418 nm. This coefficient is derived with reference to the method of Omura
and Sato [7]. The spectra for the SDT-reduced and reduced-CO bound
hemoprotein forms were recorded (ensuring all hemoprotein was fully
reduced and CO-bound), and then the SDT-reduced spectrum was subtracted
from the reduced-CO bound spectrum, giving a difference spectrum. The
difference between the peak absorbance (450 nm) and 490 nm (where
there is negligible difference between the reduced and reduced-CO bound
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spectra) was used to determine the concentration of the heme domain using
Omura and Sato’s method of of  ɛ450-490 = 91 mM-1 cm-1 from the difference
spectrum. By comparing directly the spectral intensities of the CO-bound and
oxidised forms of the heme domain, a coefficient of ɛ418 = 95 mM-1 cm-1
could be established for the latter. By the same method, a coefficient of ɛ418 =
105 mM-1 cm-1 was established for intact P450 BM3, where there are also
spectral contributions from the oxidised FAD and FMN cofactors in the same
absorbance range as the heme.

2.16. Ligand and substrate binding titrations
To determine substrate and other ligand affinity for the BM3 and heme domain
proteins, a sample of purified protein (1.5 – 5 µM) made up to 1 ml with buffer
A was placed in a quartz cuvette. The substrate or inhibitor was titrated in 0.1 –
10 µl steps using a stock ligand concentration, typically in a range from 100
µM – 10 M. The substrates/inhibitors used are shown in Table 2.6. UV-Vis
spectra were recorded for the ligand-free protein, and following each addition of
the ligand, at 25 °C.
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Substrate

Stock

Solvent

concentration

7-benzyloxy-4-trifluoromethyl-

20 mM

acetonitrile

7-ethoxyresorufin (7-e-res)

2 mM

DMSO (dimethyl sulfoxide)

Lauric acid

10 mM

10 mM potassium carbonate

Glycerol

6.8 mM

Buffer A

17α-ethynylestradiol

33.7 mM

100% ethanol

Caffeine

100 mM

Buffer A

NPG (N-palmitoylglycine)

100 µM

10 mM potassium carbonate

Diclofenac

50 mM

20% ethanol

Phenacetin

10 mM

ethanol

Nicotine

250 mM

Buffer A

Alosetron

3 mM

DMSO

Paraxanthine

166 µM

ethanol

Theophylline

166 µM

ethanol

Theobromine

166 µM

ethanol

Indole

10 mM

H2O

Tacrine

100 mM

DMSO

Adenosine

100 mM

DMSO

Econazole

40 mM

DMSO

Imidazole

10 M

Buffer A

C12-Imidazole

3.75 mM

ethanol

4-Phenylimidazole

100 µM

Buffer A

Miconazole

20 mM

Buffer A

Ketoconazole

10 mM

Buffer A

coumarin (BFC)

Table 2.6: Substrates and inhibitors used in P450 BM3 binding titrations. The
l i g a n d stock concentrations and the solvents used to solubilise these molecules are
also shown.
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The heme spectral changes induced by ligand binding were determined by
subtracting the substrate/inhibitor-free enzyme spectrum from that for each
titration point spectrum, giving a set of difference spectra. The total difference in
absorption was calculated by subtracting the trough absorbance from the peak
absorbance at each concentration, using the same wavelength pair in each case.
The overall absorbance difference was then plotted as a function of the
substrate/inhibitor concentration and the data w e r e fitted using Origin
software (OriginLab, Northampton, UK). A standard hyperbolic equation
(Equation 1) was used in order to determine the binding constant (Kd value)
for the ligand in cases where the binding constant was substantially greater
(typically >10-fold) than the protein concentration used:

𝑨=

𝑨𝒎𝒂𝒙 [𝑺]
𝑲𝒅 + [𝑺]
Equation 1

In Equation 1, A is the observed absorbance difference, Amax is the maximal
absorbance difference at saturation with substrate/inhibitor, [S] is the relevant
substrate/inhibitor concentration at which A is determined, and Kd is the
dissociation constant. The Kd is the ligand concentration at which A is half Amax,
i.e. where the protein is 50% saturated with the ligand.
The Kd is a measure of the affinity that the protein has for the titrated ligand,
and thus a lower Kd value indicates a higher binding affinity. For tight binding
ligands, the Morrison equation (Equation 2) was used [151]. This equation
accounts for the quantity of the ligand consumed in complex with the
re le va n t BM3 p rote in at e ach st a ge i n the tit rati on in orde r t o
determine a Kd value for a tight-binding substrate/inhibitor. This allows a more
accurate estimation of the true Kd in cases where the ligand is not in substantial
excess over the protein during the titration. The relevant equation 2 is shown
below:
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𝑨 = ((

𝟎.𝟓
𝑨𝒎𝒂𝒙
) 𝒙(𝑳 + 𝑬 + 𝑲𝒅 )) − ((𝑳 + 𝑬 + 𝑲𝒅 )𝟐 − (𝟒𝒙𝑳𝒙𝑬))
(𝟐𝒙𝑬)

Equation 2

In Equation 2, A represents the observed absorption difference induced at
substrate/inhibitor ligand concentration L. Amax is the maximal absorbance
difference induced at saturation with the ligand, E is the total enzyme
concentration, and Kd is the dissociation constant for the binding of the ligand L.

2.16.1.

Fluorescence spectroscopy

Analysis of P450 enzyme binding to and/or oxidative metabolism of fluorescent
substrates was carried out using a Cary Eclipse fluorimeter (Varian, UK). All
substrates were prepared in buffer A. Assays were done using a range of
different concentrations of substrate, which were added to 20 nM of enzyme in
presence or absence of 200 µM NADPH, according to whether analysis of
binding or enzymatic turnover of substrate was being analysed. The
s u b s t r a t e ( a n d / o r p r o d u c t ) fluorescence w a s measured after each
substrate addition. The substrate fluorescence spectrum (typically in the range
from ~300 – 700 nm, according to the particular substrate used) was measured
in a quartz cuvette suitable for fluorescence work using excitation wavelengths
detailed for each substrate in the results chapters. For analysis of fluorescent
substrate oxidation by WT and mutant P450 BM3 enzymes, NADPH
fluorescence was quenched by the addition of 5 units of glutathione reductase
and 20 mM oxidised glutathione to convert fluorescent NADPH into nonfluorescent NADP+. Fluorescence was measured again after 15 minutes
incubation and the fluorescence of the product was determined. Binding of
substrate to and/or oxidative metabolism of fluorescent substrates by
the relevant P450 BM3 enzymes was inferred from the collected fluorescence
emission spectra. The fluorescent substrates used in these studies are shown in
Table 2.7.
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Substrate

Stock

Solvent

concentration
3-O-methylfluorescein (OMF)

200 µM

acetonitrile

7-methoxy-4-trifluoromethyl-coumarin 200 mM

acetonitrile

(MFC)
7-benzyloxy-4-trifluoromethyl-coumarin 20 mM

acetonitrile

(BFC)
7-hydroxy-4-trifluoromethyl-coumarin 20 mM

acetonitrile

(HFC)
7-methoxy-4-aminomethyl-coumarin

1 mM

methanol

10 µM

H2O

7-benzyloxyquinoline (7BQ)

10 mM

methanol

7-hydroxyquinoline (7HQ)

34 µM

H2O

7-ethoxyresorufin (7-e-res)

2 mM

DMSO

(MAMC)
7-hydroxy-4-aminomethyl-coumarin
(HAMC)

Table 2.7: Fluorescent substrates used in assays with full length P450 BM3
enzyme and its mutants to determine their binding and turnover. Fluorescent
substrates were used both for equilibrium binding and enzymatic turnover studies with
the enzymes. The fluorogenic substrates, their stock concentrations and the solvents
used to solubilise the substrates are shown.

2.17. Steady-state kinetic assays
Steady-state absorption measurements were made to obtain kinetic data for
P450 BM3 enzyme-dependent NADPH oxidation in the presence of various
substrates. Analysis was done using a UV-Vis spectrophotometer to follow
absorbance changes associated with NADPH oxidation. The consumption
(oxidation) of NADPH cofactor was monitored by the decrease in absorbance at
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a wavelength of 340 nm (ɛ340 = 6.21 mM-1 cm-1). The change in absorbance at
340 nm over time was used to determine an initial rate of NADPH consumption
by the enzyme, both with and without added substrate.
Disposable cuvettes of 1.5 ml volume and 1 cm path length suitable for UVvisible work were used. 0.4 µM of full length enzyme was used, while the
substrate concentration was varied as detailed in the results Section 4.7.
Enzyme and substrate were diluted to appropriate concentrations in buffer A.
All assays were initiated by the addition of 200 µM NADPH coenzyme. After
the addition of all components, the cuvette was inverted several times to mix.
The absorbance at 340 nm was monitored for 1 min. Linearity of the absorption
traces at the start of the reaction ensured that steady-state conditions were
established. The decrease in absorbance at 340 nm was monitored as a
gradient, which was then divided by the ɛ340 = 6.21 mM-1 cm-1. This value was
then divided by the enzyme concentration used in each sample (~0.47 µM), to
obtain the apparent NADPH oxidation rate in units of mol NADPH
oxidised/minute/mol enzyme at each substrate concentration used. The
individual rate constants were then plotted against substrate concentration, and
data were fitted using the Michaelis-Menten equation (similar to Equation 1, but
with terms appropriate for enzyme kinetics):

𝒗=

𝑽𝒎𝒂𝒙 [𝑺]
𝑲𝒎 + [𝑺]

Equation 3

In Equation 3 v is the observed reaction rate at substrate concentration [S], Vmax
is the maximum rate achieved at saturating concentrations of substrate and Km
is the Michaelis constant, the substrate concentration at which the reaction rate
observed is half Vmax.
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2.18. Differential Scanning Calorimetry (DSC)
To examine the stability of WT and mutant BM3 proteins, DSC was carried out
on the heme domain of both WT and mutant BM3 proteins. The experiment was
carried out in a Microcal VP-DSC instrument (MicroCal Inc., Amherst, MA, USA)
and data analysis was done using Microcal Origin software. 20 µM protein was
used, along with saturating substrate/inhibitor concentrations in studies of the
ligand-bound forms of the proteins. Experiments done with the WT and I401P
heme domains used protein and substrates prepared in 10 mM KPi, 100 mM
NaCl buffer, pH 7.2. The A330P/I401P (AP/IP) double mutant was prepared in
the same buffer, but containing 250 mM NaCl. Baseline scans were run in
degassed

buffer,

with

saturating

concentrations

of

the

appropriate

substrates/inhibitors. The parameters used were: 20-90 °C temperature
gradient, 90°C/hour scan rate. Once two overlapping buffer baseline scans were
achieved, the protein sample was run in the same conditions. All DSC spectra
were collected by Mr. Paul Mould (University of Manchester).

2.19. Electron Paramagnetic Resonance (EPR) Spectroscopy
EPR spectroscopy analysis was done for ligand-free and substrate/inhibitorbound samples of the heme domain of WT and mutant BM3 enzymes. 300 µl of
200 µM protein was prepared in buffer A. Ligands were added to a final
concentration of 200 M plus 10x the ligand Kd value to ensure near-complete
saturation of the P450 (confirmed by UV-Vis spectroscopy). Samples were
transferred into EPR tubes (4 mm o.d. Suprasil quartz, Wilmad) using a 1 ml
syringe. Samples were frozen in liquid nitrogen and EPR spectra were recorded
on a Bruker Elexsys E500/580 spectrometer, fitted with an ESR900 liquid
helium flow cryostat (Oxford Instruments, Oxford, UK), and a Bruker ER
4123SHQ Super High Q resonator. All spectra were collected at 10 K with a
microwave power of 0.5 mW and modulation amplitude of 5 G. The g-values
were calculated using the instrument’s software package, while further data
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analysis was performed using Origin Software. All EPR spectra were collected by
Dr. Stephen Rigby and Dr. Kirsty McLean (University of Manchester).

2.20. Multiangle Laser Light Scattering (MALLS) analysis
Monodispersity of the P450 BM3 I401P heme domain enzyme was analysed by
MALLS. A 200 µl sample containing 200 µg purified protein in 10 mM Tris, 100
mM NaCl, pH 7.0 buffer was run on a Superdex 200 gel filtration column. When
eluting from the column, the sample passed through an in-line DAWN HELEOS-II
laser photometer (wavelength 658 nm) and an Optilab rEX refractometer with a
QELS dynamic light scattering attachment. Light scattering intensity and eluent
refractive index (concentration) were analysed using ASTRA v5.3.4.13 software.
This gave a weight-averaged molecular mass of the protein. MALLS spectra were
collected by Dr. Marjorie Howard (University of Manchester).

2.21. P450 BM3 metabolite turnover and analysis by LC-MS
To investigate P450 BM3-dependent metabolite formation from bound
substrates, turnover reactions were set up at 37 °C with shaking for 1 or 2
hours. The reaction mixtures contained 0.4 or 1.7 µM purified full length I401P
BM3 enzyme, 0.5 or 13.3 µM substrate, a NADPH regeneration system (0.6 mM
NADP+, 7.76 mM glucose-6-phosphate, 0.75 U/ml glucose-6-phosphate
dehydrogenase, made up to 2 ml with 50 mM KPi buffer, pH 7.0), 5 mM MgCl2
and 40 mM KPi, made up to 10 ml with distilled H2O (dH2O), pH 7.0. The
reaction was ended by the addition of 70 ml solvent (85% dichloromethane
[DCM], 15% propan-2-ol) and the sample was then place on a rotary mixer for
10 min, before centrifuging in a microfuge at 3000 rpm for 5 min. Centrifugation
separated the sample into two layers, with the aqueous layer on top and the
organic layer below. After the aqueous layer was removed, the organic layer was
evaporated to dryness in a rotary evaporator with a 60 °C water bath. The
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samples collected were resuspended in 1.5 ml filtered diclofenac mobile phase
(for the analysis of diclofenac and nicotine and their products), comprising 70%
50 mM KPi (pH 7.0), 32.5% methanol and 17.5% acetonitrile; or in caffeine
mobile phase (for the analysis of caffeine and its products), comprising 5%
acetonitrile, 85% of a 0.05% orthophosphoric acid solution and 10% methanol.
The samples were filtered through protein precipitation plates (Phenomenex,
Macclesfield, UK) into mass spectrometry tubes (FluidX, Nether Alderley, UK),
then vortexed briefly and centrifuged in a microfuge at 4000 rpm for 10 min.
Analysis of products was carried out on a Thermo Exactive LC-MS with a CTC
PAL auto sampler (Thermo Scientific, UK), using a Kinetex 2.6 U XB-C18 100 A
column (Phenomenex). The gradients used for product resolution differed
depending on the substrates used and are shown in Table 2.8. Analysis of LC-MS
data including analysis of product fragment ions was carried out at Cypex Ltd
(Dundee) in the laboratory of the Dr. Michael Voice.
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Substrate

LC-MS column

Mobile phase

Gradient

Caffeine

Kinetex 2.6 m

5% acetonitrile,

Isocratic

XB-C18 100Å, 75

85% 0.05% formic

x 2.1 mm

acid, 10% methanol

Kinetex 2.6 m

70% 0.1% formic

XB-C18 100Å, 75

acid, 30% methanol At 8 min: 10%/90%

Diclofenac

11 min run.
formic

x 2.1 mm

acid/methanol.
At 9.10 min:
70%/30% formic
acid/methanol.
Nicotine

Kinetex 2.6 m

96% 10 mM

13 min run.

XB-C18 100Å, 75

ammonium acetate,

At 10 min:

x 2.1 mm

2% methanol, 2%

13%/85%/2%

acetonitrile

ammonium
acetate/methanol/
acetonitrile.
At 10.6 min:
98%/2% ammonium
acetate/acetonitrile.

Table 2.8: Mobile phase and applied gradient conditions used for product
analysis from substrates analysed using LC-MS.

2.22. Crystallization of the WT BM3 and I401P heme domains and
determination of protein structure
Crystals of the BM3 P450 domains were obtained using the sitting drop method
with a seeding protocol at 4 °C. Substrate-free WT and I401P heme domain
crystals were obtained using the following conditions: 130 - 235 mM MgCl2, 100
mM Tris, pH 8.0, PEG 3350 12 – 27% (half plate); 100 mM Cacodylate, pH 6.0,
PEG 3350 12 – 27% (half plate). To obtain substrate-bound I401P crystals, trials
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were set up in JCSG-plus, PACT, MorpheusTM and Clear Strategy (Molecular
Dimensions, Newmarket, UK) 96-well crystallography trays. The best crystal
growth conditions were found in the B8 and G9 wells of the JCSG-plus trays, and
the two conditions were expanded to a 96-well tray (200 mM MgCl2, 1 M Tris pH
6.3 – 7.7, PEG8000 9 – 11%; and 100 mM potassium thiocyanate, PEG2000 27 –
33%). Crystals obtained during initial screens were used to create seed stocks,
and in subsequent screens 180 nl (500 µM) drops of I401P heme domain
protein, 20 nl of seed stock and 200 nl of mother liquor were used. Drops were
delivered by a Mosquito liquid handling robot (Molecular Dimensions,
Newmarket, UK). For ligand-bound P450 crystals, low concentrations of I401P
heme domain were saturated with ligand at values of 10 x ligand Kd plus the
protein concentration. The samples were then concentrated to the appropriate
protein concentration for crystallography (500 µM) by ultrafiltration in the
presence of saturating ligand. Seeding was also used to produce diffraction
quality crystals. Prior to data collection, crystals were flash frozen in liquid
nitrogen, using a range of cryoprotectants. Data were collected at Diamond
synchrotron beamlines (Harwell, UK) and the crystal structures were solved by
molecular replacement using the previously determined I401P BM3 heme
domain structure (PDB 3HF2) using PHASER [152]. The Coot program [153]
was used for manual adjustment of the models, and Refmac5 [154] for their
refinement. Data analysis and structure determination was done by Dr. Colin
Levy and Dr. David Leys (University of Manchester).
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3. Investigating novel substrate specificity of the BM3
I401P mutant
3.1.

Introduction

Drug metabolites are frequently biologically active and often toxic to the human
body. Their characterisation and identification is thus of great pharmacological
importance [142]. The P450 BM3 enzyme has been successfully engineered to
metabolise drugs in a number of previous studies, and specifically the I401P
mutation has previously been reported to alter substrate selectivity of the BM3
enzyme[97]. To diversify the substrate “pool” of BM3 towards drug metabolites,
the I401P mutation was selected as a basis for diversification of BM3 substrate
selectivity. The properties of the P450 BM3 I401P mutation were compared to
those of the WT BM3 in regards to expression, purification and ligand binding.
Experiments were conducted using both the I401P full length protein and the
I401P heme domain, which were constructed as part of this work (Section 2.7).
The I401P mutant plasmid constructs were generated and transformed into E.
coli BL21 (DE3) super-competent cells. The WT BM3 full length and heme
domains were expressed in the same way.
Both the WT and I401P full length proteins were purified by virtue of their Cterminal His-tag, using immobilised metal affinity chromatography. The WT and
I401P heme domains were purified using a series of column chromatography
steps (diethylaminoethyl [DAEA], hydroxyapatite affinity, Q-Sepharose ion
exchange and gel filtration [Superdex S200 PG]). Prior to protein expression and
purification, an analytical restriction digest was done on the relevant expression
plasmids to confirm the presence of the correct genes. Following protein
isolation, SDS-PAGE studies were done to confirm that the correct (full length
and heme domain I401P proteins) proteins were expressed (by presence of
protein bands of the correct molecular mass) and to ascertain the purity of these
proteins. Parallel studies were done using the WT intact P450 BM3 and heme
domain.
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To investigate the affinity of I401P proteins for novel ligands, binding titrations
were done using both the I401P and the WT BM3 full length and heme domain
proteins. Firstly, known BM3 substrates/inhibitors were used to characterise
the I401P mutation and to establish differences between these and the WT BM3
proteins, in terms of selectivity and affinity for these compounds. Subsequently,
a variety of molecules of interest were used to probe new ligand binding. New
specificity was established for molecules that bound to the I401P mutant
proteins, but not the WT BM3 proteins. Binding studies were also done using
fluorescent molecules that bind to human CYP proteins and which are used as
probes for certain human P450 activities [155], as well as using a number of
human CYP drug substrates. Azole drugs and other known human CYP
inhibitors were also used to investigate novel I401P BM3 ligand binding
properties. Other molecules of interest, such as steroids, were also used to
further characterise the active site of the P450 BM3 I401P mutant.

3.2.

Construction of the P450 BM3 I401P full length and heme domain
protein expression systems

For construction of the I401P full length P450 BM3 expression system, the
previously constructed pET15b vector with a full length His-tagged WT BM3
gene was used (as described in Section 2.7). The isoleucine at the amino acid
position 401 in BM3 (immediately following the cytsteine ligand to the heme
iron, Cys400) was substituted for a proline by using a QuikChange Lightning
single-site mutagenesis kit. For construction of the I401P heme domain
expression system, the previously constructed pUC118 vector with the WT
heme domain gene (pBM20) was used [50] (as described in Section 2.7). The
plasmid maps of pET15b and pBM20 are shown in Figure 3.1. The I401P heme
domain mutation was inserted in the same way as for the full length construct.
The full length and heme domain constructs were inoculated into XL10-Gold
cells and the DNA was purified using a MiniPrep kit (as described Section 2.7).
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To confirm the presence of the full length BM3 and BM3 heme domain I401P
mutant genes in the expression plasmid constructs, an analytical restriction
digest was performed. For the full length I401P BM3 DNA, one digest reaction
was set up, using NdeI and BamHI, as described in Section 2.13. The double
digest with BamHI and NdeI restriction enzymes produced a band at ~3.2 kbp
in size, which corresponds to the size of the full length BM3 gene (3.28 kbp).
Another band at ~5 kbp corresponds to the linearised vector. The restriction
digest gel can be seen in Figure 3.2.
The heme domain I401P DNA was expressed in a different construct (the
pBM20 plasmid, derived from the pUC118 vector) under the control of a lac
promoter [156], and therefore different restriction enzymes were required to
provide diagnostic restriction digests. A single digest was done, using the
restriction enzyme HindIII. This produced three bands at ~3.4 kbp – empty
vector, ~1.2 kbp – BM3 heme domain gene, and ~0.2 kbp – small fragment of
the heme domain gene, corresponding to the predicted sizes (~3.22 kbp, ~1.13
kbp and 0.23 kbp, respectively). The restriction digest gel can be seen in Figure
3.3. Both the full length and the heme domain I401P DNA were sent to Source
Bioscience for sequencing, to confirm that the gene sequences were correct and
that there were no unwanted mutations present. The sequences of the full
length and heme domain BM3 genes, along with their restriction sites are shown
in Figure 3.4 and Figure 3.5, respectively.
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Figure 3.1: The plasmid map of pET15b/BM3 (A) and pBM20 (B). The pET15b (A)
has the full length BM3 gene cloned as an NdeI/BamHI fragment downstream of the T7
promoter region. Expression is regulated by IPTG through displacement of a lac
repressor produced by the lacI gene. The pBM20 construct (B) has the BM3 heme
domain gene (residues 1-473) cloned as an EcoRI/BamHI PCR fragment into the
pUC118 vector downstream of a lac promoter, regulated by IPTG.
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Kbp

Figure 3.2: Restriction digest of the full length I401P/pET15b construct. Uncut
plasmid migrated relatively slowly through the gel compared to the digested plasmid
DNA (B). The NdeI/BamHI digest (C) excised the full length I401P gene from the
pET15b vector. The gene was resolved at ~3.2 kbp, while the linearised vector is seen
at ~5 kbp. The samples were run in 1.5% agarose alongside a 2-Log DNA ladder (A), to
estimate resolved DNA fragment sizes (sizes of ladder bands indicated in kbp).

Kbp

Figure 3.3: Restriction digest of the heme domain I401P/pBM20 construct. Uncut
plasmid migrated through the gel slowly, producing a band at ~6 kbp (B). The HindIII
digest cut the DNA three times, producing bands at ~3.4 kbp (empty vector), ~1.2 kbp
(BM3 heme domain gene) and ~0.2 kbp (small heme domain fragment). The samples
were electrophoresed in a 1.5% agarose gel alongside a 2-Log DNA ladder (A), to
estimate DNA fragment sizes (sizes of ladder bands indicated in kbp).
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3201

CATATGACAA
AAATTTACCG
TTGCGGATGA
ACGCGCTACT
ACGCTTTGAT
CAGGAGACGG
GCGCATAATA
TCATGCGATG
GTCTAAATGC
ACGCTTGATA
TTACCGAGAT
ATGAAGCAAT
GATGAAAACA
AGTAGATAAA
ATTTATTAAC
CTTGATGACG
ACACGAAACA
AAAATCCACA
GTAGATCCTG
CATGGTCTTA
CCCTATATGC
AAAGGCGACG
AATTTGGGGA
CAAGTGCGAT
GCGTGTATCG
TATGATGCTA
ATATTAAAGA
AAATCGAAAA
GTCTGCTAAA
TGCTTGTGCT
GATTTAGCAG
GCTTGATTCA
TAACGGCGTC
GACTGGTTAG
CGTATTTGGA
CTGCTTTTAT
GACCGCGGTG
ATGGCGTGAA
TTGAAAACAG
AGCGCCGCGG
CGTCGTAGCA
GACATCTTGA
CATTTAGGTG
AGCAAGGTTC
AAGAAAAATT
CTTCTGCAAT
CGCAATGGCT
CCTTGCTTGA
ACAATGCTTG
CGAATTTATC
CTTCATCACC
GTCTCAGGAG
GAACTATCTT
CCACACCGCA
ATCATGGTCG
GGCGCGCAAA
TATACTTCGG
CTTGAAAACG
TCGCATGCCA
ACGGCAAGAA
TGCGGAGACG
AAGCTATGCT
TGCAGCAGCT
TAAATTAAAA
TCCGAACGAT

NdeI: CATATG

TTAAAGAAAT
TTATTAAACA
ATTAGGAGAA
TATCAAGTCA
AAAAACTTAA
GTTATTTACA
TCTTACTTCC
ATGGTCGATA
AGATGAGCAT
CAATTGGTCT
CAGCCTCATC
GAACAAGCTG
AGCGCCAGTT
ATTATTGCAG
GCACATGCTA
AGAACATTCG
ACTAGTGGTC
TGTATTACAA
TTCCAAGCTA
AACGAAGCGC
AAAAGAAGAT
AACTAATGGT
GACGATGTGG
TCCGCAGCAT
GTCAGCAGTT
AAACACTTTG
AACTTTAACG
AAATTCCGCT
AAAGTACGCA
ATACGGTTCA
ATATTGCAAT
CACGCCGGAA
TTATAACGGT
ACCAAGCGTC
TGCGGCGATA
CGATGAAACG
AAGCAGATGC
CACATGTGGA
TGAAGATAAT
ATATGCCGCT
AGCAAAGAAC
AATTGAACTT
TTATTCCTCG
GGCCTAGATG
AGCTCATTTG
ACGTGGAGCT
GCTAAAACGG
AAAGCAAGCC
AACTGCTTGA
GCCCTTCTGC
CCGTGTCGAT
AAGCGTGGAG
GCCGAGCTGC
GTCAGAATTT
GACCGGGAAC
CAGCTAAAAG
CTGCCGTTCA
CCCAAAGCGA
AATCAGCCGA
ATTGATTGAA
GAAGCCAAAT
GACGTTCACC
AGAAGAAAAA
AGAGGCTAGG
GAATCGTTCG

GCCTCAGCCA
CAGATAAACC
ATCTTTAAAT
GCGTCTAATT
GTCAAGCGCT
AGCTGGACGC
AAGCTTCAGT
TCGCCGTGCA
ATTGAGGTAC
TTGCGGCTTT
CATTTATTAC
CAGCGAGCAA
TCAAGAAGAT
ATCGCAAAGC
AACGGAAAAG
CTATCAAATT
TTTTATCATT
AAAGCAGCAG
CAAACAAGTC
TGCGCTTATG
ACGGTGCTTG
TCTGATTCCT
AAGAGTTCCG
GCGTTTAAAC
CGCTCTTCAT
ACTTTGAAGA
TTAAAACCTG
TGGCGGTATT
AAAAGGCAGA
AATATGGGAA
GAGCAAAGGA
ATCTTCCGCG
CATCCGCCTG
TGCTGATGAA
AAAACTGGGC
CTTGCCGCTA
AAGCGACGAC
GTGACGTAGC
AAATCTACTC
TGCGAAAATG
TTCAACAGCC
CCAAAAGAAG
CAACTATGAA
CATCACAGCA
CCACTCGCTA
TCAAGATCCT
TCTGCCCGCC
TACAAAGAAC
AAAATACCCG
CAAGCATACG
GAAAAACAAG
CGGATATGGA
AAGAAGGAGA
ACGCTGCCAA
AGGCGTCGCG
AACAAGGACA
CCTCATGAAG
AGGCATCATT
AAACATACGT
CTTCTTGATC
GGCACCTGCC
AAGTGAGTGA
GGCCGATACG
ATAAAAGTAG
GATCC

AAAACGTTTG
GGTTCAAGCT
TCGAGGCGCC
AAAGAAGCAT
TAAATTTGTA
ATGAAAAAAA
CAGCAGGCAA
GCTTGTTCAA
CGGAAGACAT
AACTATCGCT
AAGTATGGTC
ATCCAGACGA
ATCAAGGTGA
AAGCGGTGAA
ATCCAGAAAC
ATTACATTCT
TGCGCTGTAT
AAGAAGCAGC
AAACAGCTTA
GCCAACTGCT
GAGGAGAATA
CAGCTTCACC
TCCAGAGCGT
CGTTTGGAAA
GAAGCAACGC
TCATACAAAC
AAGGCTTTGT
CCTTCACCTA
AAACGCTCAT
CAGCTGAAGG
TTTGCACCGC
CGAAGGAGCT
ATAACGCAAA
GTAAAAGGCG
TACTACGTAT
AAGGGGCAGA
TTTGAAGGCA
AGCCTACTTT
TTTCACTTCA
CACGGTGCGT
AGGCAGTGCA
CTTCTTATCA
GGAATAGTAA
AATCCGTCTG
AAACAGTATC
GTTACGCGCA
GCATAAAGTA
AAGTGCTGGC
GCGTGTGAAA
CCCGCGCTAT
CAAGCATCAC
GAATATAAAG
TACGATTACG
AAGACCCTGA
CCGTTTAGAG
GTCACTTGGA
ACTATCTGTA
ACGCTTCATA
TCAGCACGTA
AAGGAGCGCA
GTTGAAGCAA
AGCAGACGCT
CAAAAGACGT
TTTAGTTGGT

GAGAGCTTAA
TTGATGAAAA
TGGCCGTGTA
GCGATGAATC
CGTGATTTTG
TTGGAAAAAA
TGAAAGGCTA
AAGTGGGAGC
GACACGTTTA
TTAACAGCTT
CGTGCACTGG
CCCAGCTTAT
TGAACGACCT
CAAAGCGATG
GGGTGAGCCG
TAATTGCGGG
TTCTTAGTGA
ACGAGTTCTA
AATATGTCGG
CCTGCGTTTT
TCCTTTAGAA
GTGATAAAAC
TTTGAAAATC
CGGTCAGCGT
TGGTCCTAGG
TACGAGCTGG
GGTAAAAGCA
GCACTGAACA
AATACGCCGC
AACGGCGCGT
AGGTCGCAAC
GTATTAATTG
GCAATTTGTC
TTCGCTACTC
CAAAAAGTGC
AAACATCGCT
CATACGAAGA
AACCTCGACA
ATTTGTCGAC
TTTCAACGAA
CGAAGCACGC
AGAAGGAGAT
ACCGTGTAAC
GAAGCAGAAG
CGTAGAAGAG
CGCAGCTTCG
GAGCTTGAAG
AAAACGTTTA
TGAAATTCAG
TACTCGATTT
GGTCAGCGTT
GAATTGCGTC
TGCTTTATTT
AACGCCGCTT
GCTTTGTGCA
GAAGCACATT
TCAAGAAGAG
CCGCTTTTTC
ATGGAACAAG
CTTCTATATT
CGCTTATGAA
CGCTTATGGC
GTGGGCTGGG
TGAAGGAAGA

BamHI: GGATCC A330 position: GCG

I401 position: ATC

End of heme domain End of reductase domain
Figure 3.4: The full length P450 BM3 gene sequence, with indicated restriction
sites for cloning, and the I401 and A330 positions and the end of the heme
domain and reductase domain shown in different colours.
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Figure 3.5: Gene sequence of the P450 BM3 heme domain aligned with its amino
acid sequence. The start and end of the heme domain, the HindIII restriction site and
the I401 and A330 positions indicated in different colours. The pBM20 plasmid has two
more HindIII restriction sites at either end of the BM3 heme domain gene, producing 3
bands when the plasmid is cut with the restriction enzyme.

3.3.

Expression and purification of the full length WT BM3 protein and
its I401P mutant

The full length WT BM3 and I401P gene constructs were expressed in BL21
(DE3) cells. This was done using the pET15b/BM3 I401P plasmid. In the
pET15b

plasmid,

the

BM3/I401P

gene

is

transcribed

from

a

T7

polymerase/promoter system regulated by a lac repressor (LacI) encoded on
both the plasmid and the bacterial genome. IPTG addition releases repression
of transcription of both the genomically encoded T7 RNA polymerase and the
plasmid encoded WT BM3/I401P genes. However, it was found that IPTG
induction was not required in this system and that substantial production of
the WT BM3 and I401P full length protein occurred if expression cells were
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grown for an extended period. Approximately 12 L of bacterial cell culture
expressing the relevant protein were used and grown at 37 °C for 36 hours.
After growth of the transformant culture, the I401P cells displayed a blue
colour. This unusual property arises from the mutant protein’s ability to
produce indigo as a consequence of its oxidation of indole in the medium,
leading to formation of indoxyl and ultimately to dimerization and formation of
indigoid pigments [157].
The cells were harvested as described in Section 2.11. Following harvest, cells
were lysed and centrifuged to separate insoluble cellular material from the
cellular extract containing the P450 protein. Protein was partially purified
using a 35% ammonium sulphate fractionation step and the supernatant
dialysed extensively in buffer B. The supernatant was then loaded onto a NiIDA column (see Section 2.12). By progressively increasing the concentration of
imidazole used in the binding buffer, contaminating proteins were removed.
The P450s were then eluted from the column using 200 mM imidazole. After
dialysis into buffer B and concentrating the purified protein using ultrafiltration
(see Sections 2.12 and 2.13), both the WT and I401P full length proteins were
run on an SDS-PAGE gel to check their purity. The gels are shown in Figure 3.6.
The gel from full length WT BM3 nickel affinity purification (A) shows the pellet
material obtained from centrifugation of the cellular extract following the
ammonium sulphate fractions in lane 1. Lane 2 shows the supernatant from the
same centrifugation step. In lane 2, a ~120 kDa band indicates the presence of
full length WT BM3, while in lane 1 the band is less intense. Lane 3 contains
protein eluted from the nickel affinity column, with a major band at 120 kDa and
other bands at lower molecular weights.
The gel from full length I401P BM3 protein nickel affinity purification is shown
in panel B. Lane 1 shows full length I401P BM3 eluted from the nickel column
at 200 mM imidazole. A band can be at ~120 kDa, corresponding to the
predicted intact BM3 molecular weight. A smear of other proteins can also be
seen, reflecting the incomplete purification of the BM3 enzyme at this stage.
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140 kDa

BM3
100 kDa
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100 kDa
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10 kDa
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Figure 3.6: Ni-IDA purification of the full length WT BM3 protein (A) and full
length I401P protein (B). Both protein samples were run on a 10% w/v SDS-PAGE
gel, with a broad range protein ladder used to identify the size of proteins on the gel.
On the WT BM3 gel (A), lanes 1 and 2 show samples from the pellet and from the
supernatant formed after treatment of the lysed cell extract with 35% ammonium
sulphate, respectively. Lane 2 shows a major band at ~120 kDa, while the band is less
intense in lane 1. Other bands can be seen at lower molecular weights, relating to
contaminants or possibly proteolysis products of BM3. Lane 3 contains protein eluted
at 200 mM imidazole, with the intact BM3 being the dominant band. Other bands likely
include E. coli proteins with affinity for nickel. The I401P gel (B) shows a sample
eluted from the column at 200 mM imidazole in lane 1. The band at ~120 kDa
corresponds to the molecular weight of full length I401P, while the other bands again
likely indicate other proteins with affinity for nickel and/or BM3 degradation products
(sizes of marker bands indicated in kDa).
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3.4.

Purification of the full length I401P protein using LipidEx and QSepharose column chromatography

After the nickel affinity purification step, the full length I401P protein was
analysed by UV-Vis spectrophotometry, to determine the concentration of the
sample from its heme spectrum. The protein was found to be in an extensively
high-spin (Soret band at 390 nm) ferric state, suggesting that it may be bound
to a BM3 substrate (e.g. fatty acid) or substrate-like molecule that was not
separated using ammonium sulphate precipitation or Ni-IDA purification.
Due to the lack of complete purity of the protein at this stage, confirmed by
the SDS-PAGE gel (Figure 3.6), and the likely presence of a substrate in the
enzyme, I401P was further purified using a LipidEx lipid removal column.
After two rounds of purification in this manner, the protein reverted to an
extensively low-spin (Soret band at 418 nm) ferric state.
The full length I401P protein was further purified using a Q-Sepharose ion
exchange column. The purest fractions were selected after spectral analysis
using their 418/280 nm (Rz) ratio, pooled and analysed by SDS-PAGE gel
electrophoresis (Figure 3.7). In lane 1, a large band can be seen at ~120 kDa,
corresponding to the mass of the full length I401P protein, along with faint
bands corresponding to smaller amounts of other proteins (possibly
products of degradation of BM3) present in the sample.
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260 kDa
140 kDa
100 kDa
70 kDa
50 kDa

10 kDa

Figure 3.7: Q-Sepharose column purification of the full length I401P protein.
Lane 1 shows a broad band at ~120 kDa, correlating with the weight of full length
I401P P450 BM3. Other faint bands are also seen, particularly at ~40 and ~25 kDa.
The sample was run on a 10% w/v SDS-PAGE gel, with a broad range protein ladder to
track the protein migration and to estimate molecular weight of the I401P protein
(sizes of marker bands indicated in kDa).
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3.5.

Expression and purification of the WT BM3 and I401P heme
domains

The I401P and WT BM3 heme domain plasmid constructs were transformed
into BL21 (DE3) cells. In the pBM20 constructs using the pUC118 vector to
express the heme domain, there was no requirement for IPTG addition to
achieve strong target gene induction, likely due to the “leaky” expression from
the lac promoter [156]. 12 L cultures of bacterial expression cells were used in
both cases, with cultures grown at 37 °C for 36 hours for protein production.
The cells were harvested as described in Section 2.11. Following harvest, cells
were lysed, centrifuged and purified with an ammonium sulphate fractionation
step, as described in Section 2.12. Due to the lack of a His-tag in these
constructs, purification by Ni-IDA chromatography was not feasible, and
instead the heme domain proteins were purified in a multi-step procedure
using an AKTA (HPLC) purifier.
The protein was purified using DEAE, hydroxyapatite, Q-Sepharose and S200
gel filtration columns, as described in Section 2.12. The pure protein was
passed through a LipidEx column to ensure there were no fatty acids bound to
the protein and that it exhibited a low spin 418 nm Soret UV-Vis band after this
step. The I401P protein was often found to be mixed-spin after purification (i.e.
in an equilibrium between low-spin and high-spin states), and so a variety of
methods were used to bring it to a low-spin form. First, buffer B was examined
for any signs of inducing substrate-like binding to I401P. The I401P mutant was
then dialysed into buffer A extensively, but no difference in spin shift was
observed. Next, saturating concentrations of imidazole were added to the
protein, in efforts to displace any substrate remaining in the active site. While
this treatment made the protein convert to a low-spin form, once imidazole was
removed by dialysis, the I401P protein returned to its previous mixed-spin
form. Hydroxypropyl-β-cyclodextrin (HPCD) was used to try to extract any
hydrophobic molecules bound in the I401P active site and to enable their

88

separation from the P450 following dialysis. This too proved unsuccessful in
restoring the protein to the low-spin form. Gel filtration was also attempted in
an effort to displace lipids that may be retained in the I401P active site, but also
was not effective. Extensive dialysis was the only technique that seemed to bring
the I401P protein to a mainly low-spin form, but a small percentage of the highspin form always remained.
The purity of the heme domain protein was established using an SDS-PAGE gel
(the I401P heme domain gel shown in Figure 3.8). In lane 1, a single band can
be seen at ~55 kDa, which corresponds to the predicted mass of the I401P
heme domain protein (54 kDa). The same protocol was also used to obtain
highly pure heme domain protein suitable for crystallography.
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kDa

Figure 3.8: Purification of the I401P heme domain protein using an AKTA
purification system. In lane 1, a clear band can be seen at ~55 kDa, corresponding to
the molecular weight of the I401P heme domain. There are no other significant bands
visible. The sample was run on a 10% w/v SDS-PAGE gel, with a broad range protein
ladder to track the protein migration and to estimate the molecular weight of the I401P
heme domain protein (sizes of marker bands indicated in kDa).
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3.6.

Spectroscopic characterization of the full length and heme domain
forms of WT and I401P BM3 proteins

It was previously reported that BM3 mutants, such as the A264K/H mutants,
exhibit different spectral properties compared to WT protein, including
differences in the positions of the resting state Soret peaks and the intensities of
the α, β and δ bands [158]. After purification, the full length and heme domain
I401P proteins were compared to the WT BM3 protein spectroscopically, to
discern any differences between them. There appeared no major differences
between the WT and the mutant full length and heme domain protein, except for
the I401P protein exhibiting a persistent high-spin shoulder at ~380 nm, which
has been observed previously [97] (Figure 3.9) and which is particularly
prevalent in the I401P heme domain. The shoulder corresponds to a small
population of high-spin protein, likely reflecting a substrate-bound form that
could not be converted to low spin form through purification. Flavin
incorporation appeared comparable to WT BM3 protein.
Due to the high catalytic activity of the intact I401P BM3 mutant and the partial
displacement of the axial water ligand, even in an apparently substrate free
form of the enzyme [88], it was postulated that the high-spin species observed
in the I401P mutant could be due to the altered positioning of the relevant axial
water molecule in the active site and not to any actual substrate binding. To
determine if this might be the case, a NADPH cycling experiment was done on a
predominantly high-spin sample of full length I401P protein after Ni-IDA and
LipidEx purification steps failed to revert it to low-spin. Figure 3.10 shows the
Soret peak of this protein at 392 nm (black line). On addition of a saturating
concentration of NADPH (red line), the peak shifts almost completely to 418 nm,
consistent with the development of a low-spin state of the protein. A small
shoulder at 390 nm remains, indicating a minor proportion of high-spin heme
iron. After NADPH addition, the cuvette was left in the spectrophotometer and
spectra were taken every minute for 2 hours. The last spectrum taken (blue line,
Figure 3.10) shows that the Soret peak at 418 nm decreases and the shoulder at
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390 nm increases. This suggests that despite the protein shifting towards lowspin in the presence of NADPH, it shifts partially back towards the high-spin
form when the NADPH is exhausted. This is likely consistent with the I401P
BM3 mutant having high affinity for lipid substrates, and being able to re-bind
(to some extent) to lipids or oxidized lipids following the exhaustion of the
NADPH.
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Figure 3.9: Spectral comparison of the I401P heme domain (black line) and the
full length WT BM3 (red line). The Soret peaks of both proteins are similar, with the
major peak at 418 nm, indicating a resting protein that is predominantly low-spin. The
I401P heme domain protein (5.0 M) has ~10% high-spin heme protein, characterized
by the more prominent shoulder at ~390 nm. The α, β and δ bands can be seen in both
proteins, with peaks at 569, 536 and 360 nm, respectively. Oxidized flavin contributions
are also seen at ~470 nm in full length P450 BM3 (4.0 M).
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Figure 3.10: NADPH cycling of the high-spin, full length I401P BM3 protein. In its
resting state the protein exhibits a Soret peak at ~390 nm (black spectrum, ~3.8 M).
When saturating NADPH (50 µM) is added, the peak shifts to 418 nm (red spectrum –
taken at the point at which NADPH is near-fully depleted), with a small shoulder at 390
nm remaining. After 2 hours of cycling (and complete NADPH oxidation), the low-spin
Soret peak at 418 nm decreases, while the 390 nm shoulder visibly increases, indicating
some recovery of the high-spin heme form in the absence of reductant.
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3.7.

Reduced, CO-bound complex formation in WT and I401P BM3
proteins

The concentration of the WT and I401P hemoproteins was determined by the
formation of their ferrous-carbon monoxide heme complexes, as described in
Section 2.15. The WT and I401P spectral properties on CO binding were found
to be similar for both the full length and the heme domain proteins, and
representative full length WT BM3 spectra are presented in Figure 3.11.
In its resting (oxidised) state, the BM3 protein gave a spectrum typical of a
ferric, substrate-free P450 protein, with the main Soret peak at 418 nm (black
line). All of the I401P and WT BM3 enzymes were largely low-spin after
purification, as indicated by their Soret peak at 418 nm and the absence of any
significant peak at 390 nm, which would indicate a high-spin, substrate-bound
ferric protein [10]. The α, β and δ bands are clearly distinguishable, with peaks
at 569, 536 and 360 nm, respectively (Figure 3.11). Sodium dithionite (SDT) was
added to reduce the BM3 heme (red line) from the ferric to the ferrous state.
The Soret peak shifts to ~416 nm and the δ band of the protein is obscured due
to the absorbance of SDT. Upon addition of CO, the Fe2+-CO complex is formed,
shifting the Soret peak to 450 nm (blue line). The α and β bands merge together
in the CO bound BM3 spectrum, giving a broad peak at ~545 nm. Although the
heme iron is not fully reduced by the addition of the SDT due to the partially
aerobic conditions of the experiment, the reduced portion binds CO rapidly,
creating a stable Fe2+-CO complex. In the absence of CO, the ferrous heme iron
instead reacts with oxygen, converting back to ferric heme and creating
superoxide. However, CO competes with oxygen and forms a stable adduct with
the ferrous heme iron – and thus in the presence of excess SDT a fully CO-bound
P450 complex can be formed efficiently. The Soret band shift to 450 nm
observed in the I401P and WT BM3 proteins is characteristic of the cysteineligated P450 enzyme. A smaller 420 nm Soret peak (P420) is also seen in the
Fe2+-CO complex spectrum, occurring due to the protonation of the cysteine
thiolate to thiol in a small portion of the enzyme. This can occur due to SDT
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reduction, e.g. if excess SDT is used and acidification leads to thiolate
protonation. The conversion of the thiolate (S-) to thiol (SH) ligation of the heme
iron results in its effective inactivation as a monoooxygenase and thus to the
formation of an inactive P420 complex, which (in some situations) may be
reversible on addition of a substrate [159].
To calculate protein concentration in full length and heme domain forms of WT
BM3 and I401P proteins, the molar extinction coefficients of the full length and
heme domain proteins were needed. The extinction coefficients used in this
work were previously estimated [160] for the oxidized, low spin forms of these
enzymes and are ɛ418 = 95 mM-1 cm-1 for the heme domain and ɛ418 = 105 mM-1
cm-1 for the full length BM3 protein. Previous work showed that extinction
coefficients of BM3 mutants do not differ greatly from the WT protein [158].
The Beer-Lambert law was used to calculate protein concentration, with ɛ418 =
105 mM-1 cm-1 used for the low-spin, ferric full length WT and I401P BM3, and
ɛ418 = 95 mM-1 cm-1 for the low-spin ferric WT and I401P mutant heme domains.
The P450 concentration was also determined using Omura and Sato’s method
[7]. In this case, the absorption of the reduced P450 is subtracted from that of
the ferrous-CO complex, and a difference extinction coefficient of 450-490 = 91
mM-1 cm-1 is used (as described in Section 2.16). However, the formation of
P420 in this assay can be misleading and lead to an underestimate of the
amount of “active” P450 enzyme present, as described above.
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Figure 3.11: Spectroscopic characterization of the ferric, ferrous and CO-bound
forms of the full length WT BM3 protein. The UV-Vis absorption spectra shown are
typical for the full length I401P, as well as for the WT BM3 and I401P heme domain
proteins. The resting state BM3 protein (5.2 µM) in its low spin, ferric form (substratefree) has its Soret band at 418 nm (black line). The α, β and δ bands are seen at 569,
536 and 360 nm, respectively. The partially SDT-reduced ferrous protein has a Soret
peak at ~416 nm (red line, a fully reduced form would be at ~410 nm). The CO-bound
ferrous protein complex has a characteristic P450 Soret peak at 450 nm (blue line). On
CO binding, the α and β bands merge into a single peak at 550 nm, consistent with the
complete formation of the ferrous and CO-bound state. A small 420 nm shoulder can
also be seen in the CO-bound species, corresponding to protonated cysteine thiolate
(thiol) as the proximal ligand in an inactive P420 complex in a very small proportion of
the enzyme. All spectra were collected in aerobic conditions, in buffer A.
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3.8.

Characterization of I401P using known substrates

While the natural substrate of P450 BM3 remains unknown, a number of known
molecules (mainly mid- to long-chain fatty acids) exhibit type I (substrate-like)
binding with the enzyme, which can be readily detected using UV-Vis
spectroscopy. Type I binding molecules bind in the active site but do not interact
with the heme iron directly. Instead, their binding results in the displacement of
the axial water molecule, producing a 5-coordinated heme iron state, and
shifting the heme iron from a low-spin to a high-spin state. This transition can
be observed in a spectrophotometer as a blue shift of the Soret peak to lower
wavelengths.
To explore I401P binding potential substrates, a few well characterised WT
P450 BM3 substrates were used. The saturated lauric acid (C12) and the fatty
acid ester N-palmitoylglycine (NPG) are known substrates of BM3 [17,18]
and I401P was shown to bind these lipids as well. The binding titrations were
carried out with full length I401P, as described in Section 2.16. The NPG
spectral binding data and corresponding binding curve graphs can be seen in
Figure 3.12. NPG addition converted the I401P Soret peak almost completely
from a low-spin 418 nm to a high-spin 390 nm, confirming that NPG is a
substrate-type molecule. Full length WT BM3 also shows extensive conversion
to high-spin on NPG addition, with a tight Kd of 0.2 µM [44]. For the I401P
enzyme, the absolute spectral data collected were used to make a set of
difference spectra (also shown) by subtraction of the spectrum for the
substrate-free P450 from those of each successive NPG-bound form. The total
difference in absorption between peak and trough values was calculated, as
described in Section 2.16. The absorbance difference at each NPG concentration
was t he n plotted against the relevant [NPG] and data were fitted using
Equation 2 in order to determine the dissociation constant (Kd). The Kd for NPG
was calculated to be 0.012 ± 0.002 µM.

98

Lauric acid titrations (using a 10 mM fatty acid stock) were carried out in a
similar way and are shown in Figure 3.13. Lauric acid addition shifts the resting
state I401P Soret peak from 418 nm towards 390 nm, again suggesting a
conversion from low-spin, substrate-free form to a high-spin, substrate-bound
form. The shift towards high-spin is not complete, as a small peak at 418 nm
remains, suggesting that the enzyme is not fully substrate-bound, or that
complete conversion to a high-spin form is not feasible with this substrate.
Equation 1 was used to calculate the Kd value of 0.63 ± 0.08 µM. This is a much
tighter Kd value than was reported for the binding of lauric acid to WT P450
BM3 (89 µM) [161]. The chemical structure of both substrates is shown in
Figure 3.14.
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A

Figure 3.12: Optical binding titration of full length I401P BM3 with NPG. The full
length I401P protein (2.9 M) has a low spin Soret peak at 418 nm (A). NPG was added
to I401P in 0.1 µl titrations from a 1 mM stock, until no further spectral shift was
observed (upper panel). On NPG addition, the Soret peak shifts to lower wavelength,
giving a peak at 390 nm (arrows indicate directions of absorption change at the lowspin [black arrow] and high-spin [green arrow] peaks). This signifies a near-complete
conversion from a low-spin to a high-spin, substrate-bound protein. The insert in panel
A shows difference spectra used to identify the wavelengths of maximal absorption
change (390 nm and 420 nm) and to facilitate generation of the binding plot shown in
panel B. The (A390 minus A420) data are were plotted versus the [NPG] and the data
were fitted using the Morrison equation (Equation 2). The Kd determined was 0.012 ±
0.002 µM.
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A

Figure 3.13: Optical binding titration of full length I401P BM3 with lauric acid.
The full length, substrate-free I401P protein has a Soret absorbance peak at 418 nm,
corresponding to its substrate-free, low-spin form. In panel A, lauric acid was added
to I401P (1.3 M) in 0.1 µl titrations from a 10 mM stock, until no further spectral
change was observed. An extensive shift towards a high-spin, substrate-bound form
with a Soret peak at 390 nm can be seen (arrows indicate the direction of absorption
change during the titration). A remaining shoulder at 418 nm at the end of the
titration signifies that the shift to high-spin was not complete. The insert in panel A
shows difference spectra used to define wavelengths of maximal absorbance change
and to facilitate determination of the Kd value, as described in the Figure 3.12 legend.
The lower panel (B) shows a plot of lauric acid-induced Soret absorbance change,
(A390 minus A420), versus [lauric acid], with data fitted using the Morrison equation
(Equation 2) to give a Kd value of 0.63 ± 0.08 M.
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Figure 3.14: Chemical structures of lauric acid (A) and NPG (B). Both structures
have a long alkyl chain tail. NPG is an artificially made substrate, combining a fatty acid
with an amino acid and designed as one of series of lipid-derived molecules with high
affinity for P450 BM3 [44].

3.9.

Characterization of I401P BM3 using known inhibitors

Most inhibitors interact with the BM3 enzyme differently to substrates. Many
inhibitors show type II binding, in which they displace the sixth axial ligand
(water molecule) and ligate the heme iron directly – often through a nitrogen
atom (e.g. as exhibited by imidazole and related compounds). This either causes
the heme iron to shift to low-spin, or reinforces the low-spin state if the enzyme
is already in a low-spin form. There is an associated red shift of the Soret peak
towards longer wavelengths. The degree of the shift depends on the specific
molecule interacting with the heme: CO ligation causes a shift to 450 nm (on
binding to ferrous heme iron when cysteine thiolate is retained as the other
axial ligand), while nitrogen ligation (e.g. with azole drugs) causes a shift to
~424 nm in a ferric P450 and blocks access of substrate to the heme
environment [162].
Known inhibitors of WT BM3 were used in studies with the I401P mutant. 4phenylimidazole (4-PIM) and imidazole were titrated with the full length I401P
BM3 enzyme, as described in Section 2.16. The 4-PIM titration is shown in
Figure 3.15. As with the substrate titrations, the low-spin resting state of full
length I401P has its Soret maximum at 418 nm. Upon 4-PIM addition, the Soret
peak of the enzyme shifts to 424 nm, indicating heme ligation by the 4-PIM
imidazole nitrogen. The data were fitted using Equation 2 and the Kd was
determined as 2.14 ± 0.30 µM. The quite similar Kd values for 4-PIM binding to
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I401P and WT BM3 (0.84 µM in the latter case) [163], indicate that I401P has a
similar binding environment for 4-PIM to that in the WT BM3. The chemical
structure of 4-phenylimidazole is shown in Figure 3.17.
The binding titration with imidazole is shown in Figure 3.16. On addition of
imidazole, the full length I401P BM3 Soret peak shifts from 418 nm to 424 nm,
consistent with inhibitor binding and heme i r o n coordination. The data
were fitted using the Michaelis -Menten equation (Equation 1) and the
Kd was determined at 65 ± 5 mM. This indicated a low affinity for I401P, similar
to the Kd observed with the WT BM3, which is also in the milimolar range [163].
The low affinity for imidazole is likely a consequence of its polar nature
compared to the hydrophobic nature of the active site in the vicinity of the heme
iron and illustrates how the addition of a hydrophobic phenyl group can have a
substantial effect on affinity in the case of 4-PIM. The chemical structure of
imidazole is also presented in Figure 3.17.
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B

Figure 3.15: Optical binding titration of full length I401P BM3 with 4phenylimidazole. The upper panel (A) shows the resting, low-spin form of the full
length I401P mutant, which has a Soret peak of 418 nm. 4-PIM was added from a 100
µM stock until no further spectral changes were observed. The Soret peak shifts from
418 to 424 nm (arrows show the direction of the absorption change in the titration),
indicating heme iron ligation from a 4-PIM nitrogen atom. The insert in panel A shows
the difference spectra used to compute the maximal absorption difference change at
each titration point. The lower panel (B) shows a plot of 4-PIM-induced heme
absorbance change versus the relevant [4-PIM]. Data were fitted using Equation 2 to
give a Kd value of 2.14 ± 0.30 M. The data are corrected for dilution effects.
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A

B

Figure 3.16: Optical binding titration of full length I401P BM3 with imidazole. The
upper panel (A) shows the spectrum for the low-spin I401P BM3 protein (1.25 µM),
which has a Soret peak of 418 nm at the beginning of the titration, and which shifts to
424 nm as saturation with imidazole is approached (arrows indicate the directions of
the Soret absorption change in the titration). The insert (A) shows difference spectra
from the titration (with a 10 M imidazole stock) which were used to determine
maximum absorption changes induced on ligand binding at each concentration of
imidazole used. The lower panel (B) shows the imidazole-induced heme absorbance
change plotted versus the relevant [imidazole], with data fitted using Equation 1 to
give a Kd value of 65 ± 5 mM.
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Figure 3.17: Chemical structure of imidazole (A) and 4-phenylimidazole (B). Both
structures contain an imidazole ring that contains a nitrogen atom that can coordinate
the P450 heme iron. The addition of the phenyl group to the 4-phenylimidazole
improves binding to P450 BM3 and I401P proteins substantially, due to its making
favourable hydrophobic interactions in the P450 active site.

3.10. Characterization of the I401P BM3 mutant using novel ligands
A range of molecules that bind human CYPs (CYP1A2, CYP1A1, CYP3A4, CYP2A6
and CYP2C9) were used in binding titrations with I401P, in order to determine
if any novel binding interactions could be observed in this conformationally
perturbed P450 mutant, and if any preference to certain types of molecules
could be established. These molecules ranged from fluorescent substrates of
human CYPs, drugs that bind to human CYPs, azole inhibitors, as well as other
small molecules of interest.

3.10.1 Characterization of full length I401P BM3 using fluorescent
substrates
To explore substrate binding and metabolism of new compounds by the full
length I401P mutant, a range of fluorescent substrate molecules were used in
initial experiments. These fluorogenic molecules were developed as test
substrates for various human CYPs and their metabolites and their fluorescent
properties are also known [164, 165]. The substrates/metabolites are detailed
in Section 2.16.1. Their names and fluorescence properties are shown in Table
3.1. As a comparison, the full length WT BM3 enzyme was used in parallel
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studies, in order to establish differences in the substrate binding and catalytic
properties with these compounds between the WT and I401P BM3 mutant
forms.
Substrate
7-methoxy-4-

Excitation

Emission

335 nm

423 nm

Metabolite
7-hydroxy-4-

trifluoromethyl-

trifluoromethyl-

coumarin (MFC)

coumarin (HFC)

7-benzyloxy-4-

332 nm

422 nm

7-hydroxy-4-

trifluoromethyl-

trifluoromethyl-

coumarin (BFC)

coumarin (HFC)

7-methoxy-4-

346 nm

407 nm

7-hydroxy-4-

aminomethyl-

aminomethyl-

coumarin

coumarin

(MAMC)

(HAMC)

7-benzyloxy

326 nm

415 nm

7-hydroxy

quinoline

Excitation

Emission

378 nm

502 nm

378 nm

502 nm

330 nm

478 nm

328 nm

514 nm

~532 nm

586 nm

quinoline (7HQ)

(7BQ)
7-ethoxy-

485 nm

575 nm

Resorufin

resorufin
(7-e-res)

Table 3.1: Properties of fluorescent substrates (and their metabolites) used in
binding and turnover studies with full length WT and I401P P450 BM3. The
maximal

fluorescence

excitation

and

emission

wavelengths

for

each

substrate/metabolite are shown. All substrates and metabolites were supplied by
Cypex Ltd.

3.10.2 WT BM3 metabolises 7-benzyloxy-4-trifluoromethyl-coumarin
To determine whether I401P BM3 binds and metabolises the fluorescent
molecules shown in Table 3.1, full length WT BM3 was first used in optical
binding titrations as a control prior to the analysis of the binding/turnover of
these fluorescent substrates with I401P BM3. Fluorescence spectroscopy was
used in these studies, where a measurable shift in the intensity and/or
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wavelength of the fluorescence maximum of the selected compounds was
predicted to occur on the binding of substrate to the enzyme, and where
NADPH-dependent oxidation of the substrate by the enzyme(s) should
produce a product with an altered fluorescence spectrum. Fluorescence
spectroscopy was carried out as described in Section 2.16.1. The fluorescence
spectrum of the substrate itself was measured first. The excitation and
emission maximum wavelengths for each substrate were supplied by Cypex
Ltd. Full length WT BM3 and then NADPH were added to the substrate, and any
change in the fluorescence spectrum recorded after each addition. To ensure
NADPH fluorescence (excitation at 340 nm, emission at 460 nm) did not mask
the fluorescence of substrate/product and enzyme when added to the mixture,
a NADPH “quenching” system was used to remove the fluorescence of residual
NADPH after a turnover reaction was done. The sample reaction mixture was
left to incubate for 15 minutes before glutathione reductase and oxidised
glutathione were added to oxidise all unused NADPH to NADP+ and thus to
quench its fluorescence. The fluorescence spectrum was then measured again
using identical conditions as for the previous fluorescence data acquisitions.
Glutathione reductase acts by reducing its oxidised glutathione substrate using
NADPH, converting it to non-fluorescent NADP+ and producing reduced
glutathione.
No obvious binding was observed between oxidised WT BM3 and the
fluorescent substrates tested (i.e. through perturbation of the fluorescence
spectrum), except in the case of 7-benzyloxy-4-trifluoromethyl-coumarin
(BFC). The fluorescence spectral shift observed for WT BM3 on BFC binding
is shown in Figure 3.18, along with other data following the addition of NADPH
to establish if the substrate could be oxidised. BFC has a reported excitation
wavelength maximum of 332 nm and an emission maximum at 422 nm. Figure
3.18 shows that, when excited, the substrate fluoresces with a peak at 422 nm.
However, on the addition of WT BM3 the fluorescence is partially quenched and
its fluorescence is red shifted to 434 nm. NADPH addition further quenches the
fluorescence, with an additional fluorescence maximum red shift to 465 nm.
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However, NADPH itself has an absorption maximum at 340 nm and a
fluorescence emission maximum at ~450 nm, and thus may overlap with the
emission spectrum of a BFC product.
When metabolised by human CYPs, e.g. CYP1A2 and CYP3A4 [166], BFC is
metabolised into HFC (7-hydroxy-4-trifluoromethyl-coumarin). HFC has a
fluorescence excitation maximum of 345 nm and an emission maximum at 502
nm and thus, to determine if WT BM3 metabolises BFC in a similar way as these
human CYPs, a scan for HFC formation using the above excitation/emission
wavelengths was performed. After an hour, t h e formation of a product with
fluorescence emission at 502 nm is clearly seen (see Figure 3.18), which
correlates with HFC emission. The product was still visible after NADPH
fluorescence was “quenched” as described above. The structures of BFC and
HFC are shown in Figure 3.19.
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Figure 3.18: Fluorescence analysis of the binding and turnover of BFC with full
length WT P450 BM3. The graph shows the fluorescence spectra for BFC (from a 20
mM stock) in isolation and following its interactions with BM3 and after addition of
NADPH. BFC (40 µM) has a fluorescence peak at 422 nm (black line) on excitation at
332 nm. On addition of full length WT BM3 (2 µM), the fluorescence peak is diminished
and the maximum shifts to 434 nm (red line), presumably due to binding of some of the
fluorophore to the BM3 enzyme. Addition of NADPH quenches fluorescence even
further, with the fluorescence maximum at ~460 nm (blue line). The scan for HFC
formation at an excitation wavelength of 345 nm shows no obvious product (pink line).
However, after 1 hour incubation, a product is formed with fluorescence maximum at
502 nm (dark green line and arrow); matching the expected emission wavelength
maximum of HFC. A control for NADPH fluorescence in isolation was carried out,
showing that the NADPH fluorescence maximum (200 µM, light green line) is at 466
nm. A mixture of BFC substrate (45 µM) and NADPH (200 µM) was also examined
without enzyme addition, and shows a fluorescence maximum at 463 nm (brown line).
Thus, NADPH-dependent oxidation of BFC occurs in the presence of WT BM3 to form
the HFC product. “a.u.” indicates arbitrary units.
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Figure 3.19: Chemical structure of 7-benzyloxy-4-trifluoromethyl-coumarin –BFC
(A) and its oxidation product 7-hydroxy-4-trifluoromethyl-coumarin – HFC (B).
The polycyclic BFC structure was shown to bind to WT P450 BM3, and to be oxidised to
the HFC product through fluorescence spectroscopy analysis. Hydrophobic interactions
between active site residues and aromatic ring structures in BFC may facilitate binding
of the substrate, while polar/hydrogen bonding between BFC oxygen atoms and other
amino acids is also feasible. HFC is produced by human CYPs (including CYP1A2 and
CYP3A4) from the BFC molecule.

3.10.3 I401P BM3-dependent metabolism of 7-ethoxy-resorufin
Experiments were done to measure binding and metabolism of fluorescent
substrates by full length I401P BM3 in the same way as with WT BM3 (Section
2.16.1). No obvious binding/turnover was observed with the substrates, with
the exception of 7-ethoxy-resorufin (7-e-res). The 7-e-res interaction is shown
in Figure 3.20. 7-e-res has a fluorescence excitation maximum at 485 nm and an
emission maximum at 575 nm. When excited, 7-e-res was seen to fluoresce at
575 nm. On the addition of full length I401P the fluorescence decreases slightly,
but with no significant shift in the fluorescence peak. NADPH addition
substantially quenches the fluorescence, suggesting that 7-e-res may be oxidised
by the P450 BM3 I401P mutant.
7-e-res is a known substrate for human CYPs, e.g. CYP1A2 [167], which
metabolise it into resorufin (excitation maximum 532 nm, emission maximum
586 nm). To determine whether I401P metabolises 7-e-res into resorufin in a
similar way to human CYPs, a fluorescence scan was done with excitation at the
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resorufin wavelength maximum. After a 1 hour incubation of 7-e-res with
I401P BM3 and NADPH, a product is seen with an emission maximum
at 586 nm, corresponding to the resorufin emission maximum. No NADPH
quenching was needed in this case, as NADPH fluorescence did not interfere
with results. 7-ethoxy-resorufin and resorufin structures are shown in Figure
3.21.
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Figure 3.20: Fluorescence studies of the binding and metabolism of 7-ethoxyresorufin by full length I401P BM3. 7-e-res alone (2.6 µM) has a fluorescence
maximum at 575 nm (red line) and the addition of I401P (0.2 µM) only marginally
decreases the fluorescence, with no peak shift (black line). NADPH (200 µM) quenches
the fluorescence s u b s t a n t i a l l y when added to the reaction (blue line). A scan for
resorufin formation carried out 1 hour after NADPH addition shows a metabolite at
586 nm (green line and arrow), the maximum emission wavelength of resorufin. Scans
with (i) NADPH only, and (ii) substrate with NADPH (no enzyme) (200 M NADPH)
were also carried out (data not shown). These scans gave low fluorescence, showing
that neither NADPH nor substrate interfered with the results at the excitation
wavelength used for resorufin formation (532 nm).
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Figure 3.21: Chemical structures of 7-ethoxy-resorufin (A) and resorufin (B).
Resorufin is produced from 7-e-res by oxidative demethylation catalysed by P450
enzymes (including the BM3 I401P mutant). As for the interactions described between
the I401P mutant and 7-e-res, a mixture of hydrophobic and polar/hydrogen bonding
interactions are likely important for the binding of 7-e-res to the I401P BM3 active site.

3.10.4 Characterisation of I401P BM3 using human CYP drugs
To investigate if the I401P mutant has a substrate specificity profile similar to
any of the human CYPs, a range of drugs that are known to be metabolised by
human P450s was used. The drugs used were selected primarily based on their
structural similarity to 7-e-res (polycyclic) and their ability to be metabolised by
the CYP1 family enzymes (as 7-e-res is a known CYP1 substrate) [25, 26, 27].
Further, a range of other drugs and molecules that are metabolised by major
human CYPs were also used to establish the I401P mutant’s range of novel
substrate selectivity.
Binding titrations with full length I401P and the I401P heme domain were done
as described in Section 2.16. Many molecules were found to bind to and undergo
turnover with the I401P BM3 mutant. The molecules that bound to the I401P
mutant, the human CYPs that also metabolise them and the Kd values derived for
their binding to the I401P enzyme are shown in Table 3.2. A binding titration of
the I401P heme domain with 10 mM ±nicotine (a racemate of the + and –
nicotine enantiomers) is shown in Figure 3.22. The low-spin I401P heme
domain has an observed Soret peak of 418 nm. The ±nicotine was added until
the spectral shift from substrate-free state to the high-spin, substrate-bound
form was observed to be complete. The data were processed and fitted using
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Equation 1, and the Kd of ±nicotine was calculated to be 1.16 ± 0 . 1 5 mM.
The Kd indicates relatively weak binding affinity of nicotine for I401P BM3,
although the UV-visible spectra show a near complete shift to high-spin heme
iron at saturating levels of nicotine. When -nicotine binding was attempted with
I401P BM3, no spectral shift was observed. This suggested that the I401P
mutant only bound the +nicotine enantiomer, or that only the +nicotine bound
sufficiently close to the I401P heme iron to enable axial water ligand
displacement. The +nicotine alone could not be purchased, so all further studies
were done with the ±nicotine enantiomeric mixture.
The alosetron binding titration is shown in Figure 3.23. In its resting, low-spin
state, the I401P heme domain has an observed Soret peak of 418 nm. Alosetron
addition shifted the Soret peak of the I401P heme domain protein towards 390
nm and to a high-spin, substrate-bound form. The shift from low-spin to highspin form is only partially complete at near-saturating substrate levels. The
binding data were processed and fitted using Equation 1, and the Kd for
alosetron was calculated to be 60.6 ± 9.8 µM. The Kd indicates good binding
affinity for I401P BM3, despite the UV-visible spectra showing only a partial
shift to high-spin heme iron at near-saturating alosetron levels. Despite limited
aqueous solubility of alosetron, the data in Figure 3.23 (panel B) show clearly
that the saturation the enzyme is being approached in the titration. Thus, the
incomplete conversion of I401P heme towards high-spin at this point is likely a
feature of the binding mode of alosteron, perhaps suggesting that is mobile in
the active site and/or has more than one binding mode such that the 6 th ligand
water is not displaced in a proportion of the alosteron-bound P450 molecules.
Caffeine was also bound to the I401P BM3 heme domain protein (Figure 3.24).
On caffeine addition, the low-spin, 418 nm I401P protein shifts towards a highspin, substrate-bound form. The spin-state conversion is quite extensive at
near-saturating substrate levels. Due to the solubility limits of caffeine and the
weak binding affinity observed, it was not possible to completely saturate the
I401P BM3 protein, although extensive high-spin conversion was achieved. A
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“saturating” binding titration was attempted (shown in Figure 3.24), where
caffeine was added to the sample mix directly from the highest concentration
stock available (85 mM), after the same volume of sample mix as substrate was
removed from the sample prior to caffeine additions (and dilution corrections
accounted for to ensure that the effective I401P heme domain concentration
remained the same in the spectra presented). This allowed for substantial
(~85%) high-spin conversion of the I401P mutant with caffeine (at the highest
stock concentration possible). The data allowed me to plot a binding curve and
to calculate the Kd of caffeine as 85.6 ± 14.3 µM. The Kd indicates moderate
binding affinity for I401P BM3, although this is accompanied by an extensive
degree of high-spin heme iron development, suggesting that the binding site for
the molecule is one in which the 6th water ligand is quite effectively displaced
from the heme iron at high caffeine concentrations. It might be expected that a
small molecule like caffeine could exhibits several binding modes in the I401P
active site. However, the extensive high-spin shift is consistent with a
predominant binding mode close to the heme iron that promotes high-spin
heme iron formation. It was also observed as part of this work that all three
human metabolites of caffeine (theophylline, theobromine and paraxanthine)
also bind to the I401P mutant and indeed exhibit lower/similar binding
affinities for the enzyme (16.8 µM, 87.5 µM and 7.29 µM, respectively). The
extents of high-spin heme iron accumulation in the titrations of theophylline,
theobromine and paraxanthine with the I401P heme domain were 5%, 35%
and 10%, respectively. This suggest that all three caffeine metabolites have a
binding mode that does not displace the 6th water ligand completely, producing
an incomplete shift towards a high-spin heme iron in the I402P BM3 heme
domain.
The substrates tested in work reported in this section exhibit a range of binding
affinities from low- and sub-micromolar through to 6.69 mM (in the case of
indole). The I401P heme domain protein did not shift near-completely to a
high-spin form on substrate saturation for compounds tested apart from in the
case of nicotine, with caffeine also inducing a large high-spin shift.
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Human CYP

Substrate

I401P Kd

CYP1A2,

7-ethoxy-

0.137 ± 0.045

CYP1B1

resorufin

µM

CYP2C,

Alosetron

60.6 ± 9.8 µM

Caffeine

85.6 ± 14.3µM

CYP1A2

Theophylline

16.8 ± 3.6 µM

CYP1A2

Paraxanthine

7.29 ± 2.25 µM

CYP1A2

Theobromine

87.5 ± 23.7 µM

CYP1A2,

Indole

6.69 ± 1.47 mM

CYP1A2

Phenacetin

1.21 ± 0.25 mM

CYP1A2

Tacrine

2.90 ± 0.66 mM

CYP2A6,

Nicotine

1.16 ± 0.15 mM

Diclofenac

1.6 ± 0.5 mM

Structure

CYP3A4
CYP1A2,
CYP2E1

CYP1A1

CYP2B6
CYP2C9

Table 3.2: Novel substrates of I401P, their structures, the human CYPs that
metabolise them and the Kd values derived for their binding to the I401P P450. A
variety of drugs and molecules of interest were selected to test the affinity of I401P
heme domain for human CYP substrates. 7-e-res was tested for affinity with the full
length I401P protein. Almost all these molecules are known substrates for human
P450s.
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A

Figure 3.22: Binding titration of I401P BM3 heme domain with ±nicotine. The
upper panel (A) shows the low-spin I401P heme domain (3.7 M) with a Soret peak at
418 nm at the beginning of the titration, and shifting to 390 nm as nicotine (from a 10
mM stock) saturates the protein. Arrows show directions of heme absorbance shift
during the titration. The shift from low-spin to high-spin is almost complete at nearsaturating substrate concentrations. The insert (A) shows difference spectra generated
from the absolute spectra, and was used to identify peak and trough wavelengths from
which maximal absorption changes could be computed at each stage in the titration.
The lower panel (B) shows a plot of nicotine-induced I401P heme absorbance change
versus the relevant [nicotine], with data fitted using Equation 1 to give a Kd value of
1.16 ± 0.15 mM.
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A

Figure 3.23: Binding titration of I401P BM3 heme domain with alosetron. The
upper panel (A) shows that, in its resting state, the low-spin I401P heme domain
protein (3.4 M) has a Soret peak at 418 nm. This shifts towards 390 nm as alosetron
binds the protein. Arrows show direction of absorbance shift during the titration. The
shift from low-spin to high-spin is partially complete at near-saturating substrate
concentrations. Alosetron absorbs light at ~260 nm, and can be seen contributing to the
spectrum below 350 nm in panel A. The insert in panel A shows the difference spectra
from the titration (with a 3.75 mM alosetron stock) which were used to determine
maximum absorption changes induced on substrate binding. The lower panel (B)
shows the alosetron binding-induced heme absorbance change plotted versus the
relevant [alosetron], with data fitted using Equation 1 to give a Kd value of 60.6 ± 9.8
µM.
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A

B

Figure 3.24: Optical binding titration of I401P BM3 heme domain with caffeine.
I401P BM3 heme domain (3.6 M) was titrated using a 89 mM stock of caffeine. The
upper panel (A) shows that the I401P heme Soret peak shifts from 418 nm
towards 390 nm (low-spin to high-spin) when successive titrations with caffeine are
made (arrows show directions of absorbance change). A substantial shift towards highspin occurs on caffeine binding. The insert (A) shows the difference spectra used to
identify peak and trough wavelengths in order to determine maximal absorption
changes induced at different substrate concentrations. The lower panel (B) shows a
plot of induced absorbance difference plotted versus the relevant [caffeine], with data
fitted using Equation 1 to yield a Kd value of 85.6 ± 14.3 µM. The titration was done
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using a concentrated (85 mM) caffeine stock in attempts to approach saturation of the
I401P protein within the solubility limits of the ligand. Volumes of caffeine stock added
were offset by removal of an identical volume of sample from the cuvette, and the
spectra were corrected to account for small changes made to the P450 concentration.
Data from two spectral titrations with the same enzyme quantity (but using different
caffeine concentration ranges) were combined in order to produce the spectral data
binding and data fit shown.
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3.10.5 Identification of further molecules inducing type I spectral shifts on
binding to the full length I401P mutant
Along with fluorescent substrates and various drug substrates from human CYP
enzymes (Table 3.2), a number of other molecules were also found to bind the
I401P mutant. Molecules such as the purine nucleoside adenosine and small
molecules such as glycerol were also found to bind this mutant. The steroid 17αethynylestradiol also bound to the I401P mutant to induce heme spectral
perturbation, but no binding was observed with the other steroids tested:
testosterone and cholesterol. Selected solvents (DMSO) and detergents were
found to bind to I401P BM3, making the identification of solvents appropriate
for solubilising other potential I401P substrates/inhibitors more problematical
in view of the influence of these solvents on the heme spectrum. Due to the
weak binding of many solvents and detergents, successful binding titrations
could not be completed due to their adverse effects on the stability of the P450.
However, evidence for their binding could be observed by heme optical
perturbations. The molecules that bound, along with their structures and
apparent Kd values, where established, are shown in Table 3.3.
Glycerol binding to full length I401P BM3 is shown in Figure 3.25 and is
representative of the type I binding spectral changes as observed with 17αethynylestradiol and adenosine for this mutant. The full length I401P in its
resting state has a Soret peak at 418 nm. On glycerol addition, a clear spectral
shift between substrate-free (low-spin) and substrate bound (high-spin) forms
was observed, with the Soret band shifting to ~391 nm as the titration
approached completion. The spectra data were processed as described above
for other titrations. The glycerol-induced absorbance change data versus
[glycerol] were plotted using Equation 1 and the Kd for glycerol was calculated
to be 76.5 ± 5.3 µM.
The Kd indicates a quite high binding affinity, accompanied by a partial
(~60%) conversion to the high-spin heme form at near-saturating levels of
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glycerol. The incomplete conversion to high-spin heme iron with glycerol and
the I401P mutant is typical of phenomena observed with WT BM3 and some of
its fatty acid substrates, and likely reflects that glycerol has more than one
binding mode around the active site, and that water is able to ligate the heme
iron as 6th ligand in a proportion of the P450 molecules. Conversion to the highspin form is also only partially complete on titration with 17α-ethynylestradiol
and adenosine, again possibly due to different binding modes for these
compounds (and possibly also as a consequence of the limited solubility of
the steroid).
DMSO and detergent binding to full length I401P BM3 was also observed by a
low- to high-spin optical shift from 418 nm towards 390 nm. In all cases, spinstate conversion was only partial, suggesting either dynamic substrate binding
modes that enable dissociation and re-association of water as the 6th ligand to
the heme iron, or possibly partial occupancy at apparent saturation under the
conditions used (due to e.g. protein instability). DMSO showed particularly
notable behaviour, as on binding to the P450 it exhibited a high-spin shift in a
lower concentration range, but at a higher concentration range the Soret peak
shifted back towards a low-spin 418 nm form. This phenomenon has been
observed before and is attributed to DMSO coordinating to the heme iron
through its sulphur atom (rather than interacting via its oxygen atom) at high
concentrations [28, 29].
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Substrate

Structure

Kd

Glycerol

76.5 ± 5.3 µM

Adenosine

89.2 ± 20.0 µM

17α-

124.8 ± 15.8 µM

ethynylestradiol
DMSO

N/A

Triton X-100

N/A

Tween 80

N/A

Sodium cholate

N/A

Cholesterol

No binding

Testosterone

No binding

Table 3.3: The structures and apparent Kd values of a variety for molecules that
showed type I binding with I401P BM3. The Kd values for the binding of the solvent
dimethyl sulfoxide and the detergents Triton X-100, Tween 80 and sodium cholate
could not be established accurately due to the weak binding of the molecules and the
limits of P450 protein solubility/stability in presence of these liquids. Where optical
binding by heme spectral perturbation was observed, but dissociation constants could
not be determined, this is signified by N/A. Testosterone and cholesterol did not give
any significant spectral shift on binding to the I401P BM3 mutant, but are also
tabulated to compare their structures to the steroid that did show evidence of binding
(17-ethynylestradiol).
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A

Figure 3.25: Optical binding titration of full length I401P BM3 with glycerol. Full
length I401P BM3 (~2.9 M) was titrated using a 6.84 M glycerol stock. The upper
panel (A) shows that the I401P heme Soret peak shifts from 418 nm towards
390 nm (low-spin to high-spin) when successive 0.1 µl titrations with the glycerol
stock are made (arrows show direction of absorbance change, only selected titration
points shown for clarity). An extensive shift towards high-spin occurs (~70% high-spin
at near-saturation). The insert (A) shows the difference spectra used to identify peak
and trough wavelengths for the determination of maximal absorption changes induced
at different substrate concentrations. The lower panel (B) shows a plot of induced
absorbance difference versus the relevant [glycerol], with data fitted using Equation 1
to yield a Kd value of 75.5 ± 5. 3 M.
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3.10.6 Characterisation of the I401P BM3 mutant by CYP inhibitor binding
Characterisation of the I401P active site was also done by examining the
interactions of the enzyme with inhibitors (in addition to studies with
substrates). A variety of inhibitor molecules were used in binding titrations,
including azoles, which are well-established inhibitors of fungal and other
CYP51 (sterol demethylase) P450 enzymes [171]. Azoles have been shown to
inhibit other bacterial P450s [172]. A selection of other known human CYP drug
inhibitors (provided by Cypex Ltd) was also investigated. The inhibitors used,
along with their structures and Kd values (in cases where binding was observed)
are shown in Table 3.4. Econazole, ketoconazole and miconazole showed
inhibitor binding with the I401P BM3, however no inhibition was observed with
these azoles and the WT BM3 protein. While the azoles used displayed tight
binding to I401P BM3 heme domain, most of the other human CYP inhibitors
did not induce any significant perturbation of the I401P heme spectrum. Many
of these inhibitors have been shown to form metabolic intermediate complexes
with the human CYP’s they inhibit [32,33]. Since several drug-I401P BM3 heme
domain interactions could not be observed through spectral binding, binding
was further investigated using EPR (Chapter 4). Aside from the azoles, the only
human CYP inhibitor to show clear evidence of optical binding was fluvoxamine,
where a small Soret shift towards longer wavelength (red shift) was detected.
However, the limited solubility of the drug prevented an accurate Kd being
determined for fluvoxamine.
A typical inhibitor binding titration with an azole drug (econazole) is shown in
Figure 3.26. Econazole (along with miconazole and ketoconazole) was chosen
for titration studies with the I401P BM3 heme domain due to its possessing the
same heme iron-coordinating group as imidazole, but having a more complex,
polycyclic structure. Addition of econazole to the substrate-free, ferric I401P
heme domain protein resulted in a Soret peak shift from 418 nm to 423 nm,
indicating coordination of the heme iron (a type II spectral shift).
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Inhibitor

Structure

Kd

Econazole

1.3 ± 0.1 µM

Miconazole

1.33 ± 0.15 µM

Ketoconazole

0.24 ± 0.02 µM

Acyclovir

No binding

Verapamil

No binding

Fluvoxamine

N/A

α − naphthoflavone

No binding

Tolbutamide

No binding

Dextromethorphan

No binding

Table 3.4: Structures and Kd values (where applicable) for selected CYP inhibitor
binding to the I401P BM3 heme domain. All azole inhibitors have an imidazole
nitrogen that ligates the heme. The human CYP inhibitors have very different
structures, but none ligate the I401P heme iron, with the exception of fluvoxamine.
However, an accurate Kd could not be established for the binding, due to poor solubility
of the inhibitor.
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A

Figure 3.26: Optical binding titration of the I401P heme domain with econazole.
The upper panel (A) shows that the low-spin, inhibitor-free I401P heme domain (4.6
M) peak at 418 nm shifts to 423 nm as the P450 binds to econazole. Arrows indicate
directions of absorbance change during the titration, using a 2 mM econazole stock.
The insert (A) shows overlaid difference spectra, identifying absorption peak and
trough values, and enabling production of the binding plot shown in the lower panel
(B), where maximal absorption changes at different inhibitor concentrations are
plotted against the relevant [econazole] and data are fitted using Equation 2 to give a
Kd value of 1.3 ± 0.1 M.
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3.11 Summary
To diversify the substrate pool of BM3 towards drug metabolites, an I401P
mutant was created. The proline substitution has been reported to alter the
P450 BM3 active site and conformational state, and to aid in development of
novel substrate selectivity [97]. Along with the full length I401P protein, the
I401P heme domain was also generated for crystallographic studies to define its
structural properties. The mutant P450 (full length and heme domain) enzymes
were expressed in E. coli BL21 (DE3) cells and the proteins purified from
disrupted cells. This was achieved via nickel affinity chromatography, together
with Q-Sepharose and LipidEx column chromatography for the full length I401P
protein. For the heme domain I401P protein, a multi-column purification
process was required, using an AKTA purification system. Full length and heme
domain WT BM3 proteins were expressed and purified similarly, in order to
compare the WT proteins’ properties to those of the I401P mutants.
An analytical restriction digest was performed on the WT BM3 and I401P
plasmid DNA, and SDS-PAGE gel analysis was done for the purified proteins, to
confirm the generation of the correct DNA and to demonstrate the purification
of the correctly sized, intact proteins. A general P450 characterisation process
was undertaken for the I401P proteins using UV-Vis spectroscopy. The I401P
proteins were found to have similar spectral features to the comparable WT
intact P450 BM3 and its heme domain, with the exception of a persistent highspin component that was especially prevalent in the heme domain of the
mutant, and could not be completely removed through purification, even with
the use of Lipidex column chromatography that is designed to extract lipids. To
investigate further the origin of the I401P mutant’s high-spin population, a
NADPH cycling experiment was done with the full length I401P BM3 enzyme,
showing that while NADPH addition does shift the heme iron to an extensively
low-spin form, a small high-spin shoulder remains, and that (with time) the
equilibrium between the low-spin and high-spin forms shifts back towards the
high-spin state in absence of further modification to the sample contents. These
data suggest that the I401P BM3 enzyme has a high affinity for lipid molecules
and that, even after NADPH addition (that would be expected to result in
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oxidation of bound substrate and production and release of hydroxylated
product), the enzyme can re-bind product or scavenge other lipids from the
environment to repopulate a high-spin proportion of the enzyme.
Further characterisation of the I401P BM3 and heme domain enzymes was
performed by binding CO gas to the ferrous heme iron, creating a P450 complex.
The ability of P450 enzymes to form a Fe2+-CO complex with Soret absorption
peak at ~450 nm is a unique feature of virtually all P450 proteins, and was first
reported by Omura and Sato [7]. In the presence of CO and the reductant SDT,
the I401P protein readily formed the P450 complex, even in aerobic conditions.
A small amount of the P420 complex was also formed, arising due to the
protonation of the cysteine thiolate to thiol in a proportion of the enzyme [175].
Known WT BM3 substrates and inhibitors were bound to the I401P mutant to
observe any differences in binding properties between the WT and mutant P450
enzymes. NPG and lauric acid exhibited type I (substrate) binding, as
characterized by their UV-Vis spectral properties, and with the heme Soret peak
shifting from a low-spin (substrate-free) form at 418 nm to a high-spin
(substrate-bound) form at ~390 nm. NPG binding to the full length I401P BM3
enzyme occurred with a near-full conversion to a high-spin state, compared to a
less extensive conversion in WT BM3; but exhibited similar high affinity binding
to the I401P mutant (Kd = 0.012 µM) compared to WT BM3 (Kd = 0.2 µM). This
suggests a similar mode of substrate binding in the I401P mutant and the WT
BM3 proteins.
Lauric acid binding converts the full length I401P enzyme extensively to the
high-spin form. The proportion of high-spin heme iron at near-saturation is
greater than that observed in the WT BM3 enzyme. In addition, the binding of
lauric acid to the mutant is significantly tighter than that to the WT BM3, with a
Kd of 0.63 µM for the I401P protein compared to 89 µM for WT BM3. The
conversion to high-spin in both cases suggests a binding mode in which the axial
water ligand to the heme iron is not fully displaced at near-saturation with the
substrate (although this process is more efficient for the I401P mutant). This
may be consistent with the binding mode for palmitoleic (C16:1) acid in the
crystal structure with WT BM3 heme domain. The carboxylate group of the lipid
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interacts with Arg47 and Tyr51 near the mouth of the active site, and the alkyl
chain does not extend fully to the heme [84]. It is thus likely that the substrate is
dynamic within the active site cavity and only displaces the axial water ligand
(enabling the conversion to the high-spin state) when it adopts a catalytically
relevant binding pose close to the distal face of the heme. Further structural
experiments would need to be done to investigate the exact mode of binding of
lauric acid (and other substrates), i.e. obtaining an I401P crystal structure with
lauric acid bound.
Known WT BM3 inhibitors were also used for binding titrations with I401P
BM3. Imidazole and 4-phenylimidazole exhibit type II (inhibitor-like) binding,
which is characterized by a red shift of the Soret peak of the P450 towards
longer wavelengths. In the instance of azoles such as imidazole and 4phenylimidazole, the ligation of the heme iron by an imidazole group nitrogen
gives a Soret peak shift to 424 nm. The titrations go to completion at quite low
ligand concentrations. The Kd value for 4-phenylimidazole with I401P (2.13 µM)
was similar to that of WT BM3 (0.84 µM), suggesting a similar binding
environment in both proteins. Imidazole binding produced an incomplete Soret
peak shift towards 424 nm in the I401P protein. A similar incomplete shift was
also observed in WT BM3, and the Kd values for imidazole with both proteins
are in the high millimolar range, indicating weak binding. This low affinity is
likely due to the polarity of the imidazole and its binding being disfavoured in
the hydrophobic cavity of the BM3 active site.
To investigate novel ligand specificity in the I401P mutant, a diverse range of
compounds were used in optical binding studies. Novel molecular binding was
identified with many human CYP substrates, including fluorescent substrates
and human drugs. Fluorescent CYP substrates are often used in assays as
indicators of specific CYP-like metabolism. Because their products fluoresce, the
successful transformation of a substrate can be readily identified by
fluorescence spectroscopy. By binding these fluorescent compounds to I401P
BM3 and through NADPH-dependent turnover reactions, I hoped to gain
information on what particular fluorogenic substrates could bind to the I401P
mutant, and to establish which human CYP the I401P BM3 mutant most
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resembles in terms of substrate specificity and product formation. The
successful binding of fluorescent substrates to oxidized I401P P450 BM3 was
characterized by changes in fluorescence intensity and/or emission maximum
wavelength of the substrate on addition of P450 protein; and (on addition of
NADPH) by the formation of a fluorescent product with a distinctive
fluorescence spectrum. In successful experiments, the products formed are
known metabolites of the fluorescent substrates, and arise from oxidative
dealkylation of the substrates by human CYPs. In control studies, the binding of
a panel of fluorescent substrates was first investigated with WT intact BM3. WT
BM3 was found to bind the fluorescent substrate BFC (a human CYP3A4 and
CYP1A2 substrate), as on addition of the protein the fluorescence of the
substrate was lowered and its emission maximum was red-shifted. More
importantly, after 1 hour’s incubation in the presence of NADPH, a product was
formed with maximal fluorescence at a wavelength identical to that of the
human CYP-type dealkylated product HFC. In contrast, the I401P BM3 mutant
was found to bind the fluorescent molecule 7-e-res, a substrate for human
CYP1A2. On NADPH addition to the 7-e-res bound I401P protein, the
fluorescence spectrum of the substrate was diminished and after 1 hour’s
incubation a fluorescent product was formed with an emission spectrum
indicative of that for the human CYP metabolite resorufin, and resulting again
from oxidative dealkylation of the substrate. This suggests that the I401P
mutant performs reactions similar to the CYP1A2 enzyme, preferentially
binding small, polycyclic molecules.
A number of novel binding interactions were also established for the I401P
mutant using human CYP drugs. Because I401P was found to bind a CYP1A2
fluorescent substrate, a number of CYP1A2 drug substrates were used in these
studies. Binding was confirmed with tacrine, phenacetin, caffeine and all three
of its metabolites (theophylline, theobromine and paraxanthine). The data
collected confirm a preference of the I401P mutant for small bicyclic and
tricyclic molecules, and further binding to the I401P mutant was confirmed with
indole, which has a similar structure to caffeine. Other CYP drug substrates were
also found to bind I401P BM3: nicotine, diclofenac and alosetron. These drug
substrates all have relative weak binding constants, but each produced quite
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extensive heme iron shifts from low-spin towards the high-spin state: nicotine
by ~90% and caffeine by >80%. With nicotine, further studies established that
the I401P mutant had a preference for binding the +nicotine over the -nicotine
enantiomer.
Further substrate-like type I binding was observed for the I401P BM3 mutant
with glycerol and adenosine, with partial high-spin shifts were detected. Many
steroids were also used in binding titrations with I401P, but 17αethynylestradiol was the only one that showed a significant binding interaction.
The Kd was weak and only a partial high-spin shift was observed, probably due
in part to the low solubility of the steroid and the influence of the solvent used
to facilitate its delivery to the P450. The solvent DMSO and the detergents
Tween 80 and Triton X-100 were also found to bind to the I401P BM3 mutant.
DMSO exhibited an interesting mode of binding, shifting the Soret peak first
towards high-spin and then, at higher DMSO concentrations, back towards lowspin. This may be due to DMSO coordinating to the BM3 heme iron through its
sulphur atom at higher concentrations [170]. Accurate I401P dissociation
constants could not be obtained with DMSO and the detergents, due to the
decreased stability of the I401P protein in the presence of DMSO/detergents.
Further experiments were done to investigate DMSO binding (Chapter 4) via EPR
spectroscopy.
In a final set of studies, a range of CYP inhibitors were used to identify novel
inhibitory (type II) interactions with the I401P mutant. The azoles are a well
characterised class of inhibitors for P450 enzymes [172], and so a selection of
these compounds (econazole, miconazole and ketoconazole) were tested for
binding to the I401P mutant. They all bound to the protein and ligated to the
I401P ferric heme iron (through an imidazole group nitrogen atom) and their Kd
values were very low, indicating tight binding that is mediated both by the
coordination of the heme iron and by other interactions made by the remaining
parts of these inhibitors with other regions of the I401P P450 active site. Further
studies included analysis of the interactions of I401P BM3 with a variety of
human drugs, including molecules that exhibit inhibition by forming drug-drug
interactions with human CYP substrates or through inhibition by their
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metabolites. Fluvoxamine is thought to inhibit the CYP1A2, CYP2C19, CYP2D6
enzymes by interacting directly with the drugs metabolised by these enzymes
[176]. Verapamile inhibits CYP3A4 through a metabolic-intermediate complex,
blocking the CYP3A4 active site[174]. Interactions of the I401P P450 with other
drugs was also investigated (tolbutamide, acyclovir, dextromethorphan and naphthoflavone). Among the drugs tested for interactions with I401P BM3, only
fluvoxamine showed any evidence of heme iron ligation by UV-Vis spectroscopy,
but a titration could not be completed and thus a Kd could not be established due
to the poor solubility of this compound. For the other drugs in this series
(tolbutamide, acyclovir, verapamile, dextromethorphan and α-naphthoflavone) it
cannot presently be ruled out that they bind to the I401P BM3 enzyme (or to the
WT P450), but they do not produce any significant change in the heme
absorbance spectrum and thus appear not to be obvious substrates (type I
ligands) or heme-binding inhibitors (type II ligands) for either the WT or I401P
forms of BM3. Further EPR spectroscopy experiments were done (Chapter 4) to
investigate the interactions (if any) with these compounds and the heme iron
environment.
In conclusion, the I401P mutants of intact P450 BM3 and its heme domain were
generated, purified and subjected to detailed studies of their interactions with a
variety of molecules. I401P shows enhanced binding to lipids compared to WT
BM3, and an altered spectrum of substrates, consistent with conformational
changes observed in structural studies. A single proline insertion mutation has
been shown here to alter the substrate profile of BM3 substantially, making this
mutant a good platform for future diversification work and an excellent
candidate for further characterisation. Further studies on its spectroscopic,
structural and other properties are presented in the following chapter.
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4.

Biophysical and functional analysis of the P450 BM3
I401P mutant

4.1

Introduction

Studies reported in the preceding chapter focused on analysis of the
interactions

between

the

I401P

mutant

using

both

known

BM3

substrates/ligands and novel ligands. From these studies it became clear that
the substrate pool for this P450 BM3 mutant was increased considerably
compared to that of the WT BM3 enzyme. In previous studies of the I401P
mutant, Wong et al. reported the improved binding of the I401P BM3 enzyme to
non-natural benzene and alkane substrates, including novel binding to fluorene
[97]. In this work, we found that the I401P mutant showed increased
diversification of specificity towards a panel of human drugs. However, it
remained unclear whether the I401P BM3 enzyme metabolized these drugs or
indeed what their products may be. Human drug metabolite identification has
become increasingly important, due to evidence of the frequent biological
activity of these metabolites, as well as their toxicity in the human body [177].
The P450 BM3 protein has previously been engineered to bind/metabolize a
variety of non-natural substrates, including many of the drugs tested as part of
this work [9, 44, 45]. However, while many drug-metabolizing BM3 variants
contain multiple mutations, in the I401P mutant a single proline mutation
appears to change the conformation of the P450 BM3 and its active site to an
extent where a variety of structurally diverse molecules can bind close to the
heme iron and act as substrates. In order to investigate the effect of the I401P
mutation on the properties of this BM3 mutant, a thermodynamic,
spectroscopic, catalytic, structural and biophysical analysis of the I401P BM3
enzyme was done.
The nature of the optical binding data accumulated in the previous chapter
suggested that many compounds trialed for interactions with the I401P BM3
may exhibit binding modes that involve interactions with more than one ligand
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and/or that result in only the partial displacement of the distal water molecule
on their near-saturation of the I401P BM3 mutant active site. These findings
suggest that various ligands tested may have distinct binding modes in the
I401P active site cavity, and also suggest that there may be a level of plasticity in
the I401P enzyme that exceeds that found in wild-type P450 BM3. This would
be consistent with studies from Wong’s group, which showed that the
conformational state of the substrate-free I401P heme domain observed in its
crystal structure was different from that of the substrate-free WT heme domain,
and more closely resembles that of a substrate-bound enzyme – i.e. that the
I401P mutant adopts a conformation more similar to a catalytically “primed”
form of P450 BM3 [88, 97]. This structural reconfiguration is clearly important
in the diversification of the substrate specificity profile of the I401P mutant. In
related work, studies of the P450 BM3 A82F mutant revealed how this mutation
altered the conformational state of the P450 – again resulting in crystals of the
substrate-free heme domain occupying a conformational state similar to that of
the WT substrate-bound P450 [89, 96, 149]. Studies of the A82F mutant of the
BM3 heme domain also demonstrated that (while stable at ambient
temperature), the mutation destabilizes the heme domain and decreases its
melting temperature (Tm value) by ~ 9 °C from ~59 °C to 50 °C [89].
To

investigate

the

influence

of

the

I401P

mutation

on

the

structural/conformational properties of this P450 variant, a variety of
techniques were used. Differential scanning calorimetry (DSC) was done to
establish the influence that the mutation has on structural destabilsation of the
I401P mutant. Electron paramagnetic resonance (EPR) spectroscopy was used
to investigate the mode(s) of binding of novel ligands to the I401P mutant, in
order to understand in more detail how ligands interact with the heme iron.
Crystallography was also attempted, in order to examine the unusual active site
configuration of the I401P mutant, in both ligand-free and ligand-bound forms
of the P450. Finally, oxidation of various drugs was examined using I401P BM3.
As I401P bound many of the human CYP drug substrates, it was especially
important to investigate what metabolites were produced by I401P BM3dependent oxidation of these molecules, and how these products differ from (or
resemble) the metabolite profiles formed by oxidation of these drugs by the
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human CYPs. In the first instance, steady-state kinetic analysis was done using
I401P BM3 by determining kcat and Km values through analysis of the substratestimulated oxidation of NADPH at different concentrations of the tested drugs.
Thereafter, validation of drug oxidation by I401P BM3 was done through
product identification carried out using LC-MS.

4.2

Differential scanning calorimetry (DSC) of the I401P heme domain

To investigate the thermostability of the I401P mutant, DSC was used. In
previous studies involving analysis of the influence of solvents, P450 BM3
mutants (A82F and F87V) were shown to have decreased thermodynamic
stability compared to the WT protein [89]. DSC was first attempted on the full
length WT and I401P BM3 proteins. However, aggregation of the proteins
occurred prior to the complete unfolding of these enzymes, preventing accurate
determination of Tm values for the P450 domains of these proteins. As a result,
studies were done instead on the WT and I401P heme domains. Both the heme
domains were analyzed in their substrate-free, substrate-bound and inhibitorbound forms, as described in Section 2.18, to investigate differences in the
thermal unfolding profiles under these conditions (and in otherwise identical
buffer conditions). Prior to data collection, a baseline spectrum was run and this
spectrum was then subtracted from that for the relevant protein/ligandcontaining sample spectrum prior to data analysis. The baseline sample
contained

buffer

for

the

substrate-free

samples,

or

buffer

plus

substrate/inhibitor at an equal concentration to that used in the sample for the
ligand-bound samples. The data were fitted using a standard 2-state function.
The WT BM3 and I401P heme domains exhibited either a single unfolding
transition event, or a major unfolding transition, preceded by a minor transition
at a lower temperature and which is of lower enthalpy change. The transition
midpoint (Tm) data for the unfolding of both heme domain proteins are shown
in Table 4.1, along with their calorimetric enthalpy (ΔHcal) and Van’t Hoff
enthalpy (ΔHVH) values. The ΔHcal signifies the total heat uptake of the sample
during the course of the unfolding reaction and can be determined directly from
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the zone underneath the transition peak. ΔHVH can determine the transition
enthalpy indirectly, by examining the shape of the graph and assuming a 2-state
reversible equilibrium (measuring the temperature dependence of the
equilibrium constant) [178, 179]. The nature of the transition between the two
states can be examined by comparing the two enthalpy measurements. If ΔHVH =
ΔHcal, then the transition takes place in a true 2-state model. If the ∆Hcal >∆HVH,
then the transition is not 2-state, but rather occurs via unfolding intermediates
or independent domains [180].
The data in Table 4.1 show that the I401P mutation destabilizes the WT heme
domain by ~10.5 °C (Tm 1) and by ~6 °C (Tm 2). NPG binding does not show
significant stabilizing effects on the WT heme domain (from Tm 2 values).
However, there was no significant Tm 1 feature observed in the NPG-bound WT
heme domain, and thus it may be the case that the NPG-bound enzyme is not
unfolded/inactivated until a higher temperature than is the substrate-free WT
heme domain. While the NPG-bound WT heme domain had a similar Tm 2 value
to the substrate-free form, it aggregated more rapidly after the Tm 2 unfolding
event. The inhibitor 4-phenylimidazole (4-PI) stabilizes the WT heme domain
by ~2 °C, but this 4-PI complex aggregates more readily than does the
substrate-free WT heme domain.
On binding NPG, the I401P heme domain has a higher Tm 2 value (63.4 °C) than
does the substrate-free form (59.85 °C). However, a feature attributable to a Tm
1 unfolding event was not obvious in the NPG-bound I401P heme domain,
suggesting that NPG binding disproportionately stabilizes one part of the
enzyme, which then unfolds at a higher temperature. The inhibitor 4-PI
stabilizes the I401P heme domain by ~1 °C, but the 4-PI complex aggregates
more readily than does the ligand-free I401P heme domain. Table 4.1 provides
Tm and enthalpy data for all forms of the WT and I401P heme domains studied.
Figure 4.1 shows DSC data for the WT (panel A) and I401P (panel B) heme
domains in their substrate-free forms. Two unfolding events (Tm 1 and Tm 2, as
described above) are seen in both cases. The DSC thermal unfolding profiles are
also shown for the NPG-bound forms of the WT and I401P heme domains in
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Figure 4.2. The NPG-bound WT heme domain (panel A) shows one major (Tm 2)
unfolding event at a similar temperature to that for the substrate-free sample.
The spectrum shows a very unstable read at lower temperature, making
assignment of a Tm 1 value uncertain. In addition, the sample aggregated soon
after the Tm 2 unfolding event. The NPG-bound I401P heme domain (panel B)
shows a single unfolding event at a Tm higher than that for substrate-free I401P
heme domain (63.4 vs. 59.85 °C). The inhibitor-bound WT (Figure 4.2, panel C)
and I401P (Figure 4.2, panel D) heme domains’ DSC unfolding profiles are
similar to those for the substrate-bound forms, with the WT form exhibiting a
double unfolding (Tm 1 and Tm 2) profile, while the I401P mutant shows a single
(Tm 2) unfolding event.
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Protein (ligand)

WT

Tm 1 ΔHcal1

ΔHVH1

Tm 2 ΔHcal2

ΔHVH2

(°C)

(kcal

(kcal

(°C)

(kcal

(kcal

mol-1)

mol-1)

mol-1)

mol-1)

4.3E3

1.43E5

1.05E5

1.73E5

58.51

(0.08) (1.41E3)

65.96

(5.38E3) (0.03) (1.34E3) (2.67E3)

WT (NPG)

65.84

2.35E5

1.43E5

---

---

---

(0.16) (1.37E4) (1.05E4)

63.85

8.81E4

2.43E5

67.70

phenylimidazole) (0.54) (1.67E4)

(2.8E4)

(0.13) (1.76E4) (1.49E4)

I401P

1.63E5

59.85

WT (4-

48.03

2.59E4

(0.11) (1.31E3)

63.39
---

---

I401P (4phenylimidazole) ---

1.41E5

---

7.24E5

1.45E5

(0.06) (1.67E4) (4.2E3)
60.76

---

1.31E5

1.39E5

(1.03E4) (0.03) (1.46E3) (1.98E3)

I401P (NPG)
---

8.87E4

1.95E5

(0.03) (2.9E3)

2.2E5
(4.12E3)

Table 4.1: DSC P450 BM3 thermal unfolding data for WT and I401P heme
domains in substrate-free, substrate-bound and inhibitor-bound forms. The
thermal transition midpoint (Tm), calorimetric enthalpy (ΔHcal) and Van’t Hoff enthalpy
(ΔHVH) values are shown for the WT and I401P heme domains in their substrate-free,
NPG- and 4-PI-bound forms. Statistical errors are shown in parentheses. Data were
collected as described in Section 2.18. Dashes indicate the absence of a clearly
assignable Tm 1 value for the NPG-bound WT heme domain and for the NPG- and 4-PIbound I401P heme domains.
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A

B

Figure 4.1: DSC data for the thermal unfolding of substrate-free WT BM3 and
I401P heme domains. Panel A shows data for the WT heme domain (Tm 1 = 58.5 °C,
Tm 2 = 66 °C) and panel B shows data for the I401P heme domain (Tm 1 = 48.0 °C, Tm
2 = 59.85 °C). Both proteins show two unfolding events. The I401P mutant Tm 1 and Tm
2 values are ~5.5 and 6 °C lower, respectively, than those for the WT heme domain.
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A

C

B

D

Figure 4.2: DSC data for the thermal unfolding of NPG-bound WT BM3 heme
domain (A) NPG-bound I401P heme domain (B), 4-phenylimidazole-bound WT
heme domain (C) and 4-phenylimidazole-bound I401P heme domain (D). Panel A
shows the DSC unfolding profile for the NPG-bound WT heme domain. There is one
determinable unfolding event (Tm 2 = 65.85 °C) along with unstable (putative Tm 1)
readings at lower temperatures. It was noted that the protein aggregated immediately
after the Tm 2 unfolding event. NPG-bound I401P (panel B) has only one major
unfolding transition (Tm = 2 63.4 °C). Panel C shows 4-PI-bound WT heme domain, with
two more clearly distinguishable unfolding events (Tm 1 and 2 values at 63.85 and 67.7
°C, respectively). Panel D shows the thermal unfolding of the 4-PI-bound I401P heme
domain, with only one discernable unfolding event (Tm value at 60.76 °C).
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4.3

Electron paramagnetic resonance (EPR) studies of WT and I401P
BM3 heme domains

EPR spectroscopy was used to investigate the interactions between various
compounds and the WT and I401P heme domain proteins. EPR is often used to
probe the environment of unpaired electrons in metal-containing complexes.
P450 enzymes contain a heme iron which, when oxidised (ferric), contains one
or more unpaired electrons, making it possible for EPR to identify the different
spin-states of the ferric heme iron (low spin [LS], where S = ½, or high spin [HS]
where S = 5/2) and to analyze effects of the binding of substrates or ligands
(including inhibitors) to the heme iron. Binding of inhibitors to P450s (e.g. azole
drugs) is often associated with an interaction of the inhibitor with the heme
iron, in many cases displacing an axial water as the ferric heme iron 6th ligand
and replacing it with a stronger binding ligand (e.g. an azole nitrogen). In such
cases, the LS form of the heme iron is reinforced, and characteristic changes in
the LS EPR spectrum are seen [181]. In contrast, binding of substrate to a LS
P450 often leads to displacement of the axial water, leaving the heme iron
pentacoordinate. In such cases, the HS ferric state is usually favoured. This may
be observed in X-band EPR spectra for P450s, although the low temperatures
used for the analysis often result in the LS form dominating. Experiments were
carried out with the WT and I401P heme domains using a variety of human CYP
drugs and azoles, as well as with the solvents used to dissolve these ligands and
in order to establish what effects, if any, the solvents themselves might have on
the heme iron. The EPR spectra for LS and HS P450s have been described
previously in several studies [182] and have distinct g-values – these being the
parameters describing the properties of the paramagnetic heme iron.
The EPR signals from the native WT and I401P heme domains are shown in
Figure 4.3. These data indicate that the WT heme domain is in a ferric state with
a single LS form with g-values of gz = 2.41, gy = 2.25, gx = 1.92 (2.41/2.25/1.92).
These

g-values

are

similar to

those observed

previously

in

BM3:

(2.42/2.26/1.92 for the BM3 heme domain and 2.41/2.25/1.91 for the intact
BM3 protein) [183], and indicate that the ferric heme iron in the LS, substratefree state of the BM3 heme domain is proximally ligated by a cysteine thiolate
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with a water molecule coordinated in the 6th position. In contrast, the I401P
heme domain exhibits a mixture of LS and HS species, albeit dominated by the
LS form. The high spin g-values are at gz = 8.13 and gy = 3.37. The signal for the
gx species was too weak to be unambiguously assigned, but is typically around g
= 1.75 [163]. These data are consistent with previous studies done using UVVisible spectroscopy (Figure 3.9) which reveal that a portion of the I401P
protein persists in a HS form without addition of exogenous substrate. It
appears that a small proportion of a HS species is retained in the I401P heme
domain even at the low temperatures (10 K) necessary for X-band EPR of heme
proteins. These HS values are similar to those observed previously in HS WT
P450 BM3 and its mutants (2.42/2.26/1.92 for the substrate-free, LS BM3 heme
domain and 8.18/3.44/1.66 for the HS portion of the substrate-bound BM3
heme domain) [184] and indicate that the distal water molecule coordinating
the heme iron has been displaced (potentially by a substrate, or else as a
consequence of a conformational rearrangement in the I401P P450) in at least a
small proportion of the enzyme.
The I401P LS species g-values (2.41/2.25/1.92) are identical to those for the
substrate-free WT, but have shoulders at gz = 2.44, gx = 1.91, indicating the
presence of another LS ferric species (2.44/2.25/1.91). This species may, for
example, have a different network of active site water molecules around the
axial water ligand (providing stronger coordination), or else might reflect
interaction of a bound ligand with the distal water (or even its direct interaction
with the heme iron). This distinct LS species could also result from a proposed
bound substrate-like molecule interacting with the axial water ligand in a
proportion of the enzyme.

144

Figure 4.3: EPR spectra for the substrate-free WT BM3 and I401P heme domains.
The substrate-free WT heme domain (red spectrum) displays a low-spin species with gvalues of 2.41/2.25/1.92. The substrate-free I401P heme domain (black spectrum)
exhibits a mixture of HS and LS species. The I401P LS g-values are identical to those for
WT heme domain, but there is also a second LS species, seen as shoulders ( at ~2.44
and 1.91) on the major low-spin species gz and gx signals. The I401P heme domain also
exhibits a proportion of a high-spin species (gz = 8.13, gy = 3.37), suggesting that the
axial water ligand is displaced in a fraction of this enzyme, possibly by binding of a
substrate-like molecule.

145

4.3.1 Solvent effects on the EPR spectra of the I401P heme domain
Before analysis of drug and other compound binding to the I401P heme domain
protein, the effects of solvents on the EPR spectrum of the I401P heme domain
were examined. The solvents used were those typically employed as carriers for
drugs and substrates tested for binding to the P450. The results (Figure 4.4)
show that DMSO, ethanol and acetonitrile interact with the heme iron,
producing different populations of LS and HS species, compared to those for the
solvent-free I401P heme domain. The I401P heme domain used in this
experiment shows a slightly different spectrum to the one reported in Figure 4.3
above, but the g-values observed indicate that the ferric heme iron species
formed are similar to those seen in Figure 4.3.
The substrate-free I401P heme domain EPR spectrum shows changes in the LS
g-values from gz = 2.41 (shoulder [sh] = 2.43) gy = 2.25, gx = 1.92 (sh = 1.905) to
2.42/2.25/1.91 and 2.45/2.25/1.91 on addition of DMSO (with the two gz
features being of similar intensity); and to 2.42 (sh ~2.45)/2.25/1.91 (sh =
1.89) with acetonitrile (ACN). The higher gz (shoulder) value is more difficult to
assign accurately for the ACN-bound form. Addition of ethanol produces spectra
with values at 2.44 (sh = 2.41)/2.25/1.91. These small shifts in gz and gx values
and the changes in relative intensity of these features are indicative of changes
in the heme environment caused by solvent interaction (direct or indirect) with
the heme iron. The ratio of the two LS species changes, making the gz = 2.44
species the dominant one in the ethanol sample. Both ethanol and ACN perturb
the relative intensities of the two major LS EPR species, and decrease
substantially the HS EPR signal that is seen for both the substrate-free and
DMSO-bound I401P heme domains.
The most obvious changes are observed for DMSO addition, where in addition to
the perturbations to the LS EPR spectrum, there is also a considerable increase
in the HS component. As indicated above, there are two DMSO-bound I401P LS
species with g-values of 2.42/2.25/1.91 and 2.45/2.25/1.91, with the gz signals
being of similar intensity after addition of 5% DMSO. The ratio of the two LS
species seen is further shifted towards the latter form when more DMSO is
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added (50% of total sample, data not shown), giving a dominant 2.45/2.25/1.91
species and only a shoulder of a 2.41/2.25/1.91 species. The gz value of 2.45
indicates that DMSO likely interacts with the heme iron, either indirectly via the
axial ligand water, or by interacting with the heme iron directly through either
its sulfur or its oxygen atom. Previous studies with P450 BM3 have indicated
how DMSO solvent can interact with the heme iron in this system [185]. The
increased I401P HS population on 5% DMSO addition was found to decrease to
values similar to those in the substrate-free I401P spectrum when DMSO was
increased to 50% v/v (data not shown). These data correlate with the observed
effects of DMSO on the I401P UV-visible spectrum (Section 3.10.5), and with
data published by Kuper et al. (2007), who reported that in lower (14%) DMSO
concentrations the WT BM3 enzyme exists in a mixed-spin form (Soret peak at
418 with shoulder at 390 nm), while in higher (30%) DMSO concentrations the
LS form (Soret peak at 418 nm) is regained. WT BM3 heme domain crystal
structures with low and high DMSO concentrations were presented, where in
low DMSO the water molecule coordinating the heme iron is displaced; and in
high DMSO the solvent coordinates the heme iron in the distal position through
its sulfur atom [170]. The findings made from analysis of solvent effects on the
I401P EPR spectrum were taken into consideration during analysis of the EPR
spectra for the drug- and other ligand-bound forms of the I401P heme domain.
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Figure 4.4: EPR spectra of the I401P heme domain with solvents. The substratefree I401P heme domain spectrum (black) exhibits a mixture of HS and LS species.
There is a HS species (gz = 8.13, gy = 3.37) and two LS species (2.41/2.25/1.92 and
2.43/2.25/1.905). DMSO (red) addition (5% of total sample) shows two major LS
spectra (of similar intensity) with g-values at 2.42/2.25/1.91 and 2.45/2.25/1.91. The
proportion of the HS species (gz = 8.14, gy = 3.38) increases with DMSO. Ethanol
addition (13% of total sample) (blue) results in I401P heme domain LS species at
2.41/2.25/1.91 and 2.44/2.25/1.91, with a HS species less evident. Acetonitrile
addition (50% of total sample) (magenta) also appears to diminish the I401P HS
signal, and shifts the g-values of the LS species to 2.42/2.25/1.91 and 2.42/2.25/1.89.
In the latter case, it is likely that the gz value is higher (i.e. ~2.45, but slightly obscured
as a shoulder on the main gz feature).
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4.3.2 DMSO effects on the EPR spectrum of the P450 BM3 WT heme
domain
The effect of DMSO on the WT BM3 heme domain was also tested. The EPR
spectrum of the substrate-free WT BM3 heme domain (Figure 4.5, black
spectrum) exhibits a single low-spin species with g-values at 2.42/2.26/1.92,
similar to the WT spectrum described in Section 4.3, as well as the low-spin
species of the I401P substrate-free heme domain. On addition of 5% DMSO
(Figure 4.5, red spectrum), a major low-spin species forms at 2.45/2.26/2.91
and a minor species can be seen as a shoulder at 2.42/2.26/1.91. The latter
species is very similar to the low-spin species observed in the substrate-free
sample, while the dominant species with a gz value of 2.45 indicates that DMSO
likely interacts with the heme iron. This suggests that the heme environment in
the WT BM3 and I401P with 5% DMSO is very similar, albeit the WT sample
does not exhibit a high-spin increase. This is likely due to the propensity of BM3
to favour low-spin configurations of the heme iron at the very low temperatures
(10 K) required for heme EPR. Another difference between the WT and the
I401P sample with DMSO is the distribution of low-spin species, with the
2.45/2.26/2.91 set being the dominant one in the WT sample, while the I401P
sample exhibits an equal mixture of both low-spin species. This could be due to
the differences in the heme environment between the WT BM3 and the I401P
mutant, with the WT potentially exhibiting a much higher proportion of DMSO
orientated with the sulfur or oxygen atom interacting with the heme iron.
When more DMSO is added to the WT BM3 (50% DMSO, data not shown), the
ratio of low-spin species shifts almost entirely towards the 2.45/2.26/2.91
species, much as it does in the I401P sample with 50% DMSO (Section 4.3.1).
These data correlate with the structural and spectroscopic data for WT BM3
with DMSO previously published, which show that the WT BM3 has a mixedspin state at low DMSO concentrations, but shifts towards a low-spin state with
the sulfur atom of DMSO coordinating the heme iron at high DMSO
concentrations [170, 185].
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Figure 4.5: EPR spectra of the WT BM3 heme domain with added DMSO solvent.
The substrate-free WT BM3 heme domain spectrum (black) exhibits one LS species at
2.42/2.25/1.92. DMSO (red) addition (5% of total sample) shows two LS spectra, one
major species with g-values at 2.45/2.26/1.91 and one minor species at
2.42/2.26/1.91. There is no observable HS species in the samples.
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4.3.3. EPR studies of the I401P heme domain bound to human drugs
A series of drugs were solubilized in DMSO (tacrine, paraxanthine, theobromine
and alosetron) and EPR spectra for the I401P heme domain mutant bound to
these drugs are shown in Figure 4.6 (panel A). Only limited solvent effects were
observed. The substrate-free I401P heme domain has a HS component (gz =
8.13, gy = 3.37) and two LS species similar to those in the I401P spectrum
shown in Figure 4.7 (at 2.41/2.25/1.92 [major] and 2.44/2.25/1.91 [minor]).
On binding, all of the drugs produce a small increase in the HS component of the
spectrum, which can be assigned to the effect of DMSO on the heme iron, and is
likely not due to any potential drug substrate effect. The same LS species
observed in substrate-free I401P are seen in all the drug-bound spectra, with
the proportion of the gz = 2.44 species increased in all the drug-bound spectra
relative to the substrate-free I401P heme domain. By comparison with the data
in Figure 4.4, this phenomenon is again likely due to a direct effect of DMSO
solvent on the I401P heme iron.
These data differ from the UV-Vis spectra for these drugs, all of which show
substrate-like binding to the I401P BM3 (see Section 3.10.4). Tacrine induces a
HS shift on binding to the I401P protein (Kd = 2.90 ± 0.66 mM), presumably
approaching the I401P enzyme via a CH or a C=C group on its outer rings,
facilitating the hydroxylation (or epoxidation) of tacrine by I401P BM3
(structure shown in Table 4.2). Paraxanthine and theobromine also show
binding to I401P BM3 (Kd = 7.29 ± 2.25 µM and 87.5 ± 23.7 µM, respectively),
likely approaching the heme through one of the two available N-methyl groups
in their structures (Table 4.2), thus facilitating the demethylation of the
substrate by I401P BM3. Alosetron also shows binding to the I401P protein in
the UV-Vis spectrum (Kd = 60.6 ± 9.8 µM), possibly interacting with the heme
via its methyl groups or, as is the case with the human CYPs, through the
aromatic ring, to produce e.g. the 7-hydroxy and/or 8-hydroxy alosetron [186]
(structure shown in Table 4.2). The lack of high-spin spectra generated by
substrate binding (rather than solvent effects observed) in EPR studies could
be due to the low temperatures required for EPR of heme proteins, in which the
substrate-bound BM3 protein preferentially adopts a LS ferric heme iron
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organization. The increase in the HS I401P spectrum seen with DMSO is likely
due to the high concentration of this solvent interfering with the native distal
heme iron coordination.
Phenacetin was solubilized in ethanol and its EPR spectrum is shown in Figure
4.6 (panel B). On phenacetin binding, the HS EPR species is diminished, which
can also be observed in the ethanol EPR spectrum, suggesting that this decrease
is likely due to the effect of ethanol. The LS species for the substrate-free I401P
and the phenacetin-bound I401P proteins are near-identical, but the ratio of the
two species changes on the addition of phenacetin in ethanol. More specifically,
the proportion of the higher gz value species (2.44/2.25/1.91) increases relative
to that of the lower gz species at 2.41/2.25/1.91. This again appears consistent
with the influence of ethanol in isolation (see Figure 4.4.), rather than being due
to a specific effect induced by phenacetin itself. In contrast, UV-Vis spectroscopy
shows substrate-like binding of phenacetin to I401P BM3 (Kd = 1.21 ± 0.25 mM,
see Section 3.10.4), possibly occurring through the approach of one of the
methyl groups at either end of the molecule to the heme iron (O-deethylation is
catalyzed by human CYP2A enzymes), or through a slightly different binding
mode that leads to N-hydroxylation of the substrate by I401P BM3, as also
catalysed by human P450s [187].
Theophylline was solubilized in ACN and the EPR spectrum for its complex with
the I401P heme domain is shown in Figure 4.6 (panel C). Addition of
theophylline/ACN results in a loss of the HS heme signal, which was also
observed by adding ACN alone to the I401P heme domain (Figure 4.4).
Theophylline-bound I401P has a single major LS species with g-values of
2.46/2.26/1.89. These LS g-values suggest that theophylline may interact with
the heme iron directly (possibly indirectly through a retained 6th water ligand)
via its fused imidazole group nitrogen atom. These results differ from those
observed in the theophylline-bound I401P UV-Vis spectrum (Section 3.10.4),
where theophylline exhibits optical (HS) binding (Kd = 16.8 ± 3.6 µM), and likely
interacts with/ approaches the heme iron, as in the case for paraxanthine and
theobromine, via one of the two methyl groups on its pyrimidine ring (Table
4.2).
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Figure 4.6: EPR spectra for the I401P heme domain bound to human CYP drugs.
Panel A shows I401P in substrate-free (black), tacrine-bound (red), paraxanthinebound (blue), theobromine-bound (magenta) and alosetron-bound (green) forms. The
substrate-free I401P heme domain (black) exhibits a HS and two LS species, with gvalues similar to those shown in Figure 4.4. All of the drugs were solubilized in DMSO
and their addition increases the proportion of the HS species, which was assigned to
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the DMSO solvent used. Drug binding does not produce any obvious new LS species, but
the ratio of the two LS species present shifts towards a higher population of the
2.44/2.25/1.91 species, which is again likely due to DMSO itself. Panel B shows EPR
spectra for the substrate-free I401P heme domain (black) and the phenacetin-bound
form (red). The data show that on binding phenacetin (in ethanol) there is again a shift
in the ratio of the two LS species present, again making the 2.44/2.25/1.91 species the
most prevalent. A loss of the HS species is observed. Once more, these changes are
likely due to the ethanol solvent rather than phenacetin per se. Panel C shows spectra
for the substrate-free I401P heme domain (black) and the theophylline-bound form
(red). The data show that on theophylline addition (in acetonitrile) the HS heme iron
species is diminished, while a new LS species emerges with g-values of 2.46/2.26/1.89.
By comparison with data in Figure 4.4, this is unlikely to be caused by acetonitrile – but
instead may be due to the interaction of the fused imidazole group nitrogen in
theophylline with the I401P heme iron.
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DMSO

Ethanol

Acetonitrile

Tacrine

Phenacetin

Theophylline

Paraxanthine

Theobromine

Alosetron
Table 4.2: The structures of DMSO-dissolved, ethanol-dissolved and acetonitriledissolved drugs. Tacrine, paraxanthine, theobromine and alosetron were dissolved in
DMSO and show no obvious heme iron interactions, other than those attributed to the
effect of the DMSO solvent on the I401P heme. Phenacetin was dissolved in ethanol and
again shows no new heme interactions, except those that appear consistent with the
influence of ethanol on the I401P heme iron. Theophylline was dissolved in acetonitrile
and produces a single low-spin species at g-values of 2.46/2.26/1.89, suggesting a
possible heme iron interaction through an imidazole group nitrogen atom.
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Other drugs that were not solubilized in organic solvents were also tested for
binding to the I401P heme domain by EPR. Compounds including 7ethoxyresorufin (7-e-res), caffeine, indole and adenosine did not lead to
formation of either HS or LS species that were different from those seen in the
substrate-free form of the I401P heme domain. In contrast, UV-Vis spectroscopy
showed that these molecules exhibit substrate-like binding with I401P BM3
(Sections 3.10.4 and 3.10.5). The 7-e-res substrate likely interacts with the
I401P BM3 heme via the methyl group on its aromatic ring, facilitating the Odemethylation of 7-e-res to resorufin (structures in Table 4.3). Caffeine likely
binds in different orientations, interacting with the I401P heme site via all three
available methyl groups (Table 4.3). Indole and adenosine may interact with the
heme in a number of different orientations, facilitating hydroxylation or other
oxidative modification of the substrates. The lack of high-spin EPR species
observed in these experiments, even with substrates that, on I401P binding,
appear to make products (e.g. 7-e-res) is likely due to the low temperature (10
K) necessary for the EPR analysis of the I401P heme protein.
Only diclofenac and nicotine produced new EPR species on interactions with the
I401P heme domain (Figure 4.7). The structures of the relevant drug substrates
tested are presented in Table 4.3. On diclofenac addition (red spectrum), the HS
and the two LS species observed in the substrate-free I401P are lost, and a
single dominant LS feature appears at 2.47/2.27/1.88. These g-values suggest
that a novel heme ligation occurs. This could be due to direct interactions
between diclofenac chlorine groups or its carboxylate group and the heme iron.
Alternatively, the diclofenac may interact indirectly with the heme iron via its
6th ligand water molecule. These data differ from the UV-Vis data previously
described (Section 3.10.4), which show diclofenac binding to I401P in a
substrate-like (type I) manner.
The binding of the ±nicotine racemate (blue spectrum) and its –nicotine isomer
(magenta spectrum) was also examined by EPR. The binding of ±nicotine shows
a small increase in the HS ferric species (gz = 8.14, gy = 3.37) and the formation
of a new LS species at 2.46/2.27/1.87 (together with a proportion of the
2.41/2.25/1.92 LS species that is also observed in the substrate-free I401P
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heme domain). These data appear to show that ±nicotine may bind in at least
two different modes (the +nicotine contributing to the increase in HS species
and the –nicotine contributing to the new LS species formed). The –nicotine
I401P spectrum shows no increase in the HS species, but does exhibits the two
LS species that are also observed (in different proportions) in the ±nicotine
spectrum. These species have g-values of 2.46/2.26/1.89 and 2.46/2.21/1.92 in
the –nicotine-bound I401P spectrum. The gz = 2.46 species is predominant in
the –nicotine-bound I401P spectrum, but is the minor form in the ±nicotinebound spectrum. It is thus proposed that –nicotine may interact directly with
the I401P heme iron through its pyridine nitrogen, but that +nicotine cannot
interact in this way and instead may interfere with nitrogen/heme iron
interactions when the racemate is used. This correlates with the UV-Vis data
presented in Section 3.10.4, where +nicotine was inferred to exhibit substratelike binding to the I401P BM3, likely interacting with I401P heme via the Nmethyl group. The –nicotine does not exhibit any evidence of optical binding,
suggesting that the heme iron interaction observed in EPR experiments with –
nicotine may only occur at low temperatures, or else that –nicotine binds in a
way that does not induce a significant Soret spectral shift at ambient
temperature.
In a final set of I401P heme domain EPR studies, a range of inhibitors were
tested.

Tolbutamide,

dextromethorphan,

verapamil,

acyclovir

and

α-

naphthoflavone showed no obvious interactions with the I401P heme iron. This
is in agreement with the UV-Vis spectral data with these inhibitors (Section
3.10.6), where no optical binding could be detected. However, both fluvoxamine
and econazole binding gave rise to changes in the EPR spectra and g-values
consistent with the inhibitors interacting directly with the heme iron. The
relevant spectra are shown in Figure 4.8. The structures of these inhibitors are
presented in Table 4.4. Fluvoxamine-bound I401P (panel A) shows the
formation of a new LS species at 2.48/2.24/1.86. This indicates a possible heme
ligation via the fluvoxamine amine group, although the retention of a significant
proportion of the 2.41/2.24/1.92 LS species suggest that fluvoxamine binding
(at least through heme iron coordination) is incomplete. The retention of the HS
species in the spectrum is also consistent with incomplete binding of
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fluvoxamine. It is therefore also possible that fluvoxamine interacts with the
heme iron indirectly through the coordinated axial water molecule. Optical
binding studies could not confirm any heme iron interaction with fluvoxamine
at ambient temperature (Section 3.10.6). Econazole binding (panel B) results in
a loss of the HS species and of at least one of the two LS species observed in the
substrate-free I401P heme domain. The 2.44/2.25/1.90 LS species is almost
identical to the one seen in substrate-free I401P, and the major spectral change
is seen with the formation of a 2.54/2.25/1.86 LS species, which points to an
azole ligation of the heme iron through a nitrogen atom from the econazole
imidazole group, although the heterogeneity observed (with the substrate-free
LS species at 2.44/2.25/1.90 retained) suggests that econazole binding is
incomplete. Optical binding studies (Section 3.10.6) also show inhibitor-like
binding of econazole to I401P BM3, presumably through the nitrogen atom of its
imidazole ring.
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Figure 4.7: EPR spectra of substrate-free and substrate-bound I401P heme
domain forms. The substrate-free I401P heme domain spectrum (black) shows the
typical I401P low-spin signals, with a HS species at 8.13/3.37 and two LS species
(2.41/2.25/1.92 and 2.44/2.25/1.91). Diclofenac binding (red spectrum) produces a
loss of HS and both of the LS species. A new species with g-values of 2.47/2.27/1.88 is
formed. On ±nicotine binding (blue spectrum), there is a slight increase in the HS
species. The same major LS species observed in the substrate-free I401P
(2.41/2.25/1.92) can be seen in this spectrum, along with a new LS 2.46/2.27/1.87
species. On –nicotine binding (magenta spectrum), there is no change in the HS species
present. The same two LS species observed in the ±nicotine spectrum are seen here as
well.
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Substrate

Structure

7-ethoxyresorufin
Caffeine

Indole
Adenosine

Nicotine

Diclofenac

Table 4.3: The structures of drug substrates used in EPR studies of the I401P BM3
protein. 7-e-res, caffeine, indole and adenosine show no perturbation of the substratefree I401P BM3 EPR spectrum. The ±nicotine and diclofenac molecules show novel LS
species, suggesting that these molecules (specifically, the chlorine groups of the
diclofenac and the pyridine nitrogen of the –nicotine) interact directly with the I401P
heme iron.

160

Figure 4.8: EPR spectra of the substrate-free, fluvoxamine-bound and econazolebound I401P heme domain. The ligand-free I401P heme domain (HD) spectra are
shown in black in both panels. On fluvoxamine binding to the I401P HD (panel A, red),
a proportion of a new LS species (2.48/2.24/1.86) is formed. There is no significant
loss of the HS species, and negligible change in the dominant LS species g-values
(~2.41/2.25/1.92). Econazole binding to the I401P HD (panel B, red) results in loss of
the HS species (not shown) as well as loss of the major (2.41/2.25/1.92) LS species
seen in substrate-free I401P. The other minor LS species (~2.44/2.25/1.91) becomes
dominant. A new LS species also forms, with g-values of 2.54/2.25/1.86, and these
values are consistent with nitrogen ligation of the heme (i.e. coordination of the ferric
I401P heme iron by the econazole imidazole nitrogen). Possibly, the major LS species
could also relate to indirect (via H2O ligand) econazole coordination of I401P heme
iron.
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Inhibitor

Structure

Acyclovir

Verapamil

α-naphthoflavone

Tolbutamide

Dextromethorphan

Fluvoxamine

Econazole

Table 4.4: The structures of inhibitors used in EPR studies of the I401P BM3
heme

domain.

Acyclovir,

verapamil,

α-naphthoflavone,

tolbutamide

and

dextromethorphan show no perturbation of the substrate-free I401P heme iron EPR
signal. Fluvoxamine and econazole both give rise to new LS species indicative of direct
interaction with the heme iron by the amine group of fluvoxamine and the imidazole
group nitrogen atom of econazole.
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4.4

Analysis of the aggregation state of the I401P heme domain by
multiangle laser light scattering (MALLS)

To determine if the preparations of the I401P heme domain were suitable for
crystallization trials, its homogeneity/monodispersity was probed by MALLS, as
described in Section 2.20. A collimated laser light was passed through the
protein sample and the scattering of light was measured by detectors placed at
different angles to the incident beam [54,55]. Light scattering data collected
enable the measurement of the apparent molecular weight (Mw) of the sample,
as well as its polydispersity index, which indicates whether the sample is
monomeric and homogeneous, or else e.g. contains aggregates or multiple
different forms of the protein (monomer, dimer etc) [188]. Before MALLS
analysis, the I401P heme domain sample was passed through a gel filtration
column, which was attached directly to the MALLS instrument and which fed
filtered sample directly into the laser beam for analysis.
First, the WT BM3 heme domain was probed with MALLS (Figure 4.9, panel A).
These studies showed two peaks, eluting from the column at ~13.5 ml and
~15.5 ml. The polydispersity index was one (1) for both peaks, indicating a
monodisperse species in each peak. The molar weight was calculated at ~140
kDa for the first peak and ~71 kDa for the second (main) peak. The predicted
weight of the WT heme domain is 54 kDa, suggesting that the heme domain
exists in a ~2.5-mer form in a small proportion of the sample and in a 1.5-mer
form in the major portion of the sample (i.e. possibly dimer and monomer,
depending on the accuracy of the mass estimates). The intact WT BM3 protein
was shown to form ~1.45-mers, dimers and trimers in solution. However, more
recent studies point to the dimer being the catalytically relevant state, and it has
been shown that the reductase domain is the major site of aggregation, as the
BM3 heme domain usually exists in a monomeric form [79, 81]. As the WT BM3
heme domain used for this experiment was taken from frozen protein stock, it is
possible that the aggregation observed is due in part to destabilization of the
enzyme caused upon freezing/thawing.
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For the I401P heme domain, a single peak was observed, eluting from the
column at ~15 ml (Figure 4.9, panel B). The polydispersity index value was one
(1), indicating that the protein exists as a monodisperse species. The molecular
weight was calculated at ~63 kDa, corresponding to a weight slightly above the
predicted weight for the heme domain monomer (54 kDa). This is likely still
within the margin of error for the experiment. The monomeric and
monodisperse state of the protein indicated that it was suitable for
crystallographic trials.
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A

B

Figure 4.9: MALLS analysis of the WT BM3 heme domain (A) and the I401P heme
domain (B). In panel A, for the WT BM3 heme domain, two peaks can be seen eluting
at ~13.5 and ~15.5 ml. The refractive index and molar mass data of the peaks are
plotted against elution volume. The molecular masses observed were calculated to be
71 kDa and 140 kDa (blue line), respectively. In panel B, for the I401P heme domain a
single narrow peak can be seen in the plot. The molecular mass observed (blue line)
was 63 kDa. The samples were analyzed in 50 mM Tris buffer, 150 mM NaCl, pH 7.0
using an Optilab rEX refractometer, as described in Section 2.20.
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4.5

Crystallography of the I401P heme domain

To gain further insight into the structure of the I401P mutant heme domain and
its unusual active site configuration that enables binding/oxidation of novel
substrates, the heme domain was crystallized for X-ray diffraction studies, and
as a prelude to the analyses of the interactions of drug ligands with this mutant
BM3 form. The conditions used to crystallize the substrate-free heme domain
were expanded from those conditions used to obtain the previously reported
I401P heme domain crystal structure [97], as described in Section 2.22. The
crystals obtained from these conditions were difficult to freeze (without loss of
integrity) and had a tendency to dissolve following their formation. A number of
cryoprotectants were trialed in order to mitigate the freezing issues, but to little
effect. Freezing of crystals was found to be more successful if the process was
done quickly following their formation, and so all freezing was done within 3
days of crystal formation. A substrate-free I401P heme domain structure was
solved to 2.3 Å, using molecular replacement with the previously resolved
I401P heme domain structure (3HF2) [97]. The I401P heme domain crystallized
with the symmetry of space group P21, with two molecules per asymmetric unit.
Data collection and refinement statistics are shown in Table 4.5. The structure
exhibited a typical P450 fold, with residues 199–204, 215-222 (G-helix) and the
G/H loop region unresolved. The F/G and G/H loop regions are frequently
disordered in BM3 crystal structures, specifically in the substrate-free forms
[84], due to their high flexibility on shifting between the open and closed
conformations of the BM3 protein.
The substrate-free I401P structure obtained exhibits a number of differences
compared to the WT BM3 heme domain structure previously reported (1BU7)
[190] (Figure 4.10, panel A). The most obvious was the positioning of the F-, G-,
H- and I-helices, along with the F/G and G/H loops, all of which are tilted
differently in the I401P heme domain structure. This corresponds to closing of
the access channel, usually observed on substrate binding [5]. The proline
residue is located directly after the cysteinate ligand that coordinates the heme
iron, and the heme position is seen to be displaced in this mutant (Figure 4.10
panel C) compared to the WT BM3 structure. These data suggests that the I401P
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mutant structure resembles the substrate-bound WT BM3 form to a greater
extent than the substrate-free state. This was also observed by Wong’s group in
their I401P structure [88] and was further investigated here by comparing the
substrate-free I401P heme domain to the NPG-bound WT BM3 heme domain
structure (1JPZ) [44] (Figure 4.10, panel B). On NPG-binding, the F- and Ghelices tilt, adopting a closed conformation which is almost identical to that of
the substrate-free I401P heme domain. The F-helix in the NPG-bound WT BM3
is in a slightly more “closed” conformation compared to the substrate-free
I401P heme domain. The H- and I-helices and the F/G loop region also exhibit
movement on substrate binding, and can be seen in the same conformation in
the two protein structures. The heme porphyrin ring is located in the same
plane in both the NPG-bound WT and the substrate-free I401P heme domain
proteins (Figure 4.10 panel D), also indicating a high-spin character of the I401P
heme iron. The I401P heme ligation structure (with the axial water ligand
displaced) is also a property consistent with UV-Vis spectral observations made
for this mutant protein throughout the course of this work.
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Data collection

I401P

I401P with ethylene
glycol molecule

Space group

P212121

P21

(°)

59.46, 129.76, 149.55
90, 90, 90

59.31, 146.236, 63.721
90, 97.64, 90

Resolution (Å)

64.88-2.05 (2.1-2.05)

26.3-1.65 (1.69-1.65)

Rmeas

0.103 (0.703)

0.079 (0.469)

I/σI

11.2 (3.0)

10.2 (2.2)

Completeness (%)

99.89 (100)

99.86 (97.6)

Redundancy

6.4

2.4

No. of reflections

69663

118548

Rwork/Rfree

0.235/0.284
(0.35/0.39)

0.17/0.204 (0.25/0.293)

No. of atoms

7582

8054

B-factors (Å2)

29.281

14.059

Bond lengths (Å)

0.021

0.027

Bond angles (°)

1.867

2.089

Cell dimensions
a, b, c (Å)

Refinement

R.m.s. deviations

Table 4.5: X-ray data collection and refinement statistics for the substrate-free
I401P heme domain and the I401P heme domain with ethylene glycol.
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Figure 4.10: Structural changes in the I401P heme domain mutant. In panel A, the
substrate-free WT BM3 heme domain (HD) structure (PDB code 1BU7) [190] is in
orange, with the heme protoporphyrin ring in red. The substrate-free I401P BM3 HD
structure is in teal with heme in green and the Pro401 residue in magenta. Residues
199 –204, 215 -222 and the G/H loop region are unresolved. A complete overlay of the
two structures is shown, depicting the changes in the positioning of the F-, G- and Hhelices, and of the F/G and G/H loops in the I401P HD structure. In panel B, the NPGbound WT BM3 HD structure (PDB code 1JPZ) [44] is in pale yellow, with the heme in
red and the NPG in orange. The G/H loop region of this structure is unresolved. The
substrate-free I401P HD structure is in teal, with the heme in green and the Pro401
residue in magenta. Residues 199–204, 215-222 and the G/H loop region are
unresolved. An overlay of the NPG-bound WT BM3 and substrate-free I401P HD
structures shows the similar positions which the G-, H- and I-helices adopt. The F-helix
in the NPG-bound form is slightly tilted compared to the substrate-free I401P. The F/G
and G/H loop region structures appear similar in the two protein structures. Panel C
shows an overlay of the substrate-free WT BM3 heme porphyrin ring (red) and the
substrate-free I401P heme porphyrin ring (green), with the I401P heme slightly
displaced. The WT Cys400 ligand is in yellow and the I401P mutant Cys400 in blue. The
proline residue of the I401P mutant (Pro401) is in magenta. Panel D shows an overlay
of the NPG-bound WT BM3 heme porphyrin ring (red) and the substrate-free I401P
heme porphyrin ring (green), with the heme located on the same plane in both the
NPG-bound WT and substrate-free I401P structures. The WT Cys400 ligand is shown in
yellow, the I401P mutant Cys400 in blue and the proline residue of the I401P mutant in
magenta.

170

Comparison of the residues in the WT BM3 and I401P substrate-free heme
active sites (Figure 4.11, panel A) shows the repositioning of a number of I-helix
residues in the latter. Gly265 is reorientated and the His266 residue is rotated
compared to the WT structure, reducing the kink of the I-helix to a NPG-bound,
WT-like conformation (Figure 4.11, panel B). Wong et al reported that this
repositioning of the Gly256 and His266 residues leads to the formation of fewer
intrahelical hydrogen bonds in the I-helix than in the NPG-bound WT P450,
potentially facilitating the binding and activation of dioxygen [88].
Despite the residues surrounding the proline mutation remaining mostly
unperturbed, the proximal loop of the I401P enzyme with the cysteine ligand,
Cys400, can be seen dropping away from the heme. This causes the heme iron to
lie below the porphyrin plane in the NPG-bound WT and this can also be seen in
the I401P structure (Figure 4.11, panel A insert) [88]. The Phe87 residue is also
seen rotated significantly in the I401P structure, lying parallel to the porphyrin
ring, similar to its observed positioning in the NPG-bound WT BM3 structure.
Importantly, the nearest water molecule in the I401P structure is 3.54 Å away,
compared to 2.69 Å in the substrate-free WT BM3. This is in line with previously
observed distances [88], and suggests that, because of the weak iron-water
bond, the energy required for the removal of the axial water ligand on substrate
binding should be lower for I401P than for the WT BM3.
In conclusion, the substrate-free I401P heme domain structure shows
significant HS features similar to those of the substrate-bound WT BM3. This
suggests that the HS population of the I401P enzyme observed in optical and
EPR studies is due to the enzyme’s natural state, rather than to exogenous
substrate binding. However, the binding of substrate would be greatly
facilitated by the low energy required to remove the axial water from the heme
iron in the I401P mutant, and therefore it would not be surprising that, in its
highly catalytically activated state, the I401P enzyme would scavenge lipids
from its environment to bind in its active site.
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B

Figure 4.11: The active site of the substrate-free I401P BM3 mutant. In panel A the
substrate-free WT P450 BM3 heme domain (HD) active site residues (green, with heme
and heme iron in orange and nitrogens in blue) are overlaid with the substrate-free
I401P HD residues (teal). The Gly265, His266 and Phe87 residues are all rotated in
I401P compared to the WT structure. The proximal loop with the Cys400 residue drops
away from the heme in the I401P structure, pulling the heme iron slightly out of the
porphyrin plane (insert in panel A), WT heme iron in yellow, I401P heme iron in red).
In panel B the NPG-bound WT P450 BM3 active site residues (green, with heme and
heme iron in orange, nitrogens in blue, and NPG in orange) are overlaid with the
substrate-free I401P residues. The overlay shows the similar structures adopted in the
I401P and substrate-bound WT BM3 HD’s. The heme porphyrin rings overlap, showing
little difference in their heme planes.
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Following the successful crystallization and structural determination of the
I401P heme domain, attempts were made to obtain ligand-bound I401P heme
domain crystal structures. Caffeine and econazole were chosen as, from the
various novel ligands tested, these molecules showed the tightest binding (Kd
values of 85.6 and 1.3 µM, respectively). Crystals were obtained by cocrystallizing caffeine with I401P heme domain samples, but were found to
contain no caffeine. This is likely due to caffeine binding to the I401P protein in
a few different conformations, making the crystallization of a single caffeinebound conformation difficult. Caffeine needed to be added to the crystals at high
concentrations (5 mM) to saturate the I401P protein, and so it is likely that
limited caffeine solubility at low temperatures (1.6 mg/ml at room temperature,
and with propensity to precipitate in protein crystallization trials) may have
prevented the near-complete saturation of the protein in the crystal wells.
However, a structure at 1.9 Å did emerge with a substrate-like molecule in the
I401P heme domain active site. The substrate was identified as ethylene glycol,
presumably obtained from the PEG in the mother liquor used to set up the
crystal trays. The I401P heme domain/ethylene glycol complex crystallized with
the symmetry of space group P212121, with two molecules per asymmetric unit.
The data collection and refinement statistics are shown in Table 4.5. The
ethylene glycol-bound I401P heme domain structure is essentially identical to
the substrate-free I401P heme domain structure (described above). The overlay
of the two structures (Figure 4.12, panel A) shows the G-, H- and I-helices in the
same conformations. The F-helices are similar as well, with a portion of the helix
and the F/G loop unresolved in the ethylene glycol-bound structure, and the
G/H loop unresolved in both structures, suggesting that both loop regions
undergo significant movement. The heme cofactor adopts a similar position in
both structures, suggesting that the substrate-free I401P protein is structurally
very similar to the substrate-bound one. The ethylene glycol molecule sits above
the heme iron at a distance of 7.5 Å (Figure 4.12, panel B), compared to NPG in
the NPG-bound WT heme domain structure, which is 7.65 Å away from the
heme iron. A closer approach to the heme iron might be expected if ethylene
glycol is to act as a substrate or interact directly with the heme iron (which is
also the case for the NPG substrate).
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Ethylene glycol

Cys400

Pro401

Figure 4.12: Crystal structure of the ethylene glycol-bound I401P heme domain.
In panel A the substrate-free I401P heme domain (HD, purple, with heme in green) is
overlaid with the ethylene glycol-bound I401P HD (teal, with heme in red and ethylene
glycol in yellow, with red oxygens). The overlay shows the two structures are almost
identical. The F/G loop region is unresolved in the substrate-free structure, while the
G/H loop is unresolved in both structures, suggesting a high degree of movement in
these regions. In panel B the ethylene glycol-bound I401P heme (in green, heme iron in
red) is seen with the ethylene glycol molecule (yellow) above the heme plane. The
Cys400 residue is in grey and Pro401 in purple. The ethylene glycol molecule sits above
the heme with a distance of 7.5 Å between the heme iron and the nearest ethylene
glycol hydroxyl oxygen atom.
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Co-crystallization of the econazole-bound I401P heme domain protein was not
successful in the conditions used to crystallize the ligand-free protein. Attempts
were also made using 7-e-res and 4-phenylimidazole in I410P heme domain cocrystallization studies under the same conditions, but these trials also failed to
produce crystals. Due to the high Kd values observed in almost all of the new
I401P substrates/ligands studied, it was decided to focus on obtaining a
nicotine-bound crystal structure, as nicotine (Kd = 1.16 mM) is highly miscible
with water (solubility of 105 g/ml) and thus no organic solvents were required,
which might compromise protein crystallization. While crystals in the presence
of nicotine were obtained in the same conditions used to crystallize the
substrate-free I401P heme domain, they were of poor quality and diffracted
weakly. A screen for improved conditions was thus prepared, using a set of
commercially sourced crystal trays. Two conditions from the JCSG+ tray were
found to give good crystal formation in the presence of nicotine (as described in
Section 2.22). These conditions were expanded to half a crystal tray each and all
subsequent ligand-bound crystallography was carried out in these conditions.
Many crystals were obtained from these trays and in presence of nicotine, but
despite appearing to be of good quality visually, they diffracted poorly. None
had nicotine bound in the active site. Seeding was next used in efforts to
produce better quality ligand-free I401P heme domain crystals, and soaking of
nicotine into pre-formed crystals was attempted. However, soaking with
nicotine dissolved the crystals, suggesting that the binding of nicotine may
induce a conformational change in the P450 that is too large to be
accommodated by the substrate-free I401P heme domain structure, despite its
apparent similarity to a substrate-bound BM3 heme domain conformation.
Subsequently, crystallization trials were done with longer exposure times to the
nicotine ligand, in order to increase the chances of achieving occupancy of the
I401P heme domain by the substrate. The I401P heme domain was saturated
with ±nicotine before passing the sample through a gel filtration column.
Nicotine was also added to the running buffer at saturating concentrations (13
mM). After the gel filtration step, further nicotine was added to the protein
while it was concentrated (using ultrafiltration) to an appropriate concentration
for crystallography (2.1 mg/ml). Finally, further nicotine was added to the
175

nicotine-bound I401P heme domain sample when it was put into crystal trays.
As this approach did not produce nicotine-bound crystals, an extended
incubation time was attempted. After the gel filtration described above, protein
was not immediately concentrated. Instead, low concentrations of protein were
mixed with saturating concentrations of ±nicotine and left to stir overnight at 4
°C. The samples were brought to room temperature periodically to aid
solubility. Protein was then concentrated (by ultrafiltration) to an appropriate
concentration and a saturating concentration of ±nicotine was added while the
sample was further concentrated. More nicotine was also added immediately
before the protein was set down into crystal trays. This approach produced
mostly stacked crystals that diffracted poorly. Seeding was used to improve the
crystal quality, but although visually appearing to be of good quality, only a few
crystals diffracted well. None had nicotine in the active site. These results
suggest that different conditions may be needed to crystallize a nicotine-bound
I401P protein. Also (in view of data reported earlier in this chapter), it is likely
that –nicotine and +nicotine (from the racemate) interact differently with the
I401P heme domain (i.e. may occupy different binding sites). The interaction of
–nicotine with the protein possibly prevents the formation of a +nicotine-bound
structure, or at least competes in the active site to prevent +nicotine binding in
its favoured mode. Thus, although the –nicotine shows no obvious binding by
UV-visible spectroscopy, it likely interacts with the I401P active site in a
position more distant from the heme iron (which does not influence the heme
spectrum), preventing +nicotine from binding productively. The poor quality of
the nicotine-bound I401P heme domain crystals compared to the substrate-free
P450 crystals in the same conditions suggests that different crystal forms may
be produced in the same sample, which may then yield a poorly diffracting
crystal.
In an effort to circumvent the issues described above relating to the use of the
racemate of nicotine in crystallization studies, two nicotine-like ligands,
pilocarpine and 4,4’-dithiodipyridine, were used in further crystallographic
studies. Both molecules are synthetic inhibitors of the human P450 CYP2A6 and
have been crystallized as complexes with this enzyme [59,60]. Thus, it was
postulated that these compounds might bind to the I401P mutant and that
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crystallization of their complexes could be feasible. While co-crystallization
trials with both these ligands produced crystals, they were small and required
multiple rounds of seeding to improve their quality. They also diffracted poorly,
and thus the crystal structures of the I401P heme domain in complex with these
molecules could not be obtained.
Co-crystallization trials with other novel substrates were also done using
diclofenac, tacrine and phenacetin. However, no substrate-bound crystal
structures were produced. The structure of the I401P heme domain in complex
with econazole was also sought in the conditions obtained from the JCSG+ tray
(see Section 2.22). These trials produced crystals that appeared to be of good
quality by visual inspection, but which did not diffract well.

4.6

Steady-state kinetic analysis of substrate-dependent NADPH
oxidation by the intact I401P P450 BM3 enzyme

To determine if there is a dependence of NADPH oxidation rate on novel
substrate concentration with intact I401P BM3, steady-state assays were
performed as described in Section 2.17. The apparent NADPH oxidation rate
was plotted against the relevant concentration of the substrate, and the
collected data were fitted using the Michaelis-Menten function (Equation 3), to
obtain the Km (apparent substrate Kd under turnover conditions) and kcat
(apparent limiting product formation rate) values.
The I401P full length P450 BM3 protein showed increasing NADPH oxidation
rates with substrate concentration with 7-e-res, caffeine, ±nicotine and
diclofenac. The determined kcat and Km values are shown in Table 4.5. The kcat
values for all of the substrates tested (except nicotine) are between 300-800
turnovers per minute. The apparent nicotine turnover rate is slower, with a kcat
of ~35 min-1. This could be due to –nicotine blocking access to the active site for
productive interactions with the +nicotine isomer. While much lower than the
typical turnover rate of a WT BM3 enzyme (~5000 min-1 with lauric acid), the
I401P mutant kcat values are still markedly higher than the respective kcat values
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for human P450s with these drugs (~10 min-1 with their CPR partner). The Km
for 7-e-res is 53 µM, higher than the observed Kd from optical titration studies.
This is also true for caffeine, with an apparent Km of 32 mM. This suggests that,
as is observed with caffeine, the products from both substrates may retain
affinity for the I401P active site, resulting in an increase of the apparent Km for
these substrates. Both ±nicotine and diclofenac exhibit Km values lower than the
Kd values observed in binding titrations (Table 3.2). This is an unusual
observation, but may be related to conformational changes that occur during
ligand binding or catalysis in these cases and/or the relationship between the
rate constants for enzyme-substrate formation/dissociation (k1 and k-1) and
that for kcat. Diclofenac was observed to interact with the heme iron directly by
EPR, possibly suggesting that this type of interaction could influence the Km
observed. However, there was no evidence for heme coordination observed in
UV-Vis titrations reported in the previous chapter. In the case of nicotine, it was
inferred that binding of -nicotine interferes with the binding of +nicotine.
However, it is not clear how this might result in a decrease in the Km value.
Data collection and fitting for diclofenac-dependent NADPH oxidation by I401P
BM3 provided problems due to unexpectedly high errors between replicate
values collected at the same diclofenac concentrations. This was partially due to
solution turbidity observed at higher diclofenac concentrations, and thus only a
few points could be used for data fitting, resulting in larger than normal kcat and
Km errors (Table 4.6). However, most Km values observed for the novel
substrates tested are in the µM range, consistent with the I401P point mutation
causing the development of quite high affinity for these drug substrates.
Substrate

kcat (min-1)

Km (mM)

7-e-res

623 ± 112

0.053 ± 0.016

Caffeine

385 ± 28

32 ± 6

±Nicotine

35 ± 3

0.22 ± 0.04

Diclofenac

880 ± 185

0.29 ± 0.20

Table 4.6: Drug-dependent NADPH oxidation kinetics for the I401P full length
BM3 enzyme. The kcat and Km values are derived from steady-state kinetics for
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substrate-dependent NADPH oxidation by the I401P BM3 enzyme, as described in
section 2.17. The substrates used were 7-e-res, caffeine, ±nicotine and diclofenac. None
of these substrates elicited increased oxidation of NADPH by the WT P450 BM3
enzyme. All data points were collected in triplicate and the kinetic data were fitted
using Equation 3.

Figure 4.13 shows the caffeine (panel A) and ±nicotine (panel B) binding curves
for the I401P heme domain. Due to the low binding affinity for many of the
substrates used in steady-state kinetic studies, it was not always possible to
approach saturation with the I401P BM3 enzyme, as is seen for the caffeine
steady-state turnover curve in Figure 4.13. However, the ±nicotine turnover
curve shows that near-saturation of the I401P BM3 enzyme occurs. If –nicotine
does have inhibitory effects on productive +nicotine binding, then it would be
expected that the true Km value for +nicotine would be lower than the apparent
Km for the ±nicotine racemate, and that the same would be the case for the
±nicotine Kd observed in binding titrations (which is 1.16 mM). In work to
confirm the theory that –nicotine has inhibitory effects on the binding of
+nicotine, a competitive inhibition assay was set up. The concentration of
±nicotine was kept constant at just above its Km value (250 µM versus 220 M)
and varying concentrations of –nicotine were introduced into the turnover
sample (also containing constant I401P enzyme and NADPH concentrations). A
decrease in ±nicotine-dependent NADPH oxidation rate was observed with
increases in –nicotine concentration, leading to an IC50 estimation of 110 M.
From this value the inhibition constant was calculated to be Ki = 53 ± 17 µM.
This suggests a reasonably potent inhibition of +nicotine binding by –nicotine,
consistent with the model that –nicotine is not a substrate, but rather binds in
the active site to interfere with +nicotine binding and turnover. This Ki value is
likely an underestimate of the true Ki for +nicotine, as the ±nicotine substrate
already contains ~50% of the inhibitor (-nicotine).
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Figure 4.13: Steady-state kinetic analysis for caffeine- and ±nicotine-stimulated
I401P BM3-dependent NADPH oxidation. Panel A shows data for caffeine and panel
B data for ±nicotine substrate-dependent NADPH oxidation. All assays were performed
with 100-200 nM full length I401P BM3 enzyme, across a range of drug concentrations
in 100 mM KPi (buffer A), pH 7.0, at 25 °C. Assays were done in triplicate and the data
were fitted using Equation 3 to give the kcat and Km parameters reported in Table 4.2.
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4.7

Product identification from I401P BM3 drug turnovers using liquid
chromatography-mass spectroscopy (LC-MS)

To validate the oxidation of novel drug substrates by the P450 BM3 I401P
enzyme and to identify any products formed, in vitro turnover studies were
performed with each of the new drug substrates and the I401P BM3 enzyme, as
described in section 2.21. Products were analyzed by LC-MS, to identify the
molecules formed from any reactions that took place. The reactions performed
by human P450 enzymes on the drugs tested in this section are shown in Figure
4.14.
LC-MS analysis of diclofenac showed a M[H+] of 294 for the diclofenac standard
and a M[H+] of 310 for its major human metabolite, 4-hydroxydiclofenac (4-OHdiclofenac). Their RT values (retention times) are 8.10 and 6.84 min,
respectively. The diclofenac standard eluted as a peak followed by a broad
smear (Figure 4.15, panel A), suggesting that LC-MS conditions here could be
improved to produce a single peak. Upon I401P BM3-dependent turnover of
diclofenac (Figure 4.15, panel C), major products are formed with RT values of
6.89 and 6.77 min, and two minor products are at 6.36 and 7.17 min. These
products show a +16 increase in M[H+], corresponding to a gain of a hydroxyl
group (OH). The 6.89 min product corresponds to the 4-OH-diclofenac standard,
while the products at 6.77, 6.36 and 7.17 min are likely other hydroxylated
products of diclofenac at different positions (possibly 3-OH-diclofenac, 5-OHdiclofenac and a further hydroxylation at a position on the other aromatic ring),
as they have the same m/z values as the 4-OH-diclofenac.
LC-MS analysis of ±nicotine showed a M[H+] of 163.1 for the nicotine standard
and a M[H+] of 149.1 for its human metabolite, nornicotine. Their RT values are
1.47 min and 1.2 min, respectively. Both standards elute early (Figure 4.16,
panel A and panel B), with two or more peaks, suggesting the LC-MS conditions
need to be improved to aid resolution of these standards. Upon I401P BM3dependent turnover of ±nicotine (Figure 4.16, panel C), products are formed
with RT values of 0.87 and 1.23 min. Again, the elution times are early –
immediately after the solvent phase, and improvement of LC-MS conditions
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would aid the resolution of these products. The products shows a -14 decrease
in M[H+], corresponding to a loss of a CH2 group (N-CH3 converted to NH).
Nornicotine exists in an enantiomeric form, and so it is possible that the two
peaks observed are the +nornicotine and –nornicotine forms, these being
produced by the oxidative demethylation of the different enantiomers of
±nicotine by the I401P BM3 enzyme.
LC-MS analysis of caffeine showed a M[H+] of 195 for the caffeine standard and
for its three major human metabolites: M[H+] = 181.0715 for theobromine
(Figure 4.17, panel A), M[H+] = 181.068 for paraxanthine (Figure 4.17, panel B)
and M[H+] = 181.069 for theophylline (Figure 4.17, panel C). Their RTs are 2.42
min for theobromine, 3.53 min for paraxanthine and 3.74 min for theophylline.
Upon I401P BM3-dependent turnover of caffeine (Figure 4.17, panel D), three
products are formed with a ~ -14 decrease in M[H+], corresponding to a loss of a
methyl group (CH3 replaced by a hydrogen). These metabolites correspond to all
three human caffeine metabolites, each of which results from oxidative
demethylation (of each of the three different methyl groups in caffeine). The LCMS spectra show that the concentrations of the three metabolites are quite low,
with the background noise quite high.
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CYP2C9, CYP3A4
P450 I401P BM3

Diclofenac

4-hydroxydiclofenac

CYP2A6, CYP2B6
P450 I401P
BM3
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Figure 4.14: Schemes outlining the reactions performed by human P450 enzymes
on selected drugs. The metabolites formed by oxidative metabolism of diclofenac,
nicotine and theophylline by named human P450 enzymes and by the I401P BM3
enzyme are shown.
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Figure 4.15: LC-MS traces for diclofenac turnover by the I401P BM3 enzyme. Panel
A shows the diclofenac standard, with a M[H+] of 294, and a RT (retention time) = 8.10
min. Panel B shows the 4-OH-diclofenac standard, M[H+] = 310, RT = 6.84 min. Panel C
shows the I401P turnover reaction with diclofenac. Following a 1 hour incubation,
metabolites are seen in the reaction mixture, with 4-OH-diclofenac (RT = 6.89 min), and
other metabolites at 6.77, 6.36 and 7.17 min. All correspond to the M[H+] = 310,
suggesting they are all hydroxylated products of diclofenac.

184

A

B

C

Figure 4.16: LC-MS traces for ±nicotine turnover by the I401P BM3 enzyme. Panel
A shows the ±nicotine standard, with a M[H+] of 163.1, RT (retention time) = 1.47 min.
Panel B shows the nornicotine standard, M[H+] =149.1, RT = 1.2 min. Panel C shows
the I401P turnover reaction with ±nicotine substrate. Following a 1 hour incubation,
metabolites can be seen in the turnover reaction, with RT values = 0.87 and 1.23 min,
corresponding to the mass of nornicotine. The two peaks may signify the formation of
both the + and –nornicotine enantiomers.
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Figure 4.17: LC-MS traces for caffeine turnover by the I401P BM3 enzyme. Panel A
shows the theobromine standard, M[H+] = 181.0715, RT (retention time) = 2.4 min.
Panel B shows the paraxanthine standard, M[H+] = 181.068, RT = 3.5 min. Panel C
shows the theophylline standard, M[H+] = 181.069, RT = 3.71 min. Panel D shows the
I401P turnover reaction with caffeine substrate. Following a 1 hour incubation, all
three of the human metabolites can be seen in the turnover reaction: theobromine (RT
= 2.42 min), paraxanthine (RT = 3.53 min) and theophylline (RT = 3.74 min).
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4.8

Summary

The I401P BM3 mutant exhibited binding to an extensive array of new
molecules of interest, from human CYP drugs to solvents and azole inhibitors.
The observed binding of such diverse compounds to the I401P BM3 mutant
indicates an extent of plasticity and adaptability in the mutant active site that is
not observed in the WT BM3 protein. To examine the properties of this mutant
further, a series of biophysical and other analyses were done, examining the
thermal stability and the structural and heme coordination properties of the
I401P protein, along with its mode of binding to various human CYP drugs of
interest. Turnover studies (using HPLC-MS approaches) were also done to
analyze the metabolites formed from drugs tested through oxidative reactions
performed by the I401P BM3 enzyme.
Differential scanning calorimetry (DSC) was used to investigate the
thermostability of the I401P mutant compared to the WT BM3, and to examine
distinctive thermal unfolding transitions and their midpoints (Tm values). The
I401P mutation was shown to destabilize the mutant with an ~6 °C decrease in
Tm. Inhibitor (4-phenylimidazole) binding stabilizes both the I401P and the WT
BM3 by ~1 °C, and NPG binding stabilizes the I401P mutant even further, by
~3.5 °C. Tight binding ligands such as NPG can stabilize a protein structure by
keeping the protein in essentially a single (ligand-bound) conformation,
decreasing its conformational flexibility and susceptibility to thermal
denaturation[193]. The NPG-bound forms of both the WT and I401P BM3
mutant show a single unfolding event, whereas the substrate-free forms show
two transitions. This suggests that NPG preferentially stabilizes one domain of
the enzyme (possibly the smaller -domain), so that the entire enzyme unfolds
at a higher temperature, which in WT BM3 heme domain is similar to the Tm 2
temperature observed for the substrate-free form.
Electron paramagnetic resonance (EPR) spectroscopy was used to probe
interactions between the I401P heme iron and various drug substrates and
other molecules. The I401P heme domain itself has a small amount of HS heme
iron, even without substrate added, and exhibited two LS species, suggesting
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that the heme iron in this mutant is either 6-coordinated (with a distal water),
or has its distal H2O molecule displaced in a proportion of the protein, giving
distinct sets of g-values. The HS species observed should have the 6th ligand
water displaced, possibly due to binding an unknown substrate-like molecule
binding in the I401P active site, but perhaps more likely due to a natural HS
feature of this mutant that results from structural perturbation caused by the
mutation [88]. The LS I401P species likely originates from a “typical” LS
hexacoordinated ferric P450 heme iron, potentially from a species with a
distinct active site water coordination network to that in the WT P450 BM3.
Alternatively, the LS component of the I401P heme domain seen in EPR could
also (at least in part) arise from the interaction of an unidentified bound ligand
with a 6th ligand axial water molecule retained on the heme iron. It should also
be noted that the temperature at which heme X-band EPR is measured (10 K in
this case) favours population of the LS state.
Before testing the effects of drugs on the I401P protein using EPR, the solvents
used to dissolve many of the drugs were tested in isolation with the P450, in
order to examine what, if any, effects they had on the heme iron. Both
acetonitrile (ACN) and ethanol caused a loss of the HS species that is observed
in the substrate-free I401P heme domain. There are not major changes in the gvalues for the two LS species observed in the substrate-free protein, suggesting
that both solvents induce relatively minor changes to the heme environment,
but likely favour displacement of the axial water molecule. However, both
solvents change the ratio of the two LS species, increasing the amount of the
2.44/2.25/1.91 species in ethanol and of the 2.42/2.25/1.89 species in ACN. The
solvents probably displace and replace the axial water molecule, or otherwise
interact with the heme iron through the water molecule, increasing the
population of this second LS species that is otherwise seen as a shoulder on the
dominant LS, 6-coordinated species in the substrate-free protein.
The major solvent effect is seen with dimethylsulfoxide (DMSO) addition. Two
concentrations of DMSO were used (5% and 50% of the total sample volume),
both producing a new LS species with g-values of 2.45/2.25/1.91. They also
shift the ratio of the two LS species observed: the lower concentration of DMSO
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gives an equal population of the gz = 2.45 and gz = 2.42 species, while the higher
concentration of DMSO gives a dominant gz = 2.45 species and a shoulder of the
gz = 2.42 species. This suggests that DMSO interacts with the heme iron directly
through its sulfur (possibly also via its oxygen atom), giving a novel LS species
that involves direct heme iron ligation. The higher DMSO concentration
increases the amount of this species, consistent with direct iron-ligation. The
lower DMSO concentration also increases the amount of the HS species
observed in the substrate-free I401P protein, while the higher concentration of
DMSO induces a loss of the HS species entirely. These data are consistent with
the effects seen in UV-visible spectroscopy studies, and show that low DMSO
concentrations increase the HS population of the I401P heme iron, while high
DMSO concentrations facilitate a direct interaction of the DMSO sulfur (and/or
oxygen) atom with the heme iron, creating a dominant LS heme-ligated species.
DMSO solvent effects were also investigated in the WT BM3 heme domain,
where similar low-spin species could be seen. The WT sample exhibited a higher
proportion of the gz = 2.45 species than the I401P, suggesting that in the WT
protein, DMSO orientates itself predominantly with its sulfur (and possibly
oxygen) atom towards the heme. When DMSO concentration is increased to
50% total volume, the ratio of the two low-spin species changes in the WT P450,
as it does with the I401P protein, shifting almost completely towards the gz =
2.45 species. There was no HS signal observed in the WT BM3 with DMSO, likely
due to the WT protein’s preference to exhibit exclusively low-spin species at low
temperatures (10 K).
Drugs dissolved in DMSO (tacrine, paraxanthine, theobromine and alosetron) all
show effects on the heme iron by EPR that are also observed with DSMO alone,
suggesting that these drugs do not interact directly with the I401P heme iron.
Phenacetin was dissolved in ethanol and also showed LS species already
observed in the ethanol-only sample. Theophylline was dissolved in ACN and
while it showed a loss of I401P HS heme iron (as also observed in the ACN-only
sample), it also exhibited a new LS species that was not observed in the ACNonly sample. This species had a gz value of 2.46, suggesting that theophylline
could interact with the heme iron directly. Structurally, theophylline has a fused
imidazole ring with an available nitrogen atom that could ligate the heme iron,
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and this is the most likely explanation for the development of a novel LS species
in this ligand-bound form of the I401P heme domain.
Diclofenac and ±nicotine were the only substrates that produced true (nonsolvent-associated) changes in the EPR spectra of the I401P heme domain.
Diclofenac causes a loss of the HS species seen in the substrate-free I401P
protein, and the formation of a single LS form with similar g-values to a hemeligated species. Diclofenac did not show clear evidence of heme iron ligation (i.e.
a Soret red shift) in UV-visible binding assays, but the LS species observed in
EPR may result from diclofenac binding to the heme iron via a retained distal
water molecule. The ±nicotine binding to the I401P heme domain produces an
increase in the HS species, and a new LS EPR species with gz = 2.46. This same
species can be seen in the –nicotine sample, but no HS increase is observed in
this case. The binding properties of nicotine are thus complex, with a likely
scenario being that only +nicotine binds productively to the I401P mutant
(where +nicotine is only commercially available in the form of the ±nicotine
racemate) but that –nicotine can also bind at a distinct site in the enzyme, which
likely interferes with the productive binding mode of +nicotine. It also appears
that –nicotine in isolation alters the I401P active site water network to influence
the EPR properties of the ferric heme iron.
In a final series of EPR experiments, inhibitors were tested for binding
interactions with the I401P mutant heme domain. Fluvoxamine and econazole
produced new LS EPR species that were consistent with heme ligation.
Fluvoxamine exhibited a species with a gz value of 2.48, suggesting direct heme
iron ligation, but there was no loss of the HS species in the fluvoxamine-bound
sample, and little optical evidence of inhibitor-like binding. A potential
explanation is that fluvoxamine interacts with the heme iron through the axial
water molecule coordinating the heme. Econazole binding produced a loss of
both the LS species and the HS species observed in the ligand-free I401P
protein. A new LS species with g-values of 2.54/2.25/1.86 was formed,
indicating an azole-type distal ligation of the heme iron through an imidazole
nitrogen atom in econazole.
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In further studies, the structure of the I401P mutant heme domain was
investigated. To determine if the I401P mutant was suitable for crystallization,
MALLS analysis was done on the I401P heme domain, to establish that the
protein was homogeneous and monodisperse. The I401P heme domain was
found to exist in a monomeric state with a predicted molecular weight (by
MALLS) of ~63 kDa. This is rather larger than the true molecular weight of the
heme domain (which is ~55 kDa), but is likely within the realms of error of the
experiment. Crystallography was attempted with the I401P heme domain, first
to produce a substrate-free P450 structure, and then in efforts to determine the
crystal structure of a drug-bound form of the I401P heme domain. A substratefree structure was obtained at 2.3 Å. It exhibited a number of structural
differences to the WT BM3 structure (1BU7) [190], including the repositioning
of the F-, G-, H- and I-helices and the F/G and G/H loop regions. These structural
changes are highly similar to those observed in the NPG-bound WT BM3 heme
domain (1JPZ) [44] and mirror those observed in a previous crystal structure of
the I401P heme domain [12,13]. The heme iron of the I401P heme domain
structure sits just below the porphyrin ring compared to the substrate-free WT
BM3. However, it is seen occupying essentially the same position in the NPGbound WT BM3 structure. Crucially, the active site residues in the substrate-free
I401P heme domain were shown to occupy positions very similar to those seen
in the NPG-bound WT BM3, including the Gly265, His266 and Phe87 residues,
all of which are rotated in the substrate-free I401P heme domain as well as in
the NPG-bound WT heme domain structure (with respect to the WT substratefree structure). The proximal loop with the cysteine thiolate (Cys400) drops
away in both these structures, resulting in the displacement of the heme iron
out of the porphyrin plane. Importantly, the water molecule distally
coordinating the heme iron in the substrate-free WT BM3 was more distant in
the substrate-free I401P structure, consistent with the distance observed in the
NPG-bound WT structure. These structural changes are all indicative of a HS WT
BM3 structure, suggesting that the substrate-free I401P protein adopts a HS-like
P450 conformation without a substrate present. The persistent HS population of
the I401P enzyme observed throughout this work (during purification, as well
as in optical and EPR binding studies) therefore reflects the natural state of the
enzyme, rather than its being induced by substrate binding. However, due to the
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weak water-heme iron bond observed in the I401P structure, the binding of
substrate-like molecules would be greatly facilitated by the low energy required
to remove the water from the heme, and the enzyme may readily bind lipids
from its environment to populate its active site.
Another I401P heme domain structure was obtained in this study, this one
having an ethylene glycol molecule in the active site. The fold of this structure
was identical to that of the substrate-free I401P heme domain structure
described above. The heme iron was observed to occupy the same position in
both structures. The ethylene glycol molecule was close to the heme iron,
suggesting that it might mimic a substrate, or potentially coordinate the heme
iron, although in the latter case some further movement towards the heme iron
would likely be necessary.
Many attempts were made to obtain a drug-bound I401P heme domain
structure, but these efforts met with little success. While crystals were obtained
in many cases and appeared to be of good quality, they froze and diffracted
poorly. “Nicotine-bound” crystals, in particular, proved frustrating, as they
frequently diffracted well, but had no ligand in the active site. This finding,
coupled with the UV-visible and EPR data for the ±nicotine-bound and the –
nicotine-bound I401P P450s led me to believe that the failure to produce
nicotine-bound crystals may be due to the –nicotine entering the active site and
binding in a mode that interferes with the +nicotine form binding productively.
This conclusion was drawn from spectroscopic data indicating that both the
+nicotine and –nicotine forms interact with the heme iron, but that catalytically
relevant interactions likely occur only with the +nicotine component of the
±nicotine racemate. In further efforts to obtain an I401P heme domain structure
with a nicotine-like ligand bound, other structurally related molecules were
used in crystallization trials in the hope that they would form a stable complex
and interact with the I401P heme iron. However, I401P heme domain crystals
formed in trials using pilocarpine and 4,4’-dithiodipyridine diffracted poorly.
Further crystal trials would need to be done to improve the quality of these
crystals. Specifically, it became apparent that each of the drugs used in
crystallographic studies required different conditions to form crystals with the
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I401P heme domain. Thus, a larger scale screen would need to be done with
each of these molecules to identify favourable conditions for I401P heme
domain/drug complex crystal growth.
To investigate if drug-binding stimulates I401P-dependent NADPH oxidation,
steady-state assays were done with 7-e-res, caffeine, ±nicotine and diclofenac
substrates. The kcat values were between ~300-800 min-1 for most substrates
tested, but with nicotine as a substrate the turnover number was lower at ~41
min-1. These values compare favourably with the rate constants for many
human drug-metabolizing P450s with their substrates and supported by
NADPH-cytochrome P450 reductase (CPR). For example, 7-e-res metabolism by
CYP1A1 Vmax = 0.07 nmol/min/mg [194]; caffeine metabolism by CYP1A2 has a
kcat = 49 pmol/min/mg for production of paraxanthine and 6 pmol/min/mg for
the production of theobromine and theophylline [195]; nicotine metabolism by
CYP2A6 has a kcat = 24.5/min [196]; and diclofenac metabolism by CYP2A9 into
the 4OH-diclofenac product has a Vmax = 432 pmol/min/mg [197]. These values
are often derived from HPLC analysis of cell extract incubations where the
concentrations of product(s) formed are compared to the concentrations of
substrate used; and not based on NAPDH oxidation, as was the case for the kcat
values given in this work. A direct comparison of the two values is informative,
but it is likely that the HPLC analysis gives more reliable results with respect to
identifying products formed.
The I401P kcat values are considerably lower than the turnover rate of WT BM3
with its favoured substrates (e.g. fatty acids such as arachidonic acid, with a kcat
of ~17000 min-1) [76]. Regardless of this observation, the data presented show
that by introducing a single proline residue adjacent to the proximal ligand to
the heme iron, structural perturbations are induced that can activate the I401P
mutant BM3 enzyme in the binding and oxidation of various novel drug
substrates. The Km values determined from turnover studies with 7-e-res are
similar to the Kd values observed in optical binding titrations, while the caffeine
Km is markedly higher than its Kd value. This may be due to the retention of
affinity in the I401P enzyme for the demethylated products of caffeine (the
metabolites paraxanthine, theobromine and theophylline), which bind to the
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I401P protein with differing affinity to caffeine. The diclofenac and ±nicotine Km
values were lower than the observed Kd values for the same molecules, which
may suggest that the substrate-enzyme complex formation is not a rate-limiting
step in these reactions and/or that protein conformational changes accompany
drug binding to the I401P heme domain mutant. Diclofenac was observed to
interact directly with the heme iron in EPR (but not by UV-Vis spectroscopy at
ambient temperature), suggesting that alternative binding modes (e.g. by drug
interaction with the distal water ligand, or even interaction of a diclofenac
chlorine atom with the heme iron) may occur under cryogenic conditions
needed for heme EPR studies. In the case of nicotine, it was found that –nicotine
weakly inhibits (Ki = ~53 ± 17 µM) the binding of +nicotine. This agrees with the
model that –nicotine is not a I401P substrate, but rather binds in the active site
and interferes with +nicotine metabolism. Due to lack of commercial availability
of the +nicotine enantiomer, the ±nicotine racemate was used in experiments
reported in this work. This means that the only available substrate likely
contains approximately 50% inhibitor (i.e. the -nicotine) and that the Ki value
reported here is likely an overestimate of the true Ki for +nicotine (i.e. the true
Ki value is really much lower). Future experiments should attempt to separate
the two enantiomers in the ±nicotine racemate (perhaps via LC-MS using chiral
chromatography) and then optical binding and steady-state assays should be
performed with the +nicotine enantiomer only in order to determine valid kcat,
Km and Kd values for the proposed “true” substrate.
To examine the metabolites formed from drug substrates by the I401P BM3
enzyme, product analysis was done using LC-MS following turnover reactions.
The drugs used in these studies were diclofenac, nicotine and caffeine.
Diclofenac was found to be oxidised predominantly into 4OH-diclofenac by the
I401P BM3 mutant. Several other metabolite peaks could be seen at the same
m/z values, suggesting that the I401P mutant also produces other hydroxylated
products, such as the 5OH- and the 3OH-diclofenac metabolites. In humans,
CYP2A9 is almost exclusively responsible for the production of 4-OH-diclofenac,
the major human metabolite of diclofenac, and of 5-OH-diclofenac (producing
>99.5% and >97% of the metabolites, respectively) [197]. From the LC-MS data
it is clear that 4-OH-diclofenac is the major product from I401P BM3-dependent
194

diclofenac metabolism as well, making this enzyme a good substitute for
CYP2A9 diclofenac metabolism. With a higher diclofenac turnover rate than the
human CYP and the possibility of the BM3 mutant producing more than one
human metabolite of this drug, the I401P mutant could be used for human-like
diclofenac metabolite generation, producing a higher product yield than does
the human CYP2A9. Further experiments would need to be done to evaluate the
ratio of metabolites formed (e.g. using NMR), and in order to determine if they
resemble the ratios produced by CYP2A9. The I401P BM3 mutant might then be
further engineered by introduction of other mutations to improve substrate
binding and turnover rate and/or the ratio of metabolites formed from
diclofenac oxidation.
Nicotine metabolism with I401P showed a major nornicotine metabolite. The
metabolite, along with nicotine, eluted very early in the LC-MS experiments,
suggesting that the conditions used were not ideal for the separation of these
molecules. Further experiments would need to be done to improve these
conditions for product resolution. In humans, the major nicotine metabolite is
cotinine, produced by the C-oxidation of nicotine by CYP2A6 and CYP2B6
enzymes [198]. Although cotinine metabolism was probed using LC-MS, no
product could be seen from the I401P BM3 reaction incubations. Nornicotine is
also primarily metabolized by the CYP2A6 and CYP2B6 enzymes, representing
just 2-3% of the metabolite spectrum in humans (80% of nicotine being
metabolized to cotinine) [199]. However, nornicotine can be found in high
quantities in the brain, and due to its biological activity it can contribute to the
neurological effects of nicotine usage. It is thus a pharmacologically important
nicotine metabolite. While nornicotine production by the I401P enzyme is likely
hindered by the inhibitory effects of –nicotine in the racemic mixture (and this
is likely responsible for the low nicotine turnover rate observed: ~35 min-1), the
turnover rate observed is still higher than that of the human CYP2A6 enzyme.
I401P BM3 is thus a good candidate for future mutagenesis, with the aim of
improving the binding and turnover of +nicotine (and –nicotine, as this is the
physiologically more active form of the molecule in humans).
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Lastly, caffeine was shown to be oxidatively metabolized by the I401P BM3
enzyme into three metabolites: theobromine, paraxanthine and theophylline.
These molecules are also the major human P450 metabolites, predominantly
produced by CYP1A2 (the metabolite ratio being 70% paraxanthine, 7-8%
theobromine and theophylline) [200]. I401P BM3-dependent metabolism of
caffeine showed roughly equal amounts of paraxanthine and theobromine
produced, indicating a different mode of binding caffeine compared to CYP1A2.
Caffeine turnover rate by I401P BM3 is high compared to that of the human
CYP1A2. However, the quantities of metabolites observed in LC-MS studies are
low, suggesting that the I401P BM3 enzyme may significantly uncoupled with
this substrate and/or produce other metabolites that were not resolved under
the separation conditions used – possibly involving further demethylation of the
primary products.
In conclusion, the I401P BM3 protein was found to interact with and metabolize
a panel of human drugs, showing substrate turnover rates that surpass those
observed for human CYP metabolism of these drugs. In all cases, I401P BM3
showed production of human-type P450 metabolites, and in some cases even
the production of the major human metabolites. These data suggest that I401P
BM3 is a good platform for future substrate diversification studies through
protein engineering, and for the improvement/expansion of its existing
applications in human drug metabolite production.
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5. Properties of the A330P BM3 mutant, the A330P/I401P
double mutant and the A82F/F87V/I401P triple mutant
5.1

Introduction

The work done on the P450 BM3 I401P mutant (described in chapters 3 and 4)
showed that a single proline replacement mutation (made adjacent to the
cysteine proximal ligand to the heme iron) can significantly alter the substrate
selectivity of the P450 BM3 enzyme. Wong et al. reported a different proline
insertion mutant, the A330P BM3 mutant, that also diversified the BM3
substrate pool towards smaller molecules and short chain fatty acids[88]. In this
mutant, a proline replaces the Ala330 residue, which belongs to the SRS5
substrate recognition sequence [201]. The position of the Pro330 mutant
residue in the BM3 structure is shown in Figure 5.1. It is located directly after
the Pro329 residue, which is displaced in the A330P mutant structure, causing it
to project into the active site. This restricts the area above the heme iron,
enhancing the A330P mutant’s activity towards small substrates [88]. To further
examine the effects of this mutation on P450 properties, including substrate
selectivity, the A330P mutation was inserted into the WT BM3 full length and
heme domain genes. The A330P mutant plasmid constructs were generated and
transformed into E. coli BL21 (DE3) super-competent cells.
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Figure 5.1: Crystal structure of the substrate-free A330P heme domain active site.
The substrate-free A330P heme domain (PDB 3M4V) secondary structure [88] is in
teal, and the structure was resolved to 1.9 Å. The heme porphyrin ring is in green, with
the heme iron in red and nitrogens in blue. Thy Cys400 heme ligating residue is seen in
yellow and the Ile401 residue in orange. The Pro330 mutation can be seen above the
heme iron in magenta, preceded by the Pro329 residue (in grey), which is displaced
into the active site due to the insertion of the Pro330 mutation.

The full length A330P protein was purified by virtue of its C-terminal His-tag,
using immobilised metal affinity chromatography. The A330P heme domain was
purified using a series of column chromatography steps (diethylaminoethyl
[DEAE] Sepharose ion exchange chromatography [IEC], hydroxyapatite affinity,
Q-Sepharose IEC and gel filtration chromatography [Superdex S200 PG]),
similar to the purification regime used for the purification of the I401P heme
domain, as described in Chapter 3. Following protein isolation, SDS-PAGE
studies were done to confirm that the correct full length and heme domain
A330P proteins were expressed, and to ascertain the purity of these proteins.
The A330P full length protein was further characterized by CO-binding analysis
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and by optical binding titrations. Ligand binding titrations were first done using
known WT BM3 substrates, in order to characterise the influence of the A330P
mutation on lipid preference and to establish any differences between its
behaviour and that of the WT BM3 protein, in terms of alterations in its
substrate selectivity profile and affinity for these molecules. Subsequently, a
selection of diverse molecules of interest were used to probe for novel ligand
binding, including fluorescent and drug substrates previously studied for their
interactions with the I401P mutant. Previously reported A330P substrates
(medium and short chain fatty acids) [88] were also trialled for evidence of
spectral perturbation on their addition to the A330P full length protein.
However, no clear evidence for optical binding between the A330P mutant and
the selected molecules could be established in these cases. In further studies to
probe access of lipid molecules to the A330P protein active site (and to establish
if the mutation substantially modulates the structure of the protein to perturb
lipid substrate entry), a C12-imidazole (12-[imidazolyl]-dodecanoic acid) [202]
inhibitor molecule was used in binding titrations with the A330P full length
protein. This heme coordinating molecule was found to inhibit the I401P
protein through direct interactions with the heme iron. To further characterize
the heme iron environment of the A330P mutant, EPR studies were done to
probe heme iron spin-state and coordination, as well as to identify any
heterogeneity in heme ligation state.
The A330P mutation was inserted into the previously generated I401P plasmid
constructs, producing a A330P/I401P (AP/IP) double mutant, with the
intention of combining the distinctive substrate specificity changes reported in
the two individual mutants, and possibly inducing other structural
perturbations that could further alter the substrate selectivity profile of the
double mutant [88, 97]. The AP/IP double mutation was inserted into both full
length and heme domain genes. However, difficulties were encountered in the
verification of the mutations in the full length P450 BM3 variant, and expression
of the AP/IP flavocytochrome enzyme led to poor yields of unstable protein, and
hence was not progressed further. The AP/IP heme domain mutant plasmid
construct was transformed into E. coli BL21 (DE3) super-competent cells, and
the protein purified using a series of column chromatography steps (DEAE
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Sepharose IEC, hydroxyapatite affinity, Q-Sepharose IEC and gel filtration
chromatography [Superdex S200 PG]). The double mutant heme domain
showed low heme incorporation and increased instability during purification,
compared to the individual I401P and the A330P heme domain proteins. Due to
its instability, only low amounts of this double mutant heme domain were
obtained.
In efforts to expedite purification in order to enhance P450 recovery, a Histagged heme domain AP/IP protein was created. It was hoped that application
of a nickel chromatography step as the initial purification stage would decrease
the loss of protein observed during the multi-step purification of the AP/IP
heme domain described above. The AP/IP mutation was thus inserted into a
His-tagged WT BM3 heme domain construct and the mutant was expressed in
BL21 (DE3) cells. The protein was then purified by virtue of its C-terminal Histag, using immobilised metal affinity chromatography (IMAC). However, despite
the incorporation of a more rapid initial purification step, the isolated Histagged AP/IP heme domain protein was not significantly stabilized, and there
was further requirement for two more purification steps (using hydroxyapatite
affinity and a desalting gel filtration column) in order to purify it sufficiently for
analysis. Thus, there were only marginal gains in stable protein yield from the
His-tagged AP/IP heme domain construct. Following AP/IP heme domain
protein isolation, SDS-PAGE studies were done to confirm that the correct (Histagged heme domain AP/IP) protein was expressed.
The AP/IP double mutant heme domain was characterized by CO-binding and
by optical binding titrations. Titrations were first done using known WT BM3
substrates, and in order to characterise and compare the AP/IP heme domain
mutant properties in relation to those of the WT BM3 heme domain with
respect to its selectivity profile and affinity for the molecules tested. In
subsequent work, drug and small molecule substrates shown to bind to the
I401P mutant P450 were used in binding studies with the AP/IP heme domain,
in order to determine if the two mutations had cumulative effects (to improve
substrate affinity) or otherwise changed the ligand-binding behaviour to alter
the binding properties for any of the molecules tested. The AP/IP double mutant
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heme domain was shown to bind some of the previously identified I401P
substrates. However binding occurred with lower affinity compared to the
I401P mutant protein. Due to the destabilizing influence of the combined
mutations, the AP/IP double mutant heme domain frequently precipitated to
some extent in binding titrations with various substrates/ligands tested, and
hence accurate estimates of the binding affinity of this mutant for certain
substrates/ligands could not be established. To determine the extent of
structural perturbation induced by the AP/IP mutation in the BM3 heme
domain protein, differential scanning calorimetry (DSC) studies were done to
analyse the thermal unfolding transition temperature (Tm) profile for this
protein in comparison to those for the WT and I401P heme domains.
Finally, due to the successful diversification of the BM3 substrate pool towards
human drug substrates observed in the I401P mutant, the I401P mutation was
combined with the A82F/F87V mutations that were previously characterized to
induce substantial changes in substrate selectivity in the A82F/F87V double
mutant enzyme. A82 and F87 are key active site residues that are commonly
mutated in studies to alter substrate selectivity in the BM3 enzyme [203–205].
F87, in particular, plays a major role in regulating the regioselectivity of
oxidation of fatty acids by BM3[94]. The A82F/F87V mutant was shown to alter
substrate selectivity of the WT BM3 towards human drug substrates, including
enabling the binding and metabolism of omeprazole, a commonly used gastric
proton pump inhibitor drug [89]. The A82F/F87V/I401P triple mutant was
generated with the expectation that the three mutations would show synergistic
effects in enhancing the binding affinity of human drug substrates that are
known to bind to the individual A82F/F87V and I401P mutants, and that the
triple mutant might introduce novel substrate selectivity as a consequence of
the combined influence of the mutations on the conformational destabilization
of the enzyme. Specifically, in previous work (unpublished data) the
A82F/F87V/I401P BM3 mutant was shown to bind diclofenac with a much
higher affinity than does the I401P mutant, leading to LCMS product analysis
studies to investigate enzymatic oxidation of the drug and to identify any
metabolites formed.
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5.2.

Construction

of

the

P450

BM3

A330P,

A330P/I401P

and

A82F/F87V/I401P full length and heme domain protein expression
systems
Similar techniques were used to construct the A330P full length and heme
domain expression system and the I401P full length and heme domain
expression systems, as described earlier (see Chapter 3). To produce the A330P
full length P450 BM3 expression system, the previously constructed pET15b
vector with a full length His-tagged WT BM3 gene was used (as described in
Section 2.7). The alanine at amino acid position 330 is located in the SRS5
substrate recognition region (considered important in substrate specificity
determination), immediately following Pro329 [201]. The A330 residue was
substituted for a proline using a QuikChange Lightning single-site mutagenesis
kit (primers A330P and A330P antisense, see Section 2.7). To construct the
A330P heme domain expression system, the previously constructed pUC118
vector containing the WT heme domain gene (pBM20) was used [50] (as
described in Section 2.7). The full length and heme domain constructs were
transformed into XL10-Gold cells and the relevant plasmid DNA was purified
from transformant cell cultures using a MiniPrep kit (see Section 2.7).
The AP/IP double mutant full length and heme domain expression systems
were produced in the same way as for A330P constructs. For the full length
AP/IP plasmid, the previously constructed pET15b vector containing a full
length His-tagged I401P BM3 gene was used (as described in Section 2.7). The
AP/IP heme domain expression system was constructed using the previously
mentioned pUC118 vector with the I401P heme domain gene. As before, the full
length and heme domain constructs were transformed into XL10-Gold cells and
the plasmid DNA was purified from transformant cultures using a MiniPrep kit
(as described in Section 2.7). It was found that recovery of the AP/IP full length
plasmid DNA was low, despite the use of a MidiPrep kit and a scaled up
MiniPrep procedure in efforts to improve the outcome. This suggested that only
a low copy number of this plasmid might be maintained in the cells, which in
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turn may result in low levels of expression of the AP/IP double mutant full
length gene in the E. coli cells.
Due to the apparent instability of the AP/IP heme domain protein observed
upon its purification (see Section 5.4), a His-tagged construct was created, in
order to facilitate more efficient purification and in efforts to improve the
stability of the AP/IP double mutant. The A330P and I401P mutations were
inserted into a previously constructed pET15b construct containing the WT
heme domain gene (as described in Section 2.7). This construct was also
transformed into XL10-Gold cells and the DNA was purified using a MiniPrep
kit.
The A82F/F87V/I401P full length triple mutant was generated by using a
previously constructed pET15b expression vector containing the full length Histagged WT BM3 gene (as described in Section 2.7). As with previous constructs,
this expression plasmid was transformed into XL10-Gold E. coli cells and
purified from a transformant cell culture using a MiniPrep kit.
The A330P, AP/IP and A82F/F87V/I401P full length and heme domain plasmid
DNA was sent to Source Bioscience for sequencing, to confirm that the gene
sequences were correct and that there were no unwanted mutations present.
The AP/IP full length DNA could not be sequenced, apparently due to weak
primer binding to the DNA, perhaps suggesting poor plasmid DNA quality.
Despite multiple attempts to improve on this, a full DNA sequence could not be
obtained for this construct, and therefore it was not used in experiments.

5.3.

Expression and purification of the full length A330P BM3 and
A82F/F87V/I401P mutant proteins

All full length gene constructs were expressed in BL21 (DE3) cells, using the
pET15b-A330P and the pET15b-A82F/F87V/I401P plasmids. For the A330P
construct, it was found that IPTG induction was not obligatory and that
substantial production of this protein occurred if transformant expression cells
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were grown for an extended period. Approximately 12 L of bacterial cell
culture expressing the relevant protein were used and cells were grown at 37
°C for 36 hours. For the triple mutant, auto-induction medium was used to
improve protein yield, with 0.2 mM/L delta-aminolevulinic acid (δ-ALA) added
in efforts to increase the synthesis of heme in the E. coli cells used to express the
triple mutant protein, and to enable greater heme incorporation into the
protein.
The cells were harvested (as described in Section 2.11), lysed and centrifuged
to separate insoluble cellular material from the cell extract containing the P450
protein. Protein was partially purified using a 35% ammonium sulphate
fractionation step and the supernatant was dialysed in buffer B. The
supernatant was then loaded onto a Ni-IDA column and the concentration of
imidazole used in the binding buffer was gradually increased, to remove
contaminating proteins. The A330P full length protein was then eluted from
the column using 200 mM imidazole. After dialysis into buffer B and
concentrating the purified protein using ultrafiltration (see Sections 2.12 and
2.13), preparations of the full length A330P protein were electrophoresed on an
SDS-PAGE gel to check their purity (Figure 5.2). The triple mutant heme domain
was purified via Ni-IDA and LipidEx column chromatography. The triple mutant
was obtained from Mr. Charles Gamble (University of Manchester) as a purified
full length BM3 protein. The gel in Figure 5.2 shows an SDS-PAGE gel for the
A330P protein eluted from a nickel affinity column, with a major band at ~120
kDa, corresponding to the predicted full length BM3 molecular weight. Other
proteins can also be seen, showing the incomplete purification of the A330P
mutant BM3 enzyme at this stage.
Due to the lack of complete purity of the protein at this stage, the A330P full
length protein was further purified using a Q-Sepharose ion exchange column.
The purest fractions were selected after spectral analysis, using their 418/280
nm (Rz) ratio as an indicator of purity. The selected fractions were pooled and
analysed by SDS-PAGE gel (Figure 5.3). Lane 1 shows a major band at ~120 kDa,
corresponding to the mass of the full length A330P protein, along with faint
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bands corresponding to smaller proteins (possibly products of degradation of
BM3) present in the sample.
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Figure 5.2: Ni-IDA purification of the full length A330P protein. The A330P
protein sample was run on a 10% w/v SDS-PAGE gel, with a broad range protein
ladder used to identify the size of proteins on the gel (sizes of marker bands indicated
in kDa). Lane 1 contains protein eluted at 200 mM imidazole, with a major band at
~120 kDa. Other less intense bands can be seen, relating to contaminants or possibly
(in some cases) proteolysis products of the full length A330P enzyme.
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Figure 5.3: Q-Sepharose column purification of the full length A330P protein.
Lane 1 shows a major band at ~120 kDa, correlating with the mass of full length
A330P. The gel is overloaded with the A330P sample, creating a smear at 120 kDa.
Other faint bands can be seen below the A330P band. The sample was run on a 10%
w/v SDS-PAGE gel, with a broad range protein ladder to track the protein migration
and to estimate molecular weight of the A330P full length protein (sizes of marker
bands indicated in kDa).
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5.4.

Expression and purification of the A330P BM3 and AP/IP double
mutant heme domains

The A330P and AP/IP double mutant heme domain plasmid constructs were
transformed into BL21 (DE3) cells. As for the pET15b constructs, there was no
requirement for IPTG induction in the pBM20-derived constructs. Due to poor
heme incorporation observed when first purifying the AP/IP protein, 0.5 mg/L
δ-ALA was added to all subsequent transformant expression cells. 12 L cultures
of transformant expression cells were used, with cultures grown at 37 °C for 36
hours.
The cells were harvested as described in Section 2.11. Following harvest, cells
were lysed, centrifuged and purified with an ammonium sulphate fractionation
step, as described in Section 2.12. Due to the lack of a His-tag in the A330P and
AP/IP heme domain constructs, purification by Ni-IDA chromatography was
not possible, and instead the heme domain proteins were purified in a multistep procedure using an AKTA (HPLC) purifier.
The A330P and AP/IP heme domain proteins were purified using the same
protocol as used for the I401P heme domain purification. DEAE,
hydroxyapatite, Q-Sepharose and S200 gel filtration columns were used, as
described in Section 2.12. The A330P protein was found to be low-spin after
purification (with a Soret peak maximum at 418 nm), and so it was not
necessary to run it through any other columns in order to remove bound lipids
that would cause high-spin heme accumulation. SDS-PAGE analysis was done on
the A330P protein, to ascertain its purity. Figure 5.4 shows a single band at ~55
kDa, corresponding to the predicted molecular weight of the A330P heme
domain. There are no other bands, showing that the protein is highly purified at
this stage.
The AP/IP protein heme domain proved relatively difficult to purify. The
addition of δ-ALA did improve heme incorporation, but the protein could only
be recovered in low quantities and remained unstable throughout purification.
It regularly precipitated in low salt/low concentration KPi buffers, suggesting
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that high buffer molarity and/or salt stabilise the protein. The AP/IP protein
bound poorly to the DEAE and hydroxyapatite columns, compared to the A330P
heme domain protein, and it was therefore difficult to obtain a high level of
purity for this protein. Furthermore, SDS-PAGE analysis showed significant
degradation of the AP/IP double mutant heme domain protein. These factors
resulted in relatively low concentrations of semi-pure AP/IP heme domain
protein being obtained at the end of the purification regime. At this stage it was
decided not to attempt any further purification steps, as this would likely result
in further losses of the intact protein. As the protein was not pure enough for
crystallography, crystallization trials were not attempted with this mutant heme
domain. Instead, the protein was used in optical binding studies. An SDS/PAGE
gel of the AP/IP heme domain after purification is shown is Figure 5.5. In lane 1,
a major band can be seen at ~60 kDa, corresponding to the predicted molecular
weight of the AP/IP heme domain. Other bands are also seen, including many
lower molecular weight bands below the protein band, suggesting degradation
of the AP/IP protein.
To improve the stability of the AP/IP double mutant heme domain, a Cterminally His-tagged AP/IP heme domain construct was generated and
expressed in the same way as done for the AP/IP heme domain (as described
above). The pET15b construct used to express the His-tagged protein was
transformed into E. coli BL21 (DE3) cells. IPTG induction was found not to be
required for strong expression of the His-tagged AP/IP heme domain. 12 L
cultures of expression cells were used, with transformant cell cultures grown at
37 °C for 36 hours. The cells were harvested, lysed, centrifuged and purified
with an ammonium sulphate fractionation step, as described above for the
AP/IP non-His-tagged protein. Nickel affinity chromatography was used to
purify the His-tagged protein (see Section 5.3) and the protein was
concentrated using ultrafiltration and dialysed extensively into buffer B.
However, it was found that the His-tagged protein precipitated in buffer B and
ultrafiltration had to be done before continuing the purification. Use of buffer B
was avoided in subsequent purifications of the His-tagged AP/IP heme domain.
Afterwards, a UV-Vis spectrum of the protein was run. The protein exhibited a
425 nm Soret peak, suggesting that it has an inhibitor (likely imidazole) bound
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to the heme iron. Further dialysis had little effect, and so a further Q-Sepharose
column chromatography step was used to try and remove the inhibitor from
the protein active site. The protein bound weakly to the column. However, the
inhibitor was no longer present and the heme Soret peak reverted to 420 nm.
After the Q-Sepharose column step, a decrease in hemoprotein quantity was
seen, suggesting that the observed red colour of the preceding protein sample
may have been due to unincorporated heme, contaminating hemoproteins, or a
combination thereof. It is also possible that the observed decrease in
hemoprotein concentration was due to the degradation of the protein once
dialysed into low salt buffer. A desalting column was run with the intent to
transfer the protein into a buffer suitable for use on a hydroxyapatite column,
but the protein precipitated in low phosphate/low salt and the decision was
made to end the purification at this stage. The protein was concentrated in
buffer A and used in UV-Visible spectral titrations with ligands. An SDS-PAGE
gel of the AP/IP His-tagged heme domain is shown in Figure 5.6. The major
band can be seen at ~65 kDa, slightly above the expected AP/IP heme domain
weight. This is predicted to be the band relating to the intact, His-tagged AP/IP
heme domain. It is possible that its slower migration is due to the AP/IP heme
domain protein binding a lower amount of SDS than expected in this particular
sample.
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Figure 5.4: Purification of the A330P heme domain protein using an AKTA
purification system. In lane 1, a clear band can be seen at ~55 kDa, corresponding to
the molecular weight of the A330P heme domain. There are no other significant bands
visible. The sample was electrophoresed on a 10% w/v SDS-PAGE gel, with a broad
range protein ladder to track the protein migration and to estimate the molecular
weight of the A330P heme domain protein (sizes of marker bands indicated in kDa).
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Figure 5.5: Purification of the AP/IP heme domain protein using an AKTA
purification system. In lane 1, a band can be seen at ~60 kDa, close to the predicted
molecular weight of the AP/IP heme domain. There are other significant bands visible,
particularly at lower molecular weights. The sample was run on a 10% SDS-PAGE gel,
with a broad range protein ladder used to track the protein migration and to estimate
the molecular weight of the AP/IP heme domain protein (marker mass in kDa).
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Figure 5.6: Purification of the His-tagged AP/IP heme domain protein using NiIDA chromatography. In lane 1, a major band can be seen above 60 kDa, and is
considered to represent the AP/IP heme domain. There are other significant bands
visible at lower molecular weights. The sample was run on a 10% SDS-PAGE gel, with a
broad range protein ladder to track the protein migration and to estimate the
molecular weight of the AP/IP heme domain protein (marker mass in kDa).
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5.5.

Spectroscopic characterization of the full length and heme domain
forms of the A330P BM3 and the AP/IP double mutant proteins

Due to the unusual spectral properties of the I401P mutant (i.e. the persistent
high-spin shoulder observed in UV-Vis spectroscopy), the A330P and AP/IP
double mutant were also examined spectroscopically, to discern any differences
between these mutants and WT BM3. There appeared no major differences
between the WT and the A330P mutant heme domain and intact proteins.
However, the AP/IP double mutant heme domain exhibited low heme
incorporation and a greater propensity for aggregation. Figure 5.7 shows the
UV-visible spectra for both proteins, with the A330P full length Soret peak at
418 nm, and the AP/IP heme domain Soret peak at 420 nm. There is a visible δ
band at ~360 nm in both proteins. The data indicate that both proteins are in a
low-spin, substrate-free state. The A330P full length protein (red spectrum)
exhibits a sharp Soret peak at 418 nm, while the 420 nm peak of the AP/IP heme
domain protein (black spectrum) is broader. The AP/IP heme domain spectrum
also shows a sloping background, consistent with a small amount of turbidity
caused by aggregation of protein in this sample. This may also affect the Soret
peak wavelength to some extent, and incomplete heme incorporation is also an
issue with this protein. The α and β bands are at 569 and 536 nm in the A330P
full length protein, and at 570 and 540 nm in the AP/IP double mutant. In the
A330P full length protein, a shoulder at 470 nm can be seen, corresponding to
the flavin (FAD and FMN) contribution to the spectrum of the full length
enzyme.
Sub-stoichiometric levels of heme incorporation persisted in the AP/IP double
mutant, even after the addition of 0.5 mg/L δ-ALA to the expression cell culture,
suggesting that some of the protein may not fold correctly in E. coli, and that this
may underlie the observed turbidity seen in Figure 5.7.
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Figure 5.7: Spectral comparison of the A330P BM3 full length and the AP/IP heme
domain protein. The intact A330P enzyme is shown in red (1.4 M), with the AP/IP
heme domain in black (1.6 M). The Soret peak positions of both hemoproteins are
similar, with the major peak at 418 nm for the A330P and at ~420 nm for the AP/IP
protein. This indicates a resting protein that is predominantly low-spin in both cases.
The α, β and δ bands can be seen in both proteins, with peaks at 569, 536 and 360 nm
in the A330P full length protein, and at 570, 540 and 360 nm in the AP/IP double
mutant heme domain protein. Oxidized flavin contributions are also seen at ~470 nm
in the A330P full length protein.
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5.6.

Reduced CO-complex formation in A330P BM3 and AP/IP double
mutant proteins

The concentration of the A330P and AP/IP hemoproteins was determined by
the formation of the ferrous-carbon monoxide heme complex, as described in
Section 2.16. The spectral properties of the A330P and AP/IP double mutant on
CO binding were found to be similar for both the full length A330P and the
A330P and AP/IP heme domain proteins. The representative full length A330P
spectra are shown in Figure 5.8.
The A330P full length protein in its oxidised state gave a typical ferric,
substrate-free P450 spectrum, with a main Soret peak at 418 nm (black line).
The α, β and δ bands can be seen at 569, 536 and 360 nm, respectively. Sodium
dithionite (SDT) was added to reduce the heme iron (red line) from the ferric to
the ferrous state. The Soret peak shows no shift from 418 nm, however the δ
band of the protein is obscured due to the absorbance of SDT. This observation
is consistent with the reoxidation of the ferrous protein (by reduction of bound
dioxygen) being more rapid than the rate at which SDT reduces the heme iron.
However, upon addition of CO, the Fe2+-CO complex forms, consistent with the
“trapping” of a stable CO-bound form. The Soret peak shifts to 450 nm (blue
line). The α and β bands merge together in the CO-bound A330P spectrum,
giving a broad peak at ~550 nm. As in the I401P CO-bound spectra, a smaller
420 nm Soret peak (representing the cysteine thiol-coordinated P420 form) is
also seen in the Fe2+- CO complex spectrum (see Section 3.7).
To calculate protein concentration in full length and heme domain forms of the
A330P and AP/IP proteins, the molar extinction coefficients of the full length
and heme domain proteins stock was used, as described in Section 3.7. The
concentration of the A330P full length protein was calculated at 1.7 mM, while
the concentrations of the A330P and AP/IP heme domain protein stocks were
545 µM and 140 µM, respectively.
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Figure 5.8: Spectroscopic characterization of the ferric, ferrous and ferrous-CObound forms of the full length A330P BM3 protein. The UV-Vis absorption spectra
shown are also consistent with those for the A330P and AP/IP heme domain proteins.
The resting state A330P protein (3.9 µM) in its ferric (substrate-free) form has its Soret
band at 418 nm (black line). The α, β and δ bands are seen at 569, 536 and 360 nm,
respectively. The partially SDT-reduced ferrous protein has a Soret peak at ~418 nm
(red line, a fully reduced form would be at ~410 nm). The CO-bound ferrous protein
complex has a 450 nm Soret peak (blue line). On CO binding, the α and β bands merge
into a single peak at 550 nm, consistent with the complete formation of the ferrous and
CO-bound state. A small 420 nm shoulder can be seen in the CO-bound species,
corresponding to protonated cysteine thiolate (thiol) as the proximal ligand in an
inactive P420 complex. All spectra were collected in aerobic conditions, in buffer A.
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5.7.

Characterization of the A330P BM3 mutant using known WT BM3
and I401P BM3 substrates

To explore the effect the A330P mutation had on the diversification of the BM3
substrate pool, the A330P full length protein was used in binding titrations with
a variety of substrates. Firstly, WT BM3 substrates were used to characterise
the mutant. Lauric acid (C12:0), myristic acid (C14:0) and arachidonic acid
(C20:4) were first trialled in binding studies, with no evidence for optical
binding observed. Next, NPG was tried, again with no observable binding seen
by heme spectral perturbation. Interactions with fluorescent substrates were
also investigated, with none of the selected substrates (see Section 2.16.1)
exhibiting optical binding or fluorescent product formation. A variety of known
I401P drug substrates were used in binding studies, including caffeine,
diclofenac, alosetron, nicotine and phenacetin. None showed any evidence of
spectral binding. The structures of the substrates/ligands used in binding
studies with A330P are shown in Table 5.1.
The A330P mutant was reported to have enhanced activity towards small
substrates and short-chain fatty acids, as well as losing specificity for long-chain
fatty acids[88]. As the loss of selectivity for long-chain fatty acids was observed
in this work, short-chain fatty acids were next used in binding studies. Hexanoic
(C6) and butyric acid (C4) binding was attempted. However, no evidence of
spectral binding was observed. To determine if the observed inability of the
A330P protein to bind fatty acids (and other substrates) is due to structural
changes induced by the A330P mutation in the BM3 active site (e.g. the proline
mutation blocking the substrate access channel and preventing molecules from
interacting with the heme iron), imidazole-linked fatty acids were next used in
binding studies. The imidazole-bound lauric acid (12-(imidazolyl)-dodecanoic
acid, C12-imidazole) titration is shown in Figure 5.9. The low-spin, substrate-fee
A330P protein has a Soret peak at 418 nm. On C12-imidazole addition, the Soret
peak shifts to 424 nm, consistent with a nitrogen ligation of the heme iron. The
binding data were fitted using Equation 2 (as described in Section 2.17), and the
Kd was determined at 4.4 ± 0.7 µM. This indicates tighter binding of the C12imidazole inhibitor, and ligation of the imidazole moiety to the P450 heme iron,
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when compared with the higher Kd values for imidazole with both the I401P
mutant (65 ± 5 mM) and the WT BM3 (several milimolar) [163]. The binding of
the imidazole moiety to the heme iron also suggests that the A330P mutant does
accept fatty acids into its active site. However, due to the lack of optical binding
observed with various fatty acids, it seems likely that they no longer bind in a
mode that displaces the 6th ligand water molecule to the heme iron in order to
cause development of high-spin heme iron. This observation is consistent with a
major change in molecular selectivity in this mutant. The structures of the C4
and C6 acids (butyric and hexanoic acids) and of the C12-imidazole are shown
in Table 5.1.
Substrate/ ligand

Structure

Lauric acid (C12)
Myristic acid (C14)

Arachidonic acid (C20)

NPG (N-palmitoylglycine)

7-ethoxy-resorufin
Resorufin
7-methoxy-4- trifluoromethylcoumarin (MFC)
7-benzyloxy-4trifluoromethylcoumarin (BFC)
7-hydroxy-4trifluoromethyl- coumarin
(HFC)
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7-methoxy-4aminomethyl- coumarin
(MAMC)
7-hydroxy-4aminomethyl- coumarin
(HAMC)
7- benzyloxy
quinoline (7BQ)
7- hydroxy
quinoline (7HQ)
Caffeine

Nicotine

Alosetron

Diclofenac

Phenacetin

Hexanoic acid (C6)
Butyric acid (C4)
C12-imidazole

Table 5.1: The substrates of WT BM3 and I401P BM3 used in binding titrations
with the A330P mutant. A variety of known WT BM3 fatty acid substrates, I401P drug
and fluorescent substrates were used to test for affinity to the A330P protein.
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Figure 5.9: Optical binding titration of full length A330P BM3 with C12-imidazole.
The upper panel (A) shows the spectrum for the low-spin full length A330P mutant
(black, 9.5 M), which has a Soret peak of 418 nm. On C12-imidazole addition (from a
100 µM stock) the Soret peak shifts from 418 to 424 nm (arrows show the direction of
the absorption change in the titration), indicating heme iron ligation from a C12imidazole nitrogen atom. The insert in panel A shows the difference spectra used to
obtain the maximal absorption difference change at each titration point. The lower
panel (B) shows a plot of C12-imidazole-induced heme absorbance change versus the
relevant [C12-imidazole]. Data were fitted using Equation 1 to give a Kd value of 4.4
±0.67 µM. Data are corrected for dilution effects and absorption difference data are
plotted as positive values.
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5.8

Electron paramagnetic resonance (EPR) of the A330P BM3 heme
domain

EPR spectroscopy was used to investigate the heme iron environment and
coordination state of the A330P heme domain, and in order to compare its
properties with those of the WT BM3 heme domain protein. EPR studies of the
substrate-free A330P heme domain protein (Figure 5.10, red spectrum) show
the low-spin (LS) features of the ferric heme iron. There was no evidence for
any significant proportion of high-spin (HS) heme iron in the EPR spectrum of
the A330P mutant, which would typically have the g-values at gz = 8.18 and gy =
3.44 and gx = 1.66 [184]. The EPR data are thus consistent with the LS state
observed using UV-Vis spectroscopy (Section 5.5) and the EPR spectra here are
shown between 2000 and 4000 Gauss, to display the LS features of the A330P
mutant clearly. There was one LS species present in the substrate-free A330P
heme domain at gz = 2.42, gy = 2.26, gx = 1.91 (2.42/2.26/1.91) (Figure 5.19, red
spectrum), and one in the WT BM3 heme domain at 2.24/2.26/1.92 (Figure
5.19, black spectrum). These two species are near identical and point to the
same substrate-free, cysteine thiolate-ligated heme iron (with a H2O molecule as
the other axial ligand) environment in both the WT BM3 and its A330P mutant.
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Figure 5.10: X-band EPR spectra for the substrate-free A330P BM3 and WT BM3
heme domains. The substrate-free WT BM3 heme domain (black spectrum) displays a
single LS species with g-values of 2.42/2.26/1.92. The substrate-free A330P heme
domain (red spectrum) exhibits a single LS species at 2.42/2.26/1.91, which is very
similar to the WT species.
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5.8.1 EPR of the A330P BM3 heme domain with C12-imidazole

Further EPR studies were done with A330P and the C12-imidazole inhibitor, the
only molecule that exhibited heme iron interactions in UV-Vis studies. As the
inhibitor was dissolved in ethanol to achieve the appropriate concentrations for
binding studies, the effects of solvents on the EPR spectrum of the A330P heme
domain were also examined.
The substrate-free A330P heme domain exhibits a single LS species (Figure
5.11, black spectrum), with g values at 2.42/2.26/1.91. Ethanol addition (6%
total sample volume) produces two LS species, with g-values at 2.42/2.26/1.93
and 2.45/2.26/2.91 (Figure 5.11, red spectrum). The first LS species is very
similar to the species seen in the substrate-free A330P EPR spectrum and
correlates with a heme iron coordinated via an axial water ligand. The second
species with the gz value of 2.45 is indicative of the changes in the heme
environment caused by solvent interaction with the heme iron. Ethanol could
interact with the heme iron directly, via its oxygen atom, or indirectly, e.g. by
displacing the water molecule coordinating the heme iron or by interacting with
a retained water 6th ligand. When C12-imidazole is added, two LS species form,
both identical to the two species observed in the A330P EPR spectrum with
ethanol. This suggests that the formation of the second species (2.45/2.26/1.91)
is due largely to ethanol and not the C12-imidazole itself. However, the ratio of
the two LS species in the C12-imidazole sample is shifted compared to the
ethanol sample, with the 2.45/2.26/1.91 species becoming the dominant
species. This suggests that C12-imidazole produces a similar effect on the heme
environment to ethanol, and that the LS species with gz = 2.45 possibly indicates
a heme iron interaction via the nitrogen of the imidazole group of this inhibitor,
or that the C12-imidazole interacts with a water molecule retained as the heme
iron 6th ligand.
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Figure 5.11: EPR spectra of the A330P heme domain with C12-imidazole and
ethanol. The substrate-free A330P heme domain spectrum (black) exhibits one LS
species at 2.42/2.26/1.91. Ethanol (red) addition (6% of total sample) shows two
major LS spectra of similar intensity, with g-values at 2.42/2.26/1.93 and
2.45/2.26/1.91. C12-imidazole addition (blue) results in identical LS species to the
ethanol sample, with g-values at 2.42/2.26/1.93 and 2.45/2.26/1.91. The ratio of the
two species shifts in the C12-imidazole sample compared to the ethanol sample, with
the 2.45/2.26/1.91 species becoming the dominant LS species.
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5.8.2 EPR of the A330P BM3 heme domain with the solvent DMSO
While a substrate for A330P could not be established, a very small HS shift was
observed on DMSO binding. Due to the previously observed effect of DMSO on
the WT BM3 and its I401P mutant, both in UV-Vis and EPR spectroscopy
(Sections 3.10.5, 4.3.1 and 4.3.2), the effects of DMSO were also investigated via
EPR in the A330P mutant. The substrate-free A330P EPR spectrum shows a
single LS species with g-values at 2.42/2.26/1.91 (Figure 5.12, black spectrum).
DMSO addition (5% total sample) produces a new LS species at 2.46/2.25/1.91
(Figure 5.12, red spectrum). This species indicates heme iron ligation, likely due
to the DMSO interacting with the heme iron in a similar way as seen in the WT
BM3 and its I401P mutant, i.e. via its sulfur atom (or possibly its oxygen atom).
The DMSO spectrum exhibits broad peaks compared to the substrate-free
A330P spectrum, suggesting that perhaps a second LS species is obscured by the
intense 2.46/2.25/1.91 species. No HS species were observed.
The addition of more DMSO (50% sample, data not shown) produces two new
LS species: a major species at 2.46/2.25/1.90 and a minor species visible as a
shoulder at 2.43/2.25/1.91. The major species is almost identical to the species
seen in the low DMSO sample (5% total sample). The second, minor species
indicates that DMSO may be binding in a new conformation in a small
proportion of the protein, interacting with the heme iron without displacing the
water molecule coordinating it. Compared to the I401P mutant, there is no HS
species observed in the DMSO spectra, possibly because the A330P enzyme
preferentially adopts LS conformations at EPR temperatures, or perhaps simply
due to the fact that the observed HS shift in UV-Vis binding studies was too
small to be observable in EPR.
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Figure 5.12: EPR spectra of the A330P heme domain with DMSO solvent. The
substrate-free A330P heme domain spectrum (black) exhibits one LS species at
2.42/2.26/1.91. DMSO (red) addition (5% of total sample) shows one major LS species
as well, with g-values at 2.46/2.25/1.91. These is no observable HS component in these
spectra.
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5.9.

Characterization of the AP/IP double mutant using known WT BM3
and I401P BM3 substrates

The AP/IP double mutant was generated with the intention of combining the
reported substrate diversification effects observed in the I401P and A330P
point mutants [88, 97] and possibly simultaneously introducing further changes
to the double mutant’s specificity profile. To explore the effects that the AP/IP
mutation had on the diversification of this mutant’s substrate pool, the AP/IP
heme domain protein was used in binding titrations with a selection of lipid
substrates and other molecules.
Binding studies were first attempted using the WT BM3 substrate lauric acid.
However, the AP/IP protein precipitated immediately upon substrate addition.
Next, testosterone was used in binding titrations. This substrate produced a
small shift towards a high-spin, 390 nm Soret state. However the AP/IP protein
again precipitated readily and hence a binding constant could not be
established. Due to both lauric acid and testosterone being dissolved in 20%
ethanol in these titrations, it is likely that the double mutant exhibited increased
sensitivity to this solvent to a level that has not been observed in the WT BM3 or
any of the other mutants examined in this work. This would correlate with the
instability of the AP/IP double mutant observed previously (Section 5.4), and
would suggest that the double mutant protein conformation is extensively
perturbed. Both lauric acid and testosterone required solvent to facilitate their
solubilisation in water to a high enough concentration to perform binding
titration studies with the AP/IP double mutant. Thus, likely due to the solvent
effects on the stability of the AP/IP mutant, it was not possible to progress a
binding titration to an extent that would allow for determination of an accurate
Kd value.
In further studies, solvents were avoided in substrate solubilisation where
possible. NPG binding was attempted next (Figure 5.13), producing a small highspin shift in the AP/IP heme domain Soret peak. Figure 5.13 shows the resting
state, low-spin AP/IP protein with a Soret peak at 420 nm. On NPG addition,
there is a small shift towards a 390 nm peak, signifying that the binding of NPG
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to the AP/IP heme domain occurs with development of some high-spin heme
iron. However, the AP/IP heme domain could not be saturated with this
substrate, and there was only a small proportion of high-spin heme formed. The
binding data were fitted using Equation 2 (as described in Section 2.17), and the
Kd was determined at 128 ± 79 µM. Due to the instability of this protein, the
AP/IP mutant was seen to precipitate readily at high NPG concentrations, and
therefore the data obtained needed to be extensively corrected for turbidity
effects. Compared to the Kd values for NPG observed in the WT BM3 (0.2 µM)
and I401P (0.012 µM) proteins, the AP/IP mutant has much weaker binding
affinity for NPG. Loss of fatty acid specificity/affinity has been observed in the
A330P mutant in this work, and it is likely that the structural perturbation that
this mutation introduces into the double mutant outweighs the positive (high
affinity) effect that is attributed to the I401P mutation.
Further binding titrations were attempted with a range of I401P BM3
substrates, including diclofenac, caffeine and ±nicotine. Both diclofenac and
caffeine exhibited some substrate-like binding, but due to the ready
precipitation of the AP/IP double mutant, no meaningful binding curve could be
obtained. The double mutant was found to exhibit increased stability in high
phosphate/high salt buffers, likely due to the high ionic strength of such
buffers/salts stabilising the protein structure by binding to specific residues and
preventing aggregation [206]. The instability of this protein in binding titrations
could therefore be due to the solubilisation of some substrates in low
phosphate/salt buffers. The structures of the substrates used in binding studies
with the AP/IP double mutant are shown in Table 5.2.
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Substrate

Structure

Lauric acid (C12)

Testosterone

NPG

Caffeine

Diclofenac

Nicotine

Table 5.2: The substrates of WT BM3 and I401P used in binding titrations with
the AP/IP mutant heme domain. A selection of fatty acid WT BM3 substrates and
I401P drug substrates were used to test for binding affinity to the AP/IP double mutant
heme domain.
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A

B

Figure 5.13: Optical binding titration of AP/IP His-tagged heme domain with NPG.
The upper panel (A) shows the Soret peak at 420 nm for the low-spin, resting state of
the AP/IP double mutant (9.5 µM). On NPG addition (from a 1 mM stock), the Soret
peak shifts towards 390 nm to a small extent (arrows show the direction of the
absorption change in the titration at different wavelengths). These data signify a partial
conversion from a low-spin to a high-spin, substrate-bound protein. The insert in panel
A shows the difference spectra used to obtain the maximal absorption difference
changes at each titration point. The lower panel (B) shows a plot of AP/IP heme
absorbance change, induced by NPG binding, versus the relevant [NPG]. Data were
fitted using Equation 2. The Kd value was calculated at 128 ± 79 µM. The data are
corrected for dilution effects.
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5.10 Differential scanning calorimetry (DSC) of the AP/IP heme domain
protein
Due to the observed increased instability of the AP/IP double mutant heme
domain during purification and in binding titrations, it was postulated that the
introduction of these two mutations greatly disturbs the protein conformational
state. The I401P heme domain mutant was already shown to exhibit an ~6°C
decreased thermostability (Tm value) compared to the WT BM3 protein (Section
4.2). To investigate if the introduction of a second (A330P) proline mutation
amplified the previously observed destabilization of the BM3 heme domain
structure caused by the I401P mutation, the properties of the AP/IP heme
domain double mutant were probed using DSC.
The AP/IP heme domain was analysed in its substrate-free, substrate-bound
and inhibitor-bound forms, as described in Section 2.18, to investigate
differences in its thermal unfolding profiles under these conditions and to
compare them to the WT BM3 and I401P thermal denaturation spectra. The
AP/IP heme domain exhibited a progressive thermal unfolding in its substratefree state, but a single unfolding event on substrate/ligand binding. The
transition midpoint (Tm) data for the unfolding of the AP/IP heme domain are
shown in Table 5.3, along with the calorimetric enthalpy (ΔHcal) and Van’t Hoff
enthalpy (ΔHVH) values. The WT BM3 heme domain was analysed in the same
conditions as the AP/IP heme domain for direct comparison, and its unfolding
data are also shown in Table 5.3.
The data in Table 5.3 show that the AP/IP double mutant heme domain does not
unfold in a single step, and therefore no accurate Tm values could be obtained.
Instead, the DSC data for the AP/IP heme domain protein (Figure 5.14, panel A)
appear to show a series of unfolding transitions at relatively low temperatures,
culminating with an apparent exothermic aggregation event at ~54 °C, showing
that the protein completely unfolds/aggregates at ~4 °C lower than the first
unfolding event (58.51 °C) and at ~12 °C lower than the second unfolding event
(65.96 °C) observed for substrate-free WT BM3 heme domain. The NPG-bound
AP/IP heme domain produces a single unfolding event at a Tm of 46.55 °C, ~19
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°C lower than the NPG-bound WT BM3 heme domain unfolding event. This
shows that there is a significant decrease in thermostability in the double
mutant, which is also evident from events at higher temperatures in the NPGbound AP/IP DSC data (Figure 5.14, panel B), where the double mutant
undergoes aggregation and gives a very unstable read, making even the
accurate assignment of the single Tm value difficult. The WT BM3 inhibitor 4phenylimidazole stabilizes the AP/IP significantly, giving a ~20 °C higher
unfolding event (64.60 °C) compared to the NPG-bound AP/IP. This is still ~3 °C
lower than the value for the 4-phenylimidazole-bound WT BM3 unfolding step
at 67.70 °C. The 4-phenylimidazole-bound AP/IP DSC spectrum (Figure 5.14,
panel C) also shows an unstable read and rapid protein aggregation at higher
temperatures.
Thus, DSC data obtained for the IP/AP heme domain are generally of low
quality, and reinforce the limited stability of this mutant protein. As was found
to be the case (to a lesser extent) with the I401P heme domain (Section 4.2), the
AP/IP double mutant destabilizes the WT BM3 protein structure. Compared to
the ~6 °C destabilisation observed in NPG-bound I401P, the AP/IP double
mutant further destabilises the WT structure by ~19 °C. While 4phenylimidazole has not been tested in binding titrations for inhibition of
AP/IP, its presence does stabilize the double mutant to a significant degree, with
the protein unfolding at a ~4 °C higher temperature than the I401P heme
domain in the same conditions. The gradual and periodic unfolding events
observed for the substrate-free AP/IP heme domain reflect its unstable nature,
with a series of unfolding transitions observed at relatively low temperatures
prior to final aggregation of the protein. NPG and 4-phenylimidazole both
stabilize the protein, allowing a single, clearly detectable unfolding event to be
observed. 4-phenylimidazole appears far more effective than NPG, with the
single unfolding event occurring at a much higher temperature. However, it
should be noted that the DSC data are not of high quality for the AP/IP heme
domain protein.

231

Protein (ligand)

WT

Tm 1

ΔHcal1

ΔHVH1

Tm 2

ΔHcal2

ΔHVH2

(°C)

(kcal

(kcal

(°C)

(kcal

(kcal

mol-1)

mol-1)

mol-1)

mol-1)

4.3E3

1.43E5

1.05E5

1.73E5

58.51

65.96

(0.08) (1.41E3) (5.38E3) (0.03) (1.34E3) (2.67E3)
WT (NPG)
WT (4-

65.84

2.35E5

1.43E5

---

---

---

(0.16) (1.37E4) (1.05E4)

63.85

8.81E4

2.43E5

67.70

8.87E4

1.39E5

phenylimidazole) (0.54) (1.67E4) (2.8E4)

(0.13) (1.76E4) (1.49E4)

AP/IP

---

---

---

---

---

---

AP/IP (NPG)

46.55

2.53E4

2.07E5

(0.11) (1.58E3) (1.61E4) ---

---

---

8.79E4

7.69E4

AP/IP (4phenylimidazole) ---

64.60
---

---

(0.21) (3.59E3) (3.91E3)

Table 5.3: DSC thermal unfolding data for WT BM3 and AP/IP heme domain
proteins in substrate free, substrate-bound and inhibitor-bound forms. The
thermal transition midpoint (Tm), calorimetric enthalpy (ΔHcal) and Van’t Hoff enthalpy
(ΔHVH) values are shown for the WT and AP/IP heme domains in their substrate-free,
NPG- and 4-phenylimidazole-bound forms. Data were collected as described in Section
2.18. Dashes indicate the absence of clearly assignable Tm values for the NPG-bound WT
and AP/IP heme domains, and for the substrate-free and 4-phenylimidazole-bound
AP/IP heme domains.
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A

B

C

Figure 5.14: DSC data for the thermal unfolding of substrate-free (A), NPG-bound
(B) and 4-phenylimidazole-bound (C) AP/IP heme domain. Panel A shows the DSC
unfolding profile for the substrate-free AP/IP domain. The profile reveals a succession
of events suggesting progressive unfolding of the protein, prior to its aggregating at
~54 °C. The NPG-bound AP/IP heme domain (panel B) has a single unfolding event (a
Tm 1 = 46.55 °C). The 4-phenylimidazole-bound AP/IP heme domain (panel C) also
exhibits one unfolding event (Tm 2 = 64.40 °C). Data were collected and fitted as
described in Section 2.18. Tm 1 and Tm 2 refer to lower and higher Tm transitions, as
seen e.g. for the WT P450 BM3 heme domain in substrate-free and 4-phenylimidazolebound forms.
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5.11 Product identification from A82F/F87V/I401P P450 BM3 triple
mutant diclofenac turnover using liquid chromatography-mass
spectroscopy (LC-MS)
The A82F/F87V/I401P P450 BM3 triple mutant was created with the intent to
combine the significantly diversified substrate selectivity observed in the I401P
mutant with the previously reported human drug metabolising A82F/F87V
double mutant [89, 149]. It was hoped that the triple mutant would show
enhanced binding/ turnover of certain human drugs compared to the individual
I401P and A82F/F87V mutants.
In binding titrations, the full length triple mutant exhibited high affinity for
diclofenac (Kd= 4.9 µM), showing tighter binding than was observed for the
I401P heme domain protein (Kd = 1.6 mM) as well as for the A82F/F87V mutant
full length protein (Kd = 337 µM, Charles Gamble, University of Manchester,
unpublished data). The A82F/F87V double mutant was shown to metabolise
diclofenac into its 2 major human metabolites, 4-OH- and 5-OH-diclofenac
(Christopher Butler, PhD thesis, University of Manchester, 2013), while the
I401P mutant was shown in this work to metabolise diclofenac into
predominantly the 4-OH-diclofenac product, and likely (to a lesser extent) into
5-OH- and 3-OH-diclofenac products (Section 4.7). To investigate if oxidation of
diclofenac also occurs with the A82F/F87V/I401P triple mutant enzyme, and to
identify any products formed, in vitro turnover studies were performed with
diclofenac and the P450 BM3 triple mutant, as described in section 2.21.
Samples were analysed by LC-MS, to identify the products of any reactions that
took place. The major hydroxylation reaction performed on diclofenac by
human P450 enzymes is shown in Figure 5.15.
LC-MS analysis of diclofenac showed a M[H+] 294 for the diclofenac standard
and a M[H+] of 310 for its major human metabolite, 4-hydroxydiclofenac (4-OHdiclofenac). Their RT values (retention times) are 8.10 and 6.84 min,
respectively. The diclofenac standard eluted as a peak followed by a broad
smear (Figure 5.16, panel A), suggesting that LC-MS conditions could be
improved to produce a better resolved diclofenac peak. The 4-OH-diclofenac
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standard (Figure 5.16, panel B) eluted in a single sharp peak. Upon
A82F/F87V/I401P P450 BM3-dependent turnover of diclofenac (Figure 5.16,
panel C), a major product is formed with a RT value of 6.78 min, and two minor
products are observed at 6.37 and 6.98 min. These products show a +16
increase in M[H+], corresponding to a gain of a hydroxyl group (OH). The 6.78
min product likely corresponds to the 4-OH-diclofenac standard, while the
products at 6.37 and 6.98 min correlate with other hydroxylated products of
diclofenac at different positions (likely 3-OH-diclofenac and 5-OH-diclofenac), as
they elute at the same m/z values as the 4-OH-diclofenac. Two very minor
products at RT values of 5.84 and 7.49 min can also be seen at the same m/z
values, suggesting further hydroxylations may occur at other positions.

CYP2C9, CYP3A4
I401P P450 BM3

Diclofenac

4-hydroxydiclofenac

Figure 5.15: Reaction scheme outlining the reaction performed by the human
P450 enzymes responsible for the metabolism of diclofenac. The major human
metabolite formed by hydroxylation of diclofenac is 4-OH-diclofenac, as produced by
the CYP2C9 and CYP3A4 enzymes. 4-OH-diclofenac is also produced by the I401P P450
BM3 mutant (see Section 4.7).
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B

C

Figure 5.16: LC-MS traces for diclofenac turnover by the A82F/F87V/I401P P450
BM3 enzyme. Panel A shows the trace for the diclofenac standard, with a M[H+] of 294,
and a RT (retention time) = 8.10 min. Panel B shows the 4-OH-diclofenac standard,
M[H+] 310, RT = 6.84 min. Panel C shows the A82F/F87V/I401P turnover reaction with
diclofenac. Following a 1 hour incubation, metabolites are seen in the reaction mixture,
with 4-OH-diclofenac (RT = 6.78 min), and other minor metabolites at 5.85, 6.37, 6.98
and 7.49 min. All correspond to the M[H+] value of 310, suggesting they are all
hydroxylated products of diclofenac at different positions on the molecule.
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5.12 Summary
The P450 BM3 protein has proven to be a flexible platform for drug
development and metabolism [207], and has been extensively mutagenised to
bind and oxidize many novel drug substrates not recognized by the WT enzyme.
Proline insertion mutations have not been extensively explored yet for P450
BM3, although proline can be structurally disruptive and may lead to
considerable changes in active site organization. Recently however, two proline
substitution P450 BM3 mutants, the I401P and A330P mutants, were
structurally characterized and showed substrate diversification towards novel
molecules [88, 97]. The I401P mutant was extensively characterized in this
work (Section 3 and 4) and found to bind/metabolise an array of human drugs.
To further explore the effects of proline mutations on the WT BM3 protein, the
A330P mutation was also generated and expressed/purified in both full length
BM3 and heme domain forms.
The A330P full length and heme domain mutant plasmid DNAs were generated
and the P450 genes expressed in E. coli BL21 (DE3) cells. The full length A330P
BM3 enzyme was purified from disrupted cells, using nickel affinity
chromatography and Q-Sepharose column chromatography. For the A330P
heme domain protein, a multi-column purification process was required, using
an AKTA purification system. SDS-PAGE gel analysis was done for the purified
proteins, to confirm the purification of correctly sized, intact proteins. The
A330P proteins were characterized using UV-Vis spectroscopy and their
properties compared to those of their WT BM3 protein counterparts. They were
found to have similar spectral features to the WT intact P450 BM3 and its heme
domain. Next, the A330P protein was characterized by using CO gas binding to
the ferrous heme iron, creating a P450 complex. This allowed for the calculation
of the concentration of the A330P proteins (using the method of Omura and
Sato [7]), which was found to be 1.7 mM for the full length A330P enzyme and
545 µM for the heme domain A330P BM3 in the cases of the protein
preparations used for the majority of the work presented in this chapter.
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To characterize in more detail the A330P active site and any changes in
substrate selectivity with this mutant, UV-Vis binding titrations were done initially using known WT BM3 substrates. Lauric acid, myristic acid, arachidonic
acid and N-palmitoylglycine (NPG) were trialled, but no evidence of spectral
binding was observed with the full length A330P protein. Next, a variety of
I401P-type substrates were investigated for binding to the A330P full length
protein, including fluorescent substrates, caffeine, diclofenac, alosetron, nicotine
and phenacetin. These molecules also failed to show any evidence of binding by
UV-Vis spectral analysis. Due to the A330P mutant reportedly exhibiting
enhanced activity towards short-chain fatty acids [88], hexanoic and butyric
acids were also investigated as potential A330P substrates/ligands. As these
molecules also failed to induce any substrate-like binding with the A330P full
length protein, it was postulated that the proline insertion mutation restricts
access to the A330P heme domain active site in such a way that prevents all of
the tested molecules from interacting with the heme iron directly or from
displacing the axial H2O ligand on the heme iron to induce high-spin heme iron
development.
To investigate this hypothesis further, a C12-imidazole inhibitor molecule (12(imidazolyl)-dodecanoic acid) was used in further binding trials with the A330P
full length protein. It was envisaged that if the molecule could enter the active
site it would ligate the A330P heme iron, shifting the resting state Soret band of
the protein towards ~424 nm due to axial coordination of the P450 heme iron
by the imidazole group. Strong A330P inhibition (Kd = 4.4 µM) was indeed
observed with C12-imidazole, suggesting strongly that long-chain fatty acids
(and possibly medium- and short-chain fatty acids) can still enter the A330P
active site, but that they do not adopt a binding pose similar to that observed for
the WT BM3 that enables displacement of the axial water ligand from the heme
iron. This finding is consistent with changes in P450 active site structure in the
A330P mutant that perturbs fatty acid substrate binding mode. Wong et al
reported that, in the A330P crystal structure, the Pro330 mutation displaces the
Pro329 residue, causing it to protrude into the active site above the heme iron
[88]. This constricts the area around the iron, preventing the binding of long
chain fatty acids, presumably because these substrates can no longer bind close
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enough to the heme iron to displace the axial water molecule. Wong et al. also
reported higher affinity of the A330P mutant for small, non-natural substrates
and short chain fatty acids [88], which could not be confirmed in this work. It is
possible that the A330P mutation induce further changes in the active site to
those already observed in the crystal structure (i.e. that the solution state
conformation is different to the crystal state), or possibly that the Pro330
mutation displaces the Pro329 residue to a greater extent than is shown in the
crystal structure, constricting the active site and altering the binding mode of
fatty acids and small substrate-like molecules such that they do not induce highspin heme iron development on binding.
Imidazole affinity is weak for the I401P (65 mM) and the WT BM3 full length
proteins (several milimolar [163]). However, A330P shows quite high affinity
for the C12-imidazole ligand (with heme ligation), despite there being negligible
heme optical changes occurring on the binding of the C12 fatty acid itself. These
data show that the imidazole moiety of C12-imidazole is able to orientate such
that it can coordinate the A330P heme iron, which in turn indicates that the
linked fatty acid chain is bound within the mutant active site. This finding
appears to confirm that fatty acids can bind to the A330P heme domain, but that
the -terminal regions of these fatty acids bind in a different mode to that seen
for the WT BM3, and that they fail to effectively displace the axial water ligand
from the heme iron. Further substrate/ligand binding experiments are needed
to identify good substrates and inhibitors for this BM3 mutant and in order to
investigate further the active site structure of the A330P BM3 heme domain and
the apparently distinctive modes of binding of lauric acid (and other fatty acids)
in comparison to the C12-imidazole.
To further characterise the heme iron environment of the A330P BM3 heme
domain mutant, EPR was done on its substrate-free form. There were negligible
signals associated with a HS species, but a distinct LS species was observed. This
LS species, with g-values of 2.42/2.26/1.91, is typical for a heme iron proximally
ligated to a cysteine thiolate with a distally-coordinated water molecule, and
these g-values were identical to the species found in substrate-free WT BM3
heme domain (and very similar to that observed in substrate-free I401P) [183].
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Next, the inhibition of A330P with C12-imidazole was investigated via EPR, as
this was the only molecule that exhibited interaction with the A330P heme iron.
Due to the low solubility of lauric acid (C12) in aqueous solutions, ethanol was
used to solubilise this inhibitor and to achieve the concentrations needed to
perform binding studies. A solvent control was therefore done with ethanol as
well. On ethanol addition the A330P heme domain exhibits two LS species of
similar intensity, at 2.42/2.26/1.93 and 2.45/2.26/1.91. C12-imidazole addition
also produces two LS species, with identical values to those observed in the
ethanol sample. The ratio of the two species is shifted in the C12-imidazole
sample, from an ~60/40 ratio of the 2.45/2.26/1.91 to the 2.42/2.26/1.93
species in ethanol, to a major (~75%) 2.45/2.26/1.91 species, with a minor
species at 2.42/2.26/1.93. This suggests that the C12-imidazole interacts with
the heme iron in a similar way to ethanol alone, but influences the balance
between distal coordination states of the iron. The C12-imidazole produces a
higher population of the 2.45/2.26/1.91 species. This change may result from
direct ligation of the heme iron by the imidazole ring nitrogen of the C12imidazole molecule in a proportion of the enzyme. However, perhaps a more
likely model involves indirect interactions of the C12-imidazole with a retained
6th ligand water molecule on the A330P heme iron.
In studies with the WT BM3 and its I401P mutant, DMSO was found to affect the
heme environment in spectroscopic studies (Chapter 4). DMSO was shown to
affect the UV-Vis properties of the A330P protein, with a small HS shift observed
on DMSO addition. For this reason, the effect of DMSO on the EPR spectrum of
A330P was examined as well. The substrate-free A330P heme domain spectrum
exhibited LS species at 2.42/2.26/1.91, identical to the species observed in
previous EPR experiments with A330P. On DMSO addition (5% total sample), a
new LS species appeared at 2.46/2.25/1.91. These g-values suggest a heme iron
ligation, with the DMSO likely interacting with the heme iron directly, either
through its oxygen or sulfur atom. The LS species observed in A330P is very
similar to the one observed in I401P (2.45/2.25/1.91) and WT BM3
(2.45/2.26/1.91) with 5% DMSO. However, this species is less pronounced in
the I401P and WT BM3 EPR spectra. These spectra also exhibit a LS species at
2.42/2.26/1.91 in the WT BM3 and at 2.42/2.25/1.91 in the I401P BM3, which
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is absent in the A330P species. However, the EPR spectrum of the 5% DMSO
A330P sample exhibits broad peaks, and it is therefore possible that a second LS
species, similar to the ones observed in WT BM3 and I401P, is simply obscured
by the more intense ligated species spectrum.
No HS species can be observed on DMSO addition to the A330P heme domain,
compared to the I401P protein, which exhibits an increased HS component.
Since UV-Vis studies exhibited only a small HS shift, it is possible that this shift is
not observable by EPR, or diminished at the cryogenic temperature required for
heme EPR. In many respects, the 5% DMSO A330P sample is much more similar
to the high DMSO-containing WT and I401P samples (50% total sample). In
these samples, the ratio of the two LS species is shifted almost entirely towards
the ligated species and there is no observable HS component. On further DMSO
addition to A330P (50% total sample), a major species at 2.46/2.25/1.90 and a
minor species at 2.43/2.25/1.91 can be seen. This suggests that a higher DMSO
concentration increases the proportion of the ligated species at gz = 2.46, as well
as allowing for the binding of DMSO in a different conformation that does not
displace the water ligand to the heme iron (or simply exhibits a less intense gz =
2.46 species, allowing the second LS species to become visible). DMSO has been
shown to interact with WT BM3 via its sulfur atom at high concentrations [170,
185], and it is therefore likely that this is the case for A330P as well. Its
constrained active site appears to allow DMSO to interact with the heme iron,
although the lack of a HS component in this enzyme, compared to I401P, could
indicate the inability of DMSO to shift this mutant HS. Further spectroscopic
experiments are needed to explore this A330P mutant. For instance, EPR
studies could be done with substrate-bound A330P heme domain (when a
suitable substrate is identified), in order to characterize the heme environment
of this mutant protein and to ascertain if the protein can form a HS species in
EPR on appropriate substrate-binding. Other spectroscopic analyses (e.g. using
resonance Raman or ENDOR spectroscopy) may also be valuable in probing
heme iron environment, heme conformation and ligation state in this enzyme.
While substrate specificity diversification has been very successful through
introduction of the I401P mutation into P450 BM3 (creating an enzyme that
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extends the WT substrate pool towards fluorescent molecules, human drugs,
solvents and small molecules like glycerol and caffeine), the affinity of the I401P
BM3 towards these substrates was often low compared to human CYPs that
have evolved to metabolise these substrates. In work aimed at further
diversifying the BM3 substrate pool and possibly enhancing specificity towards
certain substrates, a second proline insertion mutation (A330P) was added to
the I401P proteins. The A330P mutant was reported to be selective for small
molecules (such as pentane and toluene [88]) and it was hypothesised that the
introduction of this second mutation into the I401P may further enhance
specificity towards such molecules. The A330P/I401P (AP/IP) double mutant
was generated in both the full length BM3 and heme domain DNA constructs.
Poor yields of plasmid DNA were recovered from full length AP/IP BM3
transformant cells, possibly indicating toxic effects of the gene product in these
cells. Accurate sequencing of the full length AP/IP BM3 DNA could not be
achieved, and in view of time available, studies were restricted to the analysis of
the properties of the AP/IP heme domain. The AP/IP heme domain was
expressed in E. coli BL21 (DE3) cells. The protein was purified using a multicolumn purification process (DEAE, hydroxyapatite, Q-Sepharose and gel
filtration columns used). The expression levels of the AP/IP heme domain were
low and the protein proved unstable through purification. Due to its readily
precipitating in low salt/low KPi concentration buffers and in view of its poor
binding to the DEAE and hydroxyapatite columns, it proved difficult to obtain a
desired level of purity for this protein. As a high level of purity was not obtained,
the AP/IP heme domain was not used in crystallization trials.
SDS-PAGE gel analysis was done for the AP/IP heme domain, to confirm
purification of intact protein of the correct size after the various column
chromatography steps. The SDS-PAGE gel showed significant degradation of the
AP/IP protein, confirming the unstable nature of this double mutant protein. It
is therefore likely that introduction of the A330P mutation destabilized the BM3
I401P heme domain structure to a degree where protein folding was affected. In
efforts to counteract this effect through more efficient purification of the
protein, a His-tagged AP/IP heme domain protein was generated. It was
considered that this would allow for faster purification of the protein via a
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single (nickel) column, and might prevent significant losses of protein during
the purification process. Unfortunately, the His-tagged AP/IP heme domain
protein exhibited low heme incorporation, despite the incorporation of δ-ALA
into the bacterial growth medium in efforts to enhance heme synthesis and
P450 heme incorporation. The AP/IP heme domain also precipitated readily in
low

salt/low

KPi

concentration

buffers

and

was

prone

to

degradation/proteolysis, and thus was only used productively for preliminary
ligand/substrate binding titrations. Future studies on this protein (if considered
worthwhile for more extensive analysis) could include expression trials to
identify improved best conditions that would enable more efficient production
of a more stable protein.
The AP/IP heme domain protein was thus characterized using UV-Vis
spectroscopy and its properties compared to those of the WT BM3 protein. The
AP/IP heme domain was found to have similar spectral features to the WT BM3
full length and heme domain proteins, although it exhibited lower heme
incorporation than did WT BM3, and a slightly broader Soret peak at 420 nm
(although this Soret position is influenced somewhat by protein aggregation
that leads to a sloping background in the AP/IP heme domain spectrum). The
AP/IP heme domain was next characterized using CO gas binding, allowing for
the calculation of the concentration of an AP/IP heme domain preparation (140
µM).
The AP/IP heme domain was further characterized through potential
substrate/ligand binding titrations. Lauric acid (as a typical BM3 fatty acid
substrate) and testosterone were titrated first with the AP/IP heme domain,
and while testosterone did give a small high-spin shift, the AP/IP protein was
observed to aggregate and precipitate during these titrations. As both these
substrates required organic solvent (ethanol) for solubilisation, it is likely that
inclusion of ethanol further increases the propensity of the AP/IP double
mutant heme domain to aggregate and precipitate. WT BM3 and I401P heme
domain proteins exhibited ethanol tolerance of ~5-10% total sample volume in
binding titrations (albeit with influences on substrate affinity at the higher end
of this solvent range). However the AP/IP heme domain ethanol tolerance
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appeared to be much lower than that for the WT heme domain, at ~2% of the
total sample volume. This finding correlates with the instability of the AP/IP
heme domain observed in previous experiments. NPG produced substrate-like
(type I) binding with the AP/IP double mutant, giving a Kd of 128 µM. This is a
much weaker binding affinity than that observed for the WT BM3 (0.2 µM) and
the I401P (0.012 µM) full length proteins, possibly due to the destabilizing
effects of the A330P mutation on the A330P/I401P BM3 heme domain protein
fold.
Due to the perturbations to fatty acid specificity/binding mode observed in the
A330P protein in this work, it is likely that the structural changes introduced
into the BM3 structure by the Pro330 mutation (including the narrowing of the
substrate access channel [88]) diminish the high binding affinity for NPG that is
observed in the I401P mutant. Future titration studies might be done with a
series of long-chain and medium-chain fatty acids to determine whether these
molecules can still bind productively (with high-spin heme development) to the
AP/IP protein, and (if this is the case) how substrate affinity compares with that
observed for WT P450 BM3 and for the I401P mutant (where improved Kd
values were determined). However, NPG showed relatively weak binding and
only partial heme iron conversion to high-spin with the AP/IP heme domain,
suggesting that diminished affinity for fatty acids may be a feature of the AP/IP
heme domain double mutant. Further binding titrations with the AP/IP heme
domain were done with diclofenac, caffeine and ±nicotine. Both diclofenac and
caffeine exhibited some substrate-like (type I) binding, but accurate Kd values
for these substrates could not be established due to the instability and
precipitation of the AP/IP heme domain during titrations. As the AP/IP double
mutant heme domain can be stabilised somewhat in high ionic strength buffers,
further work could be done to determine the best buffer conditions for the
unstable AP/IP heme domain. These studies may allow accurate Kd values for
substrates to be obtained.
Due to the apparent perturbation to the BM3 heme domain structure in the
AP/IP double mutant, DSC studies were done to examine the thermostability of
this protein. Substrate-free AP/IP heme domain did not give a clear unfolding
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transition with an associated Tm value, but instead shows a pattern of thermal
changes during ramping of temperature, before an apparent exothermic
aggregation/unfolding event at ~54 °C. This Tm is ~ 4.5 °C and 12 °C lower than
the two Tm transitions observed for the WT BM3 heme domain, thus revealing a
large decrease in thermostability of the AP/IP heme domain compared to the
WT heme domain, and again consistent with its unstable nature in solution.
NPG- and 4-phenylimidazole binding stabilized the double mutant heme domain
sufficiently for a distinct unfolding event to be observed with a defined Tm value.
However, this Tm for the AP/IP heme domain mutant is still ~19 °C and ~3 °C
lower than the comparable Tm values for the NPG- and 4-phenylimidazolebound forms of the WT BM3 heme domain. 4-phenylimidazole clearly stabilizes
the AP/IP heme domain protein structure, although DSC data for this mutant are
not of high quality. However, 4-PIM has not been tested for affinity/for
inhibition of the A330P heme domain in binding titrations. Compared to the ~6
°C destabilisation observed in the I401P heme domain mutant, the AP/IP heme
domain is further destabilised by at least ~12 °C compared to the WT structure,
again consistent with the observed instability of the protein during purification
and in binding studies. Further structural studies with the AP/IP double mutant
heme domain are required to elucidate the combined effects of the two proline
mutations on the P450 BM3 conformation. In view of the instability of the AP/IP
heme domain, crystallographic analysis may require further engineering of the
AP/IP mutant to enhance its stability/diminish its propensity for aggregation.

Lastly, due to the AP/IP double mutant heme domain proving too structurally
unstable for meaningful substrate binding and turnover studies, the I401P
mutation was inserted into an existing BM3 double mutant that showed
increased diversification of substrate specificity to include certain human drugs.
The A82F/F87V double mutant exhibited binding/oxidation of diclofenac and
phenacetin, and the insertion of the I401P mutation was predicted to further
improve the activity of this double mutant towards human drugs. In separate
studies, the A82F/F87V/I401P full length BM3 triple mutant clone was
generated and expressed in E. coli. The protein was purified using a multi-step
purification process using Ni-IDA chromatography and a LipidEx lipid exclusion
column (as described in Section 2.12). The triple mutant BM3 enzyme was used
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in binding studies (Charles Gamble, University of Manchester, unpublished
work) and it was found to bind diclofenac (Kd = 4.9 µM) with high-spin heme
iron development, showing a higher affinity for this drug than do the I401P
heme domain (1.6 mM) and the A82F/F87V (337 µM) full length protein. Due to
the I401P and A82F/F87V double mutant BM3 enzymes catalysing diclofenac
metabolism into its major human metabolites (4-OH-, 5-OH- and 3-OHdiclofenac),

diclofenac

turnover

studies

were

also

done

with

the

A82F/F87V/I401P triple mutant BM3 enzyme. The metabolites formed were
analysed using LC-MS analysis, and the triple mutant was found to metabolise
diclofenac extensively. A major 4-OH-diclofenac metabolite and minor 5-OHand 3-OH-diclofenac metabolites were observed. Diclofenac hydroxylations
were also apparent at other positions (possibly on the other aromatic ring) in
low amounts. CYP2A9 is the major diclofenac metabolising enzyme in humans,
producing 4-OH-diclofenac as its major metabolite [197]. From the LC-MS data
it

is

clear

that

4-OH-diclofenac

is

also

the

major

product

from

A82F/F87V/I401P BM3-dependent diclofenac metabolism. 5-OH-diclofenac and
3-OH-diclofenac are minor human CYP metabolites, and the BM3 triple mutant
makes these products as well, suggesting that this enzyme could be a good
substitute for CYP2A9 in generating hydroxylated diclofenac products for use in
e.g. drug metabolite safety testing. The binding affinity of the triple mutant for
diclofenac (Kd = 4.9 µM) compares well with the CYP2C9 Km for diclofenac (9
µM) and, due to the high catalytic activity of BM3, it is likely that the triple
mutant would produce much higher yields of these metabolites than does
CYP2C9. The A82F/F87V/I401P BM3 mutant could therefore be a useful
catalyst for the preparation of human-type (CYP2C9) metabolites of diclofenac.
Further experiments should be done to determine the ratio of oxidized
metabolites formed (e.g. by using NMR to characterize the different purified
products), and to determine if the spectrum of diclofenac products formed by
the BM3 triple mutant is similar to that produced by human CYP2C9 in terms of
the ratio of hydroxylated species formed. Diclofenac binding and metabolism
should also be further examined using kinetic analysis, and the apparently
enhanced catalytic properties of this BM3 triple mutant should be compared to
those of the I401P mutant (e.g. by determining kcat and Km values) in order to
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determine if the BM3 triple mutant exhibits superior diclofenac turnover
properties to the I401P BM3.
In conclusion, three further BM3 mutant proteins were examined in this
chapter. The A330P mutant showed decreased activity towards all tested
substrates and the data collated suggest strongly that the Pro330 mutation is
counterproductive to substrate diversification and to P450 stability. The AP/IP
mutant heme domain showed binding to some novel substrates, but was too
structurally destabilized to be used reliably for accurate

substrate

affinity/turnover studies. The combination of the two proline mutations clearly
disturbs the BM3 heme domain fold to the extent that any beneficial gains in
novel substrate selectivity are overcome by deleterious effects on P450 stability,
which result in protein aggregration and sensitivity to solvents. Finally, the
A82F/F87V/I401P triple mutant showed good stability and in preliminary
studies exhibited higher affinity towards one of the novel substrates identified
for the I401P mutant (diclofenac). The BM3 triple mutant also exhibited humanlike, CYP2C9-type hydroxylated metabolite formation from diclofenac, making it
a good candidate for further drug metabolism studies and possibly for
preparative studies of diclofenac metabolites. The combined A82F/F87V
mutations produce less structural perturbation in the P450 BM3 heme domain
than does the A330P mutation, and it was shown that the I401P mutation could
be

introduced

into

the

A82F/F87V

background

without

excessive

destabilization of the P450 fold. Furthermore, the three mutations exhibited
synergistic effects, enhancing the substrate specificity (for diclofenac, and
potentially for other drug substrates) observed in the I401P and A82F/F87V
mutants. These data suggest that this triple mutant BM3 is a good candidate for
the further investigation of its substrate diversification properties and to
identify other pharmaceutical substrates that could be transformed efficiently
into human-type metabolites for biotechnological or biomedical applications.
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6. Discussion
6.1 Introduction
Synthetic chemistry has long been the method of choice for production of high
value chemicals, such as pharmaceuticals and their metabolites. However, due
to the high environmental impact of synthetic chemistry, difficulties with
controlling the yield, product ratios and stability of compounds, this method
comes with many issues. Efficient biocatalyst development is thus of great
biotechnological interest, with the aim of producing human pharmaceuticals
and drug metabolites in a less expensive and more selective way than
conventional methods. Due to their ability to catalyse C-H bond activation and
oxygen insertion, obvious choices for biocatalyst development are P450
oxygenase enzymes, which produce numerous oxidized human drug
metabolites (as well as numerous other molecules such as steroids and
eicosanoids) and are capable of highly controlled metabolite production at a
much lower cost than chemical methods [115]. Human P450 oxygenase
enzymes are responsible for the majority of phase I xenobiotic metabolism (a
process aimed at functionalizing these molecules and targeting them for further
metabolism and excretion), including the production of the majority of drug
metabolites. Pharmaceutical companies have become increasingly aware of the
need to identify and test these metabolites due to their frequent induction of
toxicity, reduced pharmacological effects and adverse drug interactions [24].
The bioactivation of acetaminophen (paracetamol), a widely used analgesic
drug, is a classic example of drug toxicity, where P450 metabolism produces a
toxic metabolite (NAPQI – the alkylating agent N-acetyl-p-nenzoquinone imine,
formed by P450-mediated N-hydroxylation and subsequent molecular
rearrangement) causing hepatic necrosis in patients [208]. More complex drug
interactions also occur, e.g. the inhibition of CYP3A4 by xenobiotics leading to
the accumulation of some antihistamine drugs, causing dangerous arrhythmia
[209]. Thus, high amounts of drug metabolites are required for metabolite
safety testing, drug interaction studies and extensive pharmacological testing
that is needed in order for the parent drug to be approved for use.
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Enzymatic synthesis of drug metabolites is preferable to conventional synthesis,
due to the potential for enzymes to produce high yields of desired metabolites
at a fraction of the cost of synthetic chemistry. P450 enzymes, in particular, are
suited for this task, as they can accept a wide range of substrates and are
typically highly regio- and stereoselective in substrate oxidation. Human P450s
have been engineered to produce drug metabolites, but these enzymes are often
difficult to work with: they are frequently membrane-bound and of limited
stability, require a membrane-associated redox partner (CPR) to function and
produce low yields of products [13]. Interest has therefore shifted towards
bacterial P450s, which offer several advantages to eukaryotic P450s. Bacterial
P450s are almost exclusively soluble enzymes and easier to express than human
P450s, and are capable of producing higher yields of metabolites. A particularly
appealing target for the production of drug metabolites is the P450 BM3
enzyme, a fatty acid hydroxylase from Bacillus megaterium. The enzyme is
soluble and catalytically self-sufficient, containing a P450 hydroxylase domain
covalently linked to a redox partner CPR domain via a peptide linker region.
This unusual fusion of the P450 and CPR domain allows for an extremely high
catalytic rate (17,000 min-1 with arachidonic acid), which, coupled with its
stability, ease of expression and its mammalian-like CPR domain, made it an
ideal target for biotechnological engineering and application [4, 210].
The P450 BM3 enzyme has been extensively mutagenized in the past using both
rational and directed evolution approaches [211, 212]. The BM3 enzyme was
chosen for this project due, in part, to the significant amount of prior work on
this system that showed the relative ease by which BM3 could be engineered
towards novel substrate recognition and oxidation [213]. Both random and sitedirected mutagenesis of the P450 BM3 have yielded enzymes exhibiting new
substrate specificity towards molecules such as alkanes, terpenes, steroids and
alkaloids [129, 139, 214]. BM3 specificity has also been engineered towards
human

drugs

and

other

bioactive

molecules,

including

phenacetin,

ethoxyresorufin, lovastatin and simvastatin [141, 215]. Several of these
substrate selectivity-altering mutants have included proline insertion mutations
[216]. For example, an evolved BM3 mutant with 17 mutations (named D6H10)
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also contained the A83P mutation and was shown to generate human
metabolites of propranolol [217]. The same D6H10 mutant was shown to
metabolise the drugs verapamil and astemizole to some of their must abundant
human metabolites, as well as to many less common human P450 metabolites
[142]. The 35E11 BM3 variant, containing 17 mutations, was evolved to
hydroxylate propane, with the insertion of the L188P mutation significantly
increasing propane hydroxylation and coupling of NADPH oxidation to propanol
formation [218]. The L188P mutation was shown to be the key factor in
ensuring efficient propane binding, and the mutation’s position on the F-helix
was likely responsible for a significant structural rearrangement that
accommodates propane binding [219]. Although proline mutations can be
structurally disruptive, affecting protein folding and stability, it is clear that
when this is avoided, substantial gains in novel substrate recognition and
oxidation can be made.
Against this background, the work reported in this thesis focused on the rational
redesign of the BM3 enzyme, identifying key mutations that altered the
substrate specificity of the BM3 enzyme towards pharmaceuticals. Numerous
P450 BM3 mutant variants contain an array of amino acid substitutions, many
of which have no clear or proven role in substrate binding or oxidation. A major
goal of my work was to identify crucial single substitution (point) mutations
involved in altering substrate selectivity in BM3 and then to identify human
drug substrates that interact with these mutants and to engineer these mutants
towards production of human-type metabolites of these drugs. Based on the
examination of the relevant literature, two single proline substitution mutants
were identified for further studies. The I401P and the A330P mutations were
recently reported by Luet Wong’s group to exhibit increases in catalytic activity
with known BM3 substrates, as well as with non-natural substrates, such as
toluene and 3-methylpentane [88]. The substrate-free I401P mutant (with a
proline mutation inserted directly after the Cys400 proximal ligand) was
crystallized in a “catalytically primed” conformation, showing high-spin features
and resembling a substrate-bound WT BM3 structure [97]. The A330P mutant
(with a proline inserted next to the existing Pro329 in the SRS5 region of the
P450 active site) crystal structure showed a reorganization of the active site
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close to the heme iron, leading to the mutants’ preference for short chain fatty
acids [88]. These mutants were deemed an excellent starting point for
engineering towards human drug metabolite production and formed the basis
of the work in this thesis.

6.2

Initial investigations into the novel substrate specificity of the
I401P BM3 mutant

The P450 BM3 full length and heme domain genes were cloned into the pET15b
and pUC118 expression vectors, and the I401P mutation inserted into both
constructs. On large scale expression of the I401P mutant, the E. coli cultures
exhibited a blue colour, indicating their production of indigo from indole in the
bacterial growth medium. This property immediately confirmed changes to the
substrate specificity in this mutant, as the WT BM3 protein does not metabolise
indole. The expression and purification of the full length BM3 enzymes proved
straightforward, as these His-tagged proteins required only Ni-IDA and QSepharose column purification steps to isolate pure protein. The non-tagged
heme domain proteins required a lengthier process involving diethylaminoethyl
(DEAE) Sepharose ion exchange chromatography (IEC), hydroxyapatite affinity,
Q-Sepharose IEC and gel filtration steps to isolate pure protein. The I401P
enzymes required a further purification stage compared to WT BM3, involving
LipidEx column chromatography to remove lipid substrates from their active
sites. This points to enhanced affinity for lipids induced by the I401P mutation,
and became evident due to the extensive high-spin nature of the I401P enzymes
prior to the application of the LipidEx step.
As P450 proteins have several distinctive spectral features, they can usually be
easily examined by UV-Visible spectroscopy. Their major (Soret) spectral band
shifts from ~418 nm in a substrate-free P450, to ~390 nm in a substrate-bound
P450, due to a low-spin to high-spin shift of the P450 heme iron associated with
a substrate-dependent dissociation of the axial water ligand to the heme iron. In
contrast, inhibitor binding can usually be detected via a heme Soret shift to
longer wavelengths (a Soret red shift), although the exact extent of the shift
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depends on the particular type of inhibitor used. The I401P BM3 enzymes could
therefore be examined for novel substrate/inhibitor binding using this method.
On UV-Vis spectroscopic examination of the purified I401P proteins, they
exhibited a small high-spin shoulder, which could not be removed (even
following extensive LipidEx chromatography). This pointed to the high affinity
of the I401P mutant for lipid substrates and the data collected here confirmed
its previously reported high-spin characteristics [88, 97].
An array of potential substrates were screened for binding to the I401P mutants
using UV-Vis spectroscopy, including a panel of fluorescent substrates used by
my industrial partner (Dr. Michael Voice at Cypex) as characteristic activity
assays for specific human P450s. The binding and metabolism of these
substrates could be determined using fluorescence spectroscopy. The first key
novel substrate, 7-ethoxy-resorufin (7-e-res), was identified from changes in its
fluorescence on P450 binding, and exhibited very tight binding to the I401P
mutant. Its Kd value is in the µM range despite it being a non-natural substrate,
and fluorescence spectroscopy showed that I401P catalyses oxidative
deethylation of 7-e-res to form its fluorescent product, resorufin. As 7-e-res is a
fluorescent marker for human CYP1A2-like metabolism, other CYP1A2
substrates were investigated for binding to the I401P mutant. Indeed, all
CYP1A2 substrates tested showed binding, with many small, polycyclic
molecules, such as caffeine, theophylline, theobromine and paraxanthine,
exhibiting tight binding (in the µM range) with the I401P enzyme. In parallel
studies, a wide range of other molecules were also shown to bind to the I401P
mutant, including azole drugs (which bound very tightly), steroids, organic
solvents and small molecules such as glycerol. Importantly, an array of human
drugs also bound to the I401P mutant, including alosetron, phenacetin,
diclofenac and nicotine. These drugs generally bind less tightly to the I401P
mutant (in the mM range) than do the CYP1A2 substrates. However, they
demonstrate the ability of the I401P mutant to bind to known substrates of a
series of the major human drug metabolising enzymes (CYP1A2, CYP2A6,
CYP3A4 and CYP2C9). The destabilising effects of the I401P mutant (see below)
may raise some issues with respect to optimizing operational conditions.
However, the I401P mutation clearly exerts an advantageous effect on the heme
252

domain’s conformational flexibility, allowing for the binding of a much greater
range of substrates than in the WT BM3.

6.3 The biophysical characterization of the I401P BM3 mutant
Most P450 BM3 mutations are destabilising, sacrificing protein stability for the
adoption of new binding conformations, and the acceptance of new substrates
[211]. The I401P mutant, with its wide range of novel substrates, was examined
for destabilising effects by differential scanning calorimetry (DSC) analysis. The
results confirmed that the structurally destabilising proline substitution
decreases the midpoint thermal unfolding temperature (Tm) values for the BM3
heme domain substantially (by ~6 °C). Substrate/ligand binding stabilises the
protein to thermal unfolding, as expected, although to a lesser degree than
observed in the WT BM3 protein. These data correlate with previous work by
our group, showing that DSC is a useful technique for characterising new
mutants with altered substrate specificity [89, 149].
To investigate the interactions between various substrates/inhibitors and the
I401P heme domain protein, electron paramagnetic resonance (EPR)
spectroscopy was used. The substrate-free I401P heme domain (even after
LipidEx column chromatography) exhibited a small proportion of a high-spin
species, consistent with the previously observed high-spin nature of this BM3
mutant protein. Many of the substrates tested induced no observable increase of
the high-spin component in the EPR spectra, consistent with the propensity of
P450 BM3 to favour low-spin configurations of the heme iron at the very low
temperatures (10 K) required for heme X-band EPR. Both theophylline and
diclofenac substrates exhibit low-spin EPR species that are indicative of heme
iron coordination (probably via nitrogen and chlorine atoms, respectively),
although this is not observed in UV-Vis studies as a red shift of the Soret band.
These data point to both compounds adopting different modes of binding at EPR
temperatures than are observed at physiological temperatures, and thus are not
likely to occur in vitro to significant extents. The EPR spectra for ±nicotine and –
nicotine bound forms of the I401P mutant heme domain indicate a binding
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mode for –nicotine that interferes with the +nicotine binding to the P450. EPR
data suggest that +nicotine binds either directly to the heme iron, or indirectly
via the 6th coordinated water molecule. Many molecules tested, such as
acetonitrile, ethanol, DMSO, diclofenac etc., exhibit EPR species (with g-values
between gz = 2.44 - 2.47) which might be assigned to either a direct heme iron
ligation or to an indirect interaction with the heme iron via its axial water
molecule. Heme iron coordination by water or another oxygen donating ligand
can give higher g-values than expected when influenced by interactions with
other molecules (e.g. inhibitors or solvents), even in the presence of a strong
P450 inhibitor [220]. Therefore, in the absence of structural data showing the
binding modes of these molecules, it is difficult to confidently identify the heme
coordination state in these species.
It was found in previous studies that DMSO binds to both the WT BM3 and F87V
mutant enzymes [170, 185]. The interaction of DMSO with I401P BM3 in both
UV-Vis and EPR spectroscopic studies confirmed the previous observations that,
at low concentrations, DMSO increases the high-spin heme proportion of the
BM3 mutant enzyme, while at high DMSO concentrations the solvent increases
the low-spin proportion of the enzyme. While structural studies with WT P450
BM3 and DMSO showed that the solvent can coordinate the heme iron via its
sulfur atom [170, 185], the UV-Vis and EPR data obtained in this work with the
I401P mutant indicate a more likely interaction via DMSO’s oxygen atom in
solution state studies.
Crystallography was undertaken to elucidate the structural changes induced by
the I401P proline insertion mutation and to rationalize why this mutant
exhibited such a widely diverse substrate pool. Firstly, multi-angle laser light
scattering (MALLS) analysis proved that the I401P heme domain is a
monodispersed monomer in solution, which allowed for crystallographic trials
to proceed. While the I401P heme domain crystallized readily, the crystals
obtained were unstable, dissolved rapidly when handled and were difficult to
freeze. This issue was overcome by using fresh crystals only, frozen within 3
days of their formation. A substrate-free (SF) I401P heme domain structure was
obtained at a resolution of 2.3 Å. It was near-identical in conformation to the
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previously published SF I401P heme domain structure [88] and exhibited
several structural similarities with the substrate-bound (SB) WT BM3 heme
domain (PDB code 1JPZ). The P450 F-, G-, H- and I-helices, along with the F/G
and G/H loops, were reorientated in the SF I401P heme domain structure,
leading to the substrate-free I401P heme domain adopting a “closed”
conformation typical of the SB BM3 wild-type heme domain structure. Many of
the I401P heme domain active site residues showed conformational changes
indicative of a substrate-bound mode, e.g. the rotation of the Phe87 residue, and
the reorganization of the Gly265 and His266 residues that diminish the I-helix
kink. Pro401 introduces a disruption into the space directly beneath the heme,
displacing the heme iron below the porphyrin plane, which can also be seen in
the SB WT BM3 heme domain structure (PDB code 1JPZ). The nearest water
molecule to the heme iron in the SF I401P heme domain structure is at 3.5 Å,
indicating a weak heme iron-water bond that can be easily broken on substrate
binding. The proline insertion mutation thus appears to compromise the SF
structure of the I401P heme domain, and the “substrate-bound” conformation is
preferred. The lower energy required to remove the axial water should greatly
facilitate substrate binding, explaining the higher affinity of the I401P heme
domain for novel substrates and for the tight binding of known WT BM3
substrates. Likewise, the displacement of the heme iron axial water ligand
decreases the reduction potential of the heme iron, allowing for electrons to
flow to the heme more readily in the I401P enzyme than in the wild-type P450
BM3. However, it should be borne in mind that such a change in heme redox
potential may also be associated with a greater extent of uncoupling of electron
transfer (from NADPH, via the reductase domain to the heme) from substrate
monooxygenation, particularly if the reduction of substrate-free I401P heme
iron becomes more favourable.
Further substrate-bound crystals of the I401P heme domain were not obtained,
despite multiple different approaches and numerous substrates used.
Crystallography focused predominantly on obtaining structures with drug
substrates bound, many of which did not bind tightly to the I401P mutant,
and/or had multiple binding modes within the active site. These issues, along
with reoccurring instances of poor crystal quality, prevented SB I401P heme
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domain structures being obtained. However, a structure with an ethylene glycol
molecule bound was obtained at a resolution of 1.9 Å. This structure was
identical to the SF I401P heme domain structures obtained previously, with the
ethylene glycol at a 7.5 Å distance from the heme iron. A closer approach to the
heme would be needed for this molecule to interact with the heme, although the
palmitoleic acid-bound wild-type BM3 heme domain was shown to crystallize in
a “pre-catalytic” state, with the -end of its substrate a similar distance away
from the heme iron as is the ethylene glycol molecule in the I401P heme domain
complex [84]. This bound molecule was likely bound from the PEG in the
mother liquor, although PEG itself showed no evidence of binding to the I401P
enzyme in ligand-binding studies. It is therefore reasonable to assume its
occupancy of the active site is due to the high concentration of PEG in the wells
from which the crystal originated. That is, the PEG molecule likely has rather
weak affinity for the I401P heme domain, but binds in the crystal due to its high
concentration in the mother liquor.
Steady-state kinetic studies were used to determine if the binding of drug
substrates also translated to NADPH-dependent oxidation of these substrates.
This proved to be the case, with the Km values generally correlating well with
the Kd values obtained in optical binding studies, and the kcat values indicating
high turnover rates for most of the substrates trialed. Indeed, the kcat values
obtained for I401P BM3 with a range of substrates proved to be higher than
those observed with human CYPs and the same drug substrates, indicating that
I401P likely produces higher yields of their metabolites as well. Nicotine kcat
values for I401P BM3 were particularly low, furthering the hypothesis that –
nicotine acts as an inhibitor in the ±nicotine racemate. This was subsequently
proven to be the case, as competitive inhibition assay studies showed that –
nicotine is a reasonably strong inhibitor (Ki = 53 µM), and this value is likely an
underestimate of its true inhibitory potency, given that –nicotine is already a
major component of the ±nicotine racemate used as a substrate.
Further study was directed at the analysis of the products of I401P BM3dependent oxidation of the drugs described above using LC-MS analysis. Drug
metabolite formation was confirmed with diclofenac, nicotine and caffeine
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substrates. With diclofenac, it was determined that the major reaction catalyzed
was the 4-hydroxylation of diclofenac, which is the same reaction catalyzed by
the CYP2A9 enzyme, the P450 which is responsible for the majority of
diclofenac metabolism in humans [197]. However, three other minor
hydroxylated metabolites of diclofenac were observed, among which the 3- and
5-hydroxylated diclofenac species are the most likely products. In turnover
studies of nicotine by I401P BM3, a demethylation of the nicotine pyrrolidine
ring produced a major nornicotine metabolite. This metabolite is the second
most abundant human nicotine metabolite, following the major metabolite
cotinine. Nornicotine comprises 2-3% of the nicotine metabolites made in
humans, and is produced by the CYP2A6 and CYP2B6 P450 enzymes [199]. With
caffeine substrate, the I401P BM3 enzyme catalysed three major demethylation
reactions (i.e. removing any of the three methyl groups on caffeine), producing
roughly equal amounts of theophylline, theobromine and paraxanthine. These
are the three major human metabolites, produced by CYP1A2-dependent
metabolism of caffeine, with the most abundant human metabolite being
paraxanthine [200]. These data show the undeniable potential of the BM3 I401P
mutant to produce human drug metabolites, as it forms the major human
metabolites in almost all cases here. It is clear, however, that in order for this
enzyme to mimic more closely human drug metabolism, it requires further
engineering in order to shift the ratio of its metabolites to that seen in human
P450 enzymes that metabolise these drugs, as well as further mutagenesis to
enable it to bind and oxidize different human drug classes.

6.4 Further P450 BM3 proline mutations
The I401P BM3 protein was clearly established as an excellent platform for drug
metabolism, and further protein engineering was undertaken in order to
improve its binding and the oxidation of specific drug targets. Firstly, the P450
A330P proline substitution mutant was examined for beneficial substrate
diversification. Then, the A330P/I401P double mutant was created with the
intention of combining the beneficial effects of both mutants. Both the full
length and heme domain BM3 mutant genes were cloned into pET15b
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expression vectors. The expression and purification of the full length A330P
enzyme was done using only Ni-IDA and Q-Sepharose column purification steps.
However, the full length A330P/I401P double mutant protein proved extremely
unstable and prone to degradation, and thus could not be purified in useful
quantities for analysis. This is presumably due to the combination of the two
destabilizing mutations proving excessive for the retention of enzyme integrity
in the context of the intact flavocytochrome form of the A330P/I401P mutant.
As a result, only the A330P/I401P heme domain was purified. The non-tagged
heme domain protein required DEAE Sepharose IEC, hydroxyapatite affinity, QSepharose IEC and gel filtration steps for isolation of pure hemoprotein.
However, the double mutant heme domain proved difficult to purify due to its
relative instability, including incomplete heme binding. In efforts to remedy this
issue, a His-tagged A330P/I401P heme domain construct was created, with the
aim of using Ni-IDA chromatography for isolation of protein of adequate purity
in a single step. However, the A330P/I401P heme domain was not purified
effectively by Ni-IDA, and further IEC and gel filtration steps were needed. The
A330P/I401P heme domain was shown to bind to some of the molecules shown
to be I401P BM3 substrates, but with lower affinity and frequently inducing
protein aggregation during titrations.
UV-Vis spectroscopy showed low heme incorporation for the A330P/I401P
heme domain mutant, an issue which could not be completely alleviated by the
inclusion of the heme precursor delta-aminolevulinic acid (δ-ALA) in the growth
medium. Optical binding studies with testosterone, diclofenac and caffeine
exhibited some heme iron high-spin shifta on their binding, consistent with
substrate-like interactions. However, due to the unstable nature of this mutant
and its high sensitivity to solvents required for delivery of the hydrophobic
substrates, meaningful binding constants could not be obtained in these cases.
NPG showed binding to the double mutant heme domain (Kd = 128 µM).
However, the affinity for this substrate was lower than in the I401P mutant
heme domain (Kd = 0.012 µM). Thus, no evidence for improvement in substrate
binding affinity over the I401P mutant could be seen in this mutant with any of
the molecules tested. DSC analysis confirmed that this mutant was substantially
destabilised, with no clear unfolding peak obtained for the substrate-free heme
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domain (instead a series of thermal changes indicative of low thermostability)
and an ~19 °C decrease in the Tm of the substrate-bound heme domain by
comparison to the substrate-bound WT BM3 heme domain. Substrate- and
inhibitor-binding do stabilise the A330P/I401P heme domain substantially, but
it was apparent that the insertion of two disruptive proline residues increases
the flexibility of the A330P/I401P heme domain structure to a degree where
protein stability is seriously compromised and no significant gain in novel
substrate binding and oxidation is obtained. For this reason, further studies on
this double mutant enzyme were curtailed.
UV-Vis spectroscopy was used to investigate any novel substrate binding to the
A330P BM3 enzyme. However, no substrate binding was observed using
substrates of the WT BM3 enzyme, nor using fluorescent and human drug
substrates shown to be I401P BM3 substrates. Despite the reported affinity of
A330P BM3 for small chain fatty acids and other small non-natural substrates,
no such binding could be established in studies. However, a C12-imidazole (12[imidazolyl]-dodecanoic acid) was shown to bind to the A330P enzyme,
suggesting that there is some retention of affinity for fatty acid-like molecules in
this mutant, albeit that significant binding energy here is provided via binding
with the A330P heme iron through the inhibitor imidazole group. EPR
spectroscopy confirmed that C12-imidazole reinforces the low-spin state of the
heme iron, interacting with the heme iron either directly by coordination, or
indirectly through ligation via its retained axial water molecule. By examining
the previously resolved structure of the A330P BM3 heme domain [88], the
Pro330 substitution is seen to displace the adjacent Pro329 residue, resulting in
its protrusion into the active site of the enzyme. This restricts the area directly
above the heme iron, and it is easy to rationalise how such a constriction could
radically change the substrate specificity profile for this mutant away from the
wide range of lipid substrates recognized by the WT BM3 enzyme, and lead to
only a selected number of small molecules being able to bind to this mutant
P450. Due to the apparent difficulties in identifying relevant substrate binding
to A330P, it was concluded that this particular mutation did not introduce
beneficial changes into the WT P450 BM3 structure, and work turned instead to
a novel triple mutant, as described below.
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A mutant that was successfully engineered towards improved drug binding is
the A82F/F87V/I401P P450 BM3 triple mutant. The A82F/F87V double mutant
was shown in previous work by our group to successfully bind and metabolise
several human drugs, including the gastric proton pump inhibitor omeprazole,
into their human CYP metabolites [149]. The insertion of the I401P mutation
enabled the triple mutant to bind steroids tightly, as well as to bind diclofenac
with higher affinity than its parent mutants. The triple mutant’s oxidation of
diclofenac was examined by LC-MS and it was established that a 4hydroxydiclofenac was the major product produced. This is also the major
product from human CYP2C9-dependent diclofenac metabolism. A number of
other hydroxylated metabolites were also produced in much smaller quantities,
perhaps pointing to a more human CYP-like metabolite profile with this triple
mutant than was observed with I401P BM3. While time did not allow for further
studies into the A82F/F87V/I401P P450 BM3 triple mutant, it appears clear
that

this

mutant

enzyme

exhibits

synergistic

effects

between

the

conformationally destabilizing I401P and A82F mutations, as well as with the
F87V mutation that alters access to the heme. Thus, this particular triple mutant
has great potential for generating high yields of selected human drug
metabolites.

6.5

Conclusions and future directions

Throughout this work, proline mutations have been shown to diversify the P450
BM3 substrate pool towards a range of molecules. The I401P BM3 mutant
exhibited a flexible active site and a high-spin character, which allowed it to
bind WT BM3 substrates and inhibitors more tightly than the WT protein. Small
polycyclic molecules such as 7-e-res, caffeine, theophylline and paraxanthine
were favoured, while bigger molecules such as alosetron, phenacetine,
diclofenac and nicotine exhibited poorer binding. Kinetic analysis of 7-e-res,
caffeine, nicotine and diclofenac showed substrate oxidation with the I401P
mutant, but not the WT protein. DMSO and a range of detergents also exhibited
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optical binding to the I401P mutant, but no binding was observed with the other
proline mutants created. Azoles such as econazole and ketoconazole bound
particularly tightly to the I401P mutant, however no such binding could be
observed with the WT protein or the other proline mutants. The A330P BM3
mutant in particular showed no binding with any substrates tried. The only
binding observed was with the inhibitor C12-imidazole. The A330P/I401P
double mutant exhibited poor binding to NPG and only small spectral
perturbation

on

testosterone,

diclofenac

and

caffeine

addition.

The

A82F/F87V/I401P triple mutant showed tighter binding to diclofenac than the
other proline mutants, as well as its parent A82F/F87V double mutant. All
binding and kinetic data for the WT BM3 and its mutants obtained throughout
this work can be seen in Figure 6.1.
Substrate/

Structure

Kd (µM)

Km (µM)

kcat (min-1)

inhibitor
Lauric acid

WT = 89
I401P = 0.63
A330P = /

NPG

WT = 0.2
I401P = 0.012
A330P = /
AP/IP = 128

4-phenyl

WT = 0.84

imidazole

I401P = 2.14

Imidazole

WT = several
milimolar
[163]
I401P = 65 000

7-ethoxy-

WT = /

WT = /

WT = /

resorufin

I401P = 0.137

I401P =

I401P =

A330P = /

53

623

Alosetron

WT = /
I401P = 60.6
A330P = /
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Caffeine

WT = /

WT = /

WT = /

I401P = 85.6

I401P =

I401P =

A330P = /

32

385

WT = /

WT = /

WT = /

I401P = 1160

I401P =

I401P = 35

A330P = /

220

AP/IP = N/A
Theobromine

WT = /
I401P = 87.5

Theophylline

WT = /
I401P = 16.8

Paraxanthine

WT = /
I401P = 7.29

Indole

WT = /
I401P = 6690

Phenacetine

WT = /
I401P = 1210
A330P = /

Tacrine

WT = /
I401P = 2900

Nicotine

AP/IP = /
Diclofenac

WT = /

WT = /

WT = /

I401P = 1600

I401P =

I401P =

A330P = /

290

880

AP/IP = N/A
AF/FV/IP = 4.9
Glycerol

WT = /
I401P = 76.5

Adenosine

WT = /
I401P = 89.2
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17α-ethynyl

WT = /

estradiol

I401P = 124.8

Testosterone

WT = /
I401P = /
A330P = /
AP/IP = N/A

DMSO

WT = /
I401P = N/A
A330P = /

TritonX-100

WT = /
I401P = N/A

Tween 80

WT = /
I401P = N/A

Sodium

WT = /

cholate

I401P = N/A

Econazole

WT = /
I401P = 1.3

Miconazole

WT = /
I401P = 1.33

Ketoconazole

WT = /
I401P = 0.24

Fluvoxamine

WT = /
I401P = N/A

C12-

A330P = 4.4

imidazole
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Figure 6.1: The binding and kinetic data of the WT P450 BM3 and its I401P,
A330P, A330P/I401P (AP/IP) and A82F/F87V/I401P (AF/FV/IP) mutants. The
ligands trialed with each enzyme, their structures and the Kd, Km and kcat values for each
ligand are shown. Where there was no binding or substrate-dependent NADPH
oxidation observed on substrate/inhibitor addition, this is indicated by /. Where
optical binding by the heme spectral perturbation was observed, but a Kd could not be
determined, this is signified by N/A.

Future work in the research area of this thesis should be focused on the more
detailed investigations of the I401P BM3 mutant and its further engineering
towards production of specific drug metabolites. Kinetic studies and LC-MS
analysis of the oxidation and metabolism of other drugs that were found to bind
well to this mutant, specifically alosetron and phenacetin, would also allow for a
more detailed understanding of the new catalytic reactions performed by this
I401P BM3 mutant. The determination of the ratio of metabolites produced by
I401P BM3 with its drug substrates using NMR might also elucidate the
preferred binding modes of these substrates and allow for a better
understanding of how to engineer this enzyme to improve desired metabolite
yield. Structural data on the binding of these molecules to the mutant P450
would be extremely useful in our understanding of how the I401P mutation
confers new selectivity to the BM3 protein, as well as highlighting other specific
residues that might be mutated to further modulate the binding and selectivity
of the enzyme. This would allow for i) engineering higher affinity and better
binding to specific target molecules, and ii) generating higher yields of fewer
and more specific oxidized metabolites, leading to a more human-like
metabolite profile with specific drugs.
The I401P BM3 mutant has proven very flexible in novel substrate selectivity,
and is an excellent platform for further mutagenesis. As was demonstrated in
the A82F/F87V/I401P P450 BM3 triple mutant, the combination of
destabilizing mutations (I401P and A82F) can have beneficial effects for novel
substrate binding and turnover, providing that the extent of destabilization does
not compromise the folding and stability of the enzyme too much. In the triple
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mutant, the F87V mutation does not significantly destabilise the protein, but
does open access to the heme to a greater degree than is seen for the WT heme
domain. Further rounds of mutagenesis might be done from the triple mutant
platform to expand the selectivity range of the enzyme. This could be
accompanied by screens for thermostability in the mutant heme domains using
DSC and/or DSF (differential scanning fluorimetry), to evaluate whether next
generation mutant enzymes are sufficiently stable for desired applications, and
to assess whether some mutations may even result in heme domain
stabilization to offset the effects of other mutations. Further screening for novel
mutants could be done against a range of commercially available fluorescent
drug substrates, as was done in this thesis, or by setting up a high-throughput
fluorescence assay with several substrates tested simultaneously [137]. A
similar approach could be used for screening a human drug compound library
with detection based on substrate-induced, BM3 mutant-induced NADPH
oxidation (using absorbance or fluorescence spectroscopy). These types of
rapid, streamlined approach should enable the detection of productive BM3
mutants that catalyse the oxidation of human drugs into significant amounts of
human drug metabolites.
The work presented in this thesis has substantially increased our understanding
of the influence of proline mutations on P450 BM3 activity/stability and the
balance between their beneficial properties and their destabilizing effects. A
versatile proline mutant, I401P BM3, was shown have an increased structural
flexibility, translating into a greatly diversified substrate pool. Its destabilized
structure was reflected in its high-spin heme iron nature, that likely allowing for
more efficient distal water ligand displacement and substrate binding and
oxidation. Importantly, the mutant showed high affinity for many human drug
substrates and produced several (in some cases all) of the known, major human
drug metabolites. While the I401P mutant shows great promise for further work
in producing high yields of specific human drug metabolites, other BM3 proline
insertion mutations proved to be less useful. The A330P mutant showed loss of
native substrate selectivity, proving that this proline mutation reorganizes and
constricts the BM3 heme domain active site too much to be of use for anything
but small molecules. The A330P/I401P double mutant, on the other hand,
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showed an enhanced loss of stability to an extent that no synergistic effects
could be seen between the two proline substitutions. These BM3 mutant
proteins showed lower thermostability compared to the WT BM3, confirming
the model that selectivity enhancing mutations often go hand-in-hand with
structural

destabilization.

Preliminary

investigations

into

the

A82F/F87V/I401P triple mutant enzyme showed that this BM3 variant binds
certain drug substrates more avidly than do its parent mutants, and that it has
considerable potential for generating metabolites from substrates such as
testosterone and diclofenac. These data show that the I401P mutation is an
excellent platform for further mutagenesis towards new BM3 catalysts capable
of productive oxidation of drugs to form the high quantities of valuable drug
metabolites required for clinical and biochemical studies.
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