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Selective hydroxylation/epoxidation of hydrocarbons generates useful chiral intermediates
for the production of high value chemicals. The use of mono-oxygenase enzymes to add
functional groups in a regio-and stereo-selective manner has the benefits of specificity, with
yields in high enantiomeric excess. Two enzymes were investigated with a view to
developing a robust and specific biocatalyst for the mono-oxidation of hydrocarbons; the
membrane bound alkane hydroxylase from Pseudomonas oleovorans and the soluble
cytochrome P450 BM3 from Bacillus megaterium.

A histidine tag was engineered to the C-terminus of the alkane hydroxylase in an attempt to
isolate it for structural characterisation. Despite successful insertion of the his tag and good
protein expression solubilisation and isolation proved unsuccessful. Therefore, the strategy
was altered to focus on the more robust and soluble cytochrome P450 BM3.

Cytochrome P450 BM3 was analysed for activity with various alkenes and styrene and the
reaction products were determined by gas chromatography and mass spectrometry (GC/MS).
A point mutant, BM3gg7g, was then expressed and purified, and analysed with the same
substrates. The mutant demonstrated increased activity towards these non-natural substrates
and a reduction in regio-selectivity. The mutant also showed an increase in enantio-
selectivity with a preference for R-styrene oxide.

A number of cysteines were then engineered into the heme domain of P450 BM3 to allow for
attachment of photo-sensitive agents to enable light-induced electron transfer. The mutants
did not appear to alter the enzymes ability to bind fatty acid; neither did they alter the
enzymes redox potential to any large degree. Initial tests showed that three of the mutated
cysteines were solvent accessible and available for attachment of photo-sensitive thiol
modifying agents.
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1 Introduction



1.1 Hydrocarbons: a natural resource

The regio- and stereo-selective functionalisation of the ubiquitous but inert
hydrocarbon bond into more functional groups has widespread practical application in
the world of chemical synthesis. Primarily the by-product of decaying organic
material, aliphatic, branched and cyclic hydrocarbons are found in abundance in
nature. For example, alkanes constitute up to 50% of crude oil [1]. These saturated
hydrocarbons can be readily converted to the slightly more reactive alkene
counterparts with the introduction of carbon-carbon double bonds by thermal cracking
and catalytic dehydrogenation. Their widespread availability makes them a cheap
feedstock to the chemicals industry for the synthesis of chiral intermediates in

pharmaceuticals and agricultural chemicals.

Selective hydroxylation and epoxidation of alkanes and alkenes can generate valuable
chiral synthons that are used as the building blocks in, for example, the chemical
synthesis of complex pharmacologically active compounds [2-5]. Of particular
interest are epoxidation reactions on carbon-carbon double bonds. Epoxides can be
readily incorporated, in a stereo-specific manner, into a wide variety of industrially
useful compounds. They are reactive, far more so than their precursors, and form key
intermediates in the preparation of, for instance, chiral 1,2-diols and beta-amino
alcohols, both of which are common structures found in pharmacologically active
compounds. One such example is the protease inhibitor Crixivan® (indinavir
sulphate) (Merk & Co) which is used in antiretroviral therapy to treat HIV infection.
Crixivan® has one of the most complex stereo-chemical structures of any
commercially available drug. With five asymmetric centres and a total of 32
diastereoisomers, the necessity of enatiomerically pure precursors is fundamental to
its manufacture [6]. One of the precursors, cis-(1S,2R)-1 amino indan-2-ol, can be
synthesised from an epoxide of indene. The traditional chemical epoxidation reaction

can be replaced using a mono-oxygenase enzyme (Figure 1.1).
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Figure 1.1 Proposed biocatalytic pathway for synthesis of cis-aminoindanol.

In the synthetic pathway, indene is subject to asymmetric epoxidation using a Jacobsen Salen
catalyst followed by amination using acetonitrile under acidic conditions. The hypothetical
biosynthetic pathway uses a mono-oxygenase isolated from Rhodococcus sp. 124 converting
indene to indan oxide which resolves, via non-enzymatic processes to cis-indandiol.
Amination can then continue via the synthetic route or potentially via a second stereo-specific
transaminase [7, 8]. The enatiomeric product, cis-(1S,2R)-1-amino indan-2-ol, is
subsequently used in the production of the protease inhibitor indinavir sulphate.



1.2 Chirality in biological systems

The asymmetry of chiral molecules is important in pharmacologically active
compounds as different enantiomers can have dramatically different effects in
biological systems [9]. One classic example is the anti-angiogenic drug Thalidomide.
Originally introduced as an anti-emetic and hypnotic, it was administered in its
racemic form (a mixture of the R- and S- enantiomers) to pregnant women towards the
late 1950’s to combat morning sickness and aid sleep. The drug caused widespread
birth defects and was subsequently withdrawn. It was later found that the two
enantiomers effect alternate biological consequences with the sedative effect
conferred by the R-enantiomer and the teratogenic effect caused only by the S-
enantiomer [10] (Figure 1.2). The asymmetric control of epoxidation reactions is,

therefore, critical in drug development and manufacture.

In another example, epoxidation of styrene at the vinyl position produces styrene
oxide which can adopt either S- or R-enantiomeric conformations. Each enantiomer
displays different toxicological effects in mammals [11, 12] and in some prokaryotes
with the R-enantiomer being more mutagenic [13]. Therefore, the ability to control
the stereo-specificity of styrene epoxidation has implications not just in the synthesis
of fine chemicals but also in the bioremediation of styrene contamination in the

environment.
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Figure 1.2 The S- and R-enantiomers of the drug thalidomide have dramatically

different biological effects.

The R-enantiomer confers a sedative effect whilst the S-enantiomer causes congenital

abnormalities.



1.3 Enzyme driven chiral synthesis

The synthetic chemistry used to perform epoxidation reactions is predominantly based
on toxic metal ions and both regio- and stereo-specificity are difficult to attain.
Several synthetic methods exist for asymmetric epoxidation e.g. Sharpless [14] and
the Jacobsen Salen catalyst [15] but there are difficulties in scale-up from laboratory
to manufacture and in the case of Sharpless, the method is limited to allylic alcohols.
Therefore, methods for economically viable, environmentally friendly, scalable

asymmetric epoxidation are highly prized.

Oxidative biotransformations, using enzymes to catalyse these oxidation reactions in a
stereo-and regio-specific manner have a vast commercial potential within the fine
chemicals industry. In general, enzymes are extremely efficient catalysts, accelerating
the rate of chemical reactions by as much as 10'2 [16]. The majority use oxygen as an
oxidant, which has the advantage of being cheaper and much more environmentally
friendly than the toxic chemical oxidants often used. Enzymes are able to catalyse
reactions under mild conditions (~pH 5-8, 20-40°C) which not only makes the
processes cheaper and more environmentally friendly but, also reduces the possibility
of side reactions often associated with the harsh conditions of synthetic reactions e.g.
isomerisation and racemisation. Enzymes also have the potential to be used in large-
scale fermentation schemes and because the majority of enzymes are active under the
same or similar conditions, it makes them well-suited for sequential reactions in the

same cell or flask.

Enzymes as a family are able to catalyse a wide spectrum of reactions e.g. hydrolysis,
oxidation/reduction, isomerisation, dehalogenation and decarboxylation and they
often display tremendous regio- and stereo-selectivity in their mode of action. They
are inherently selective and can be manipulated to prefer one or other
substrate/product combination through genetic engineering and/or by performing the
reactions in non-aqueous solvents [17]. Genetic screening of organisms among
microbial populations can also be used to locate naturally occurring iso-enzymes that

are already fit for purpose [18, 19].

Companies like DSM in the Netherlands and Avecia in the UK already exploit

enzymes in their production of chiral intermediates for the pharmaceutical and
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nutrition industries, with production ranging from several- to several hundred tonnes
per year [20]. However, only 2% of the fine chemicals market is currently made up of
products manufactured by bio-processing and the use of oxygenases is hampered by
the need for co-factors, commonly NADH and NADPH which necessitates a

mechanism for recycling [20].

The majority of enzymes explored for their potential use in biotransformations
originate from microbial populations. The ability to use alkanes as an energy source
Is widespread amongst bacteria and not confined to any particular group [21-23].
Medium chain (C10-C18) length hydrocarbons are the easiest to oxidise. Longer
chain (>C20) hydrocarbons become increasingly less water soluble and therefore
difficult to oxidise due to solubility constraints, whereas the shorter chain lengths
(C5-10), although more soluble, are consequently more toxic to the organism.
However, it is still possible to find organisms in nature that are able to grow on very
long and very short chain hydrocarbons e.g. P. putida [22]. The first stage of alkane
degradation in these organisms is the addition of oxygen to add a functional group
(hydroxide or epoxide), which is followed by sequential hydroxylations, eventually
converting the alkane to a fatty acid which can be used as an energy source via the j3-

oxidation pathway (Figure.1.3).

A variety of enzyme systems that are able to perform this initial oxidation have been
identified from bacterial and fungal populations including; heme-containing mono-
oxygenases (cytochromes P450), non-heme iron-containing oxygenases (both
membrane bound and soluble), flavin-dependant mono-oxygenases and copper-
containing oxygenases (Table 1.1). Of these microbial systems, only the membrane-
bound alkane hydroxylase system of Pseudomonas putida GPol has been studied in
depth. Originally termed w-hydroxylase because of its ability to hydroxylate fatty
acids at the o position, the alkane mono-oxygenase system of P. putida GPol has
since been shown to perform mono-oxidation reactions on a huge range of substrates,
revealing tremendous potential for exploitation as an industrial biocatalyst [24]. A
more recent discovery is the ability of mutant forms of the flavo-cytochrome P450
BM3 to hydroxylate short-chain fatty acids and alkanes [25, 26]. The wealth of

information available regarding this enzyme’s structure and enzymology coupled with



its high activity and efficiency, make it an excellent prospect for the generation of an

adaptable biocatalyst.

CH3-(CH3),-CH2-CHs

n-alkane
i i ?H
CHs-(CHy)p-CH,-CH,0OH CHs-(CHy),-CH-CHj3
Primary alcohol secondary alcohol
i I
CHs-(CH,),-CH,-CHO CHs-(CH,),-CH-CH3
Aldehyde Methylketone
i
CH3-(CHy),-CH,-COOH CH3-(CH3),-O-CH-CH3
Fatty acid
/ Acetyl ester
Diterminal CH3-(CHy)n.p-CH,-OH
i Primary alcohol
HOOC-(CH3),-CH,-COOH
Dicarboxylic acid CHs-(CH,),-CH,-COOH
\ Fatty acid
B-oxidation

Figure.1.3 Alkane degradation pathways.

The main microbial degradation pathway is via ®-hydroxylation which leads to formation of
fatty acids which feed into the g-oxidation cycle. Alternatively, sub-terminal oxidation may
lead to formation of associated ketones leading into S-oxidation. Some organisms are able to

oxidise both ends of the substrate and form dicarboxylic acids. (Adapted from [27]).



Table 1.1. Microbial enzyme systems known to perform alkane oxidation.

The Alkane hydroxylase from Pseudomonas putida belongs to the membrane-bound bi-

nuclear iron containing mono-oxygenases (emboldened).

Enzyme class Substrate  range Organisms showing References
(in vivo) presence

Eukaryotic C10-C16 n-alkane Candida maltosa, Candida [28]
cytochromes P450 tropicalis, Yarrowia

lipolytica
Bacterial C4-Cl16 n-alkanes R.  rhodochrous  7E1C [29, 30]
cytochromes P450 Acinetobacter sp. EB104
Copper-containing | Probably C4-C10 Nocardioides sp. CF8 [29, 31, 32]
butane n-alkanes
monooxygenase
Butane C2-C8 n-alkanes  Pseudomonas butanovora [29, 31, 33]
monooxygenase
Membrane-bound | C5-C16 n-alkanes Acinetobacter, [34]
bi-nuclear iron Burkholderia,
containing mono- Pseudomonas,
oxygenases Rhodococcus,

Mycobacterium,

Alcanivora,
Copper-containing | C10-C30 n- Acinetobacter sp. M-1 [35]

dioxygenase

alkanes




1.4 Overview

The work detailed here was aimed at developing an enzyme-based system for the
specific functionalisation of hydrocarbons for use in industrial biosynthesis, with
specific emphasis on epoxidation reactions. The two systems chosen to be
investigated were the alkane hydroxylase system from Pseudomonas putida GPol and

the fatty-acid hydroxylase P450 BM3 from Bacillus megaterium.

Much of the literature available regarding the P. putida system has focused on the
genetics and regulation of alkane oxidation e.g. [35-42] and a significant amount is
known about induction and expression of the system in vivo and the enzymology of
the soluble electron transfer components of the system e.g. [43-53]. However, little is
known about the structure or enzymology of the membrane-bound hydroxylase
component, how it interacts with the electron transfer components or the mechanism
of the enzyme’s regio- and stereo-selectivity. Structural characterisation combined
with structure guided mutation can often lead to an understanding of an enzyme’s
functional mechanism [54]. With these points in mind, the preliminary goal of this
work was the isolation and characterisation (structural and kinetic) of the membrane-
bound component of the alkane hydroxylase system.

Chapter 3 introduces the P. putida alkane hydroxylase system, the tri-component
structure of its electron transport chain and the current understanding of the structure-
function relationships. The isolation and purification of the soluble components of the
system are described, followed by an account of the methods employed in attempting
the isolation of the membrane alkane hydroxylase, including the engineering of a

histidine tag for the purposes of purification by affinity chromatography.

Chapter 4 introduces the enzymology of cytochromes P450 in general before
focussing on flavo-cytochrome P450 BM3. Despite its later discovery [55], a
considerable amount is known about the enzymology of P450 BM3. The enzyme is
soluble and easily expressed in heterologous hosts, see for example reference[56];
structural and functional characterisation has lead to significant advances in the
understanding of the reaction mechanism of the enzyme and of cytochromes P450 in
general, as well as identification of key structural components responsible for the

enzyme’s substrate specificity, see for example references [57-61]. The enzyme is
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unique within the cytochrome P450 super-family in that its obligate redox donor
protein is covalently fused to the hydroxylase component (the heme-domain) of the
enzyme, making it catalytically self-sufficient and providing it with remarkably fast
reaction kinetics [62].

A range of P450 BM3 mutants have been shown to have altered substrate specificity,
pushing the enzyme’s preference away from mid/long-chain fatty acids towards short-
chain fatty acids and alkanes. One amino acid in particular, phenylalanine 87 (F87),
has been identified as a key player in the regio-selectivity of the hydroxylation
reaction. The preliminary goal for this section was to analyse the activity of the wild-
type P450 BM3 and a F87 mutant using styrene and alkene substrates to evaluate the
kinetics and product profile of the enzyme and explore the effect of the mutation on
this activity. The isolation and characterisation of the wild-type and F87 mutant
forms of the enzyme are described, followed by the analysis of their products after

reaction with styrene and various alkenes.

Chapter 5 describes investigation of the potential of P450 BM3 to become cofactor-
independent to eliminate the need for NADPH as an electron donor. A major obstacle
to the economical use of redox enzymes as biocatalysts is their requirement for
expensive cofactors such as NAD(P)H. Several methods can be employed to reduce
the costs involved including conducting whole cell biotransformations (where the co-
factors are recycled by the living cells’ own metabolic functions) and employing
cofactor recycling enzymes in cell-free biocatalysis. A variety of approaches to
explore cofactor-independent biocatalysis have been published. For instance,
engineering peroxygenase activity to enable the reaction to be driven by peroxide, see
for example references [63, 64] or using electrodes to drive catalysis either directly or
using mediators, see for example references [65-68]. To this end, P450 BM3 was
engineered to enable the attachment of photo-sensitive reducing agents to explore the
possibility of NADPH-independent, light-driven biocatalysis. Cysteines were
introduced at a number of locations to enable attachment of thiol-modifying, photo-
sensitive agents. The effect of the mutations on the enzyme/substrate relationship
were analysed and the solvent accessibility of the newly engineered thiol groups was

measured using UV/visible and EPR spectroscopy.
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2 Methods
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2.1 Materials

2.1.1 Chemicals & Reagents

Yeast extract, tryptone and agar were from Oxoid, Cambridge. Agarose, Ampicillin
and IPTG (Isopropyl 3-D-thiogalactoside) were from Melford Laboratories, Ipswich,
UK. Chromatography materials were from Pharmacia. All substrates for P450 BM3
reactions (alkenes and arachidonic acid) were purchased from Sigma-Aldrich. All
other Chemicals were purchased from Sigma unless otherwise stated and were of

analytical grade wherever possible. Water used was glass-distilled and deionised.
2.1.2 Media

All media were mixed according to protocols described by Sambrook et al [69]. LB
broth contained per litre: 10 g tryptone, 10 g NaCl and 5 g yeast extract,
supplemented where appropriate with 50 pg/ml ampicillin or in the case of
BL21(DE3)pLysS, 100 pug/ml ampicillin and 34 pg/ml chloramphenicol. LB agar
solid media contained per litre: 10 g tryptone, 5 g yeast extract, 10 g NaCl and 7 ¢
agar, supplemented where appropriate with 100 pg/ml ampicillin. Liquid media
2xYT contained, per litre: 16 g tryptone, 10 g yeast extract and 5 g NaCl,
supplemented where appropriate with 50 pg/ml ampicillin.  Terrific broth [70]
contained per litre: 12 g tryptone, 24 g yeast extract, 4 ml glycerol and 900 ml H-0O,
made up to 1 L after autoclaving by the addition of 100 ml TB buffer (0.17 M
KH,PO4, 0.72 M K,HPO,) [70].

2.1.3 Bacterial Strains

The E. coli strains used in this study and their genotypes are listed in Table 2.1.
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Table 2.1 Bacterial Strains

Strain Genotype Source/Reference

TG1 [supE, hsdD5, thi, D(lac-proAB), F’ (Stratagene, = Cambridge,
[traD36, proAB”, lacl%, lacZDM15]] UK)

XL1-Blue |[recAl endAl gyrA96 thi-1 hsdR17 (Stratagene,  Cambridge,
supE44 relAl lac [F' proAB laci’ UK)

ZD15 Tn10 (Tet")]]
BL21 E.coli BF' dcm ompT hsdS (rg-mg-) (Stratagene,  Cambridge,
(DE3) gall (DE3)] and BL21 (DE3) pLysS UK)
[F-, ompT, hsdSP(rp-mpB-), dcm, gal,
71
(DEJ), pLysS(CmR) tonA] 7]

NovaBlue | [endAl hsdR17 (rxi2mki’) SupE44 (Novagen, Merck,
thi-1 recAl gyrA96 relAl lac F[ Darmstadt, Germany).
proA*B* lacl‘ZDM15 ::Tn10(TcM)]]

C41 (DE3) | [E.coli BF' dcm ompT hsdS (rg-mg-) (AVIDIS S A, Saint
gall (DE3)] plus at least one additional Beauzire, France)
uncharacterised mutation

[72]

JM109 (F" traD36 proAB lacl A(lacZ)M15/ (Promega)

A(lac-proAB) gInVv44 eld gyrA96
recAl relAl endAl thi hsdR17"%)

2.1.4 DNA Modifying Enzymes and Molecular Weight Markers

Pfu DNA polymerase and Dpn | restriction endonuclease were supplied by Stratagene
(Cambridge, UK).
England Biolabs (NEB, Hitchin, UK) with the following size and concentration
ranges: 1 kb DNA ladder, 10.0 (42 ng), 8.0 (42 ng), 6.0 (50 ng), 5.0 (42 ng), 4.0 (33
ng), 3.0 (125 ng), 2.0 (48 ng), 1.5 (36 ng), 1.0 (42 ng) and 0.5 kb (42 ng); Broad
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Range Protein Marker, 212, 158, 116, 97.2, 66.4, 55.6, 42.7, 34.6, 27.0, 20.0, 14.3,
6.5, 3.4 and 2.3 kDa.

2.1.5 Plasmid vectors

The expression vectors pBM20 and pBM23 were the source of heme-domain and full-
length P450 BM3 respectively [62]. Plasmid pBM23 contains a 5 kbp fragment of B.
megaterium chromosomal DNA encoding the entire P450 gene plus its own internal
promoter [62] inserted in the vector pUC119 [73]. Plasmid pBM20 contains a 1.5 kbp
fragment of chromosomal DNA from B. megaterium encoding the heme-domain
(residues 1-472) of P450 BM3 inserted into the vector pUC118 [73] but does not
contain the Bacillus promoter. Plasmid clone encoding full-length P450 BM3gg;c
(hence forth referred to as pPBMF87G) was originally obtained by Professor Andrew
Munro (Dept. of Biochemistry, University of Leicester) from Dr. David Mullin and
Professor William Alworth (Dept. of Chemistry, Tulane University, New Orleans,
USA), expression is under the control of T7 promoter [60]. The plasmid clone for
heme-domain P450 BM3gg;c (hence forth referred to as pPBMHF87G) was constructed
in-house Dr Hazel Girvan (Dept. of Biochemistry, University of Leicester). Vectors
for the expression of rubredoxin, rubredoxin reductase and alkane hydroxylase were
kindly donated by Ashley Perry and Winston Tambraya (Dept. Biochemistry,
University of Leicester). The genes encoding rubredoxin and rubredoxin reductase
(alkG and alkT respectively) were amplified from the OCT plasmid (P. putida) and
inserted independently into cloning vector pKK223-3 (Pharmacia, Stockholm,
Sweden), creating pKR10 and pKRR5 for the expression of rubredoxin and
rubredoxin reductase respectively (Perry)[50, 53].

The gene encoding alkane hydroxylase (alkB) was amplified from the OCT plasmid
(P. putida) and inserted into the expression vector pET3a to make pAIkB-3a
(Tambraya) [74]. Expression in this plasmid in under the control of IPTG-inducible
T7 promoter. Figure 2.1 to Figure 2.6 describe the plasmids used in this study and
show the location of gene inserts, promoter and the restriction site used for cloning.

The expression vectors used are summarised in Table 2.2.
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Figure 2.1 Plasmid pET3aAlkB for expression of Alkane Hydroxylase
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Figure 2.2 Plasmid PKRR5V for expression of rubredoxin reductase.
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Figure 2.3 Plasmid pKR10 for expression of rubredoxin.
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Figure 2.4 Plasmid pBM20 for expression of full-length P450BM3.
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Figure 2.5 Plasmid pBM23 for expressionof heme-domain P450BM3.
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Figure 2.6 Plasmid pBMF87G for expression of Full-length BM3F87G.
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Table 2.2 Genotypes of expression vectors used in this study.

Amp' indicates presence of B-lactamase gene (conferring ampicillin resistance), the
prefix “His-” indicates the gene is attached to a histidine linker encoded at the C-

terminal of the protein.

Plasmid Genotype Source/Reference

pKR10 Amp', AIKG, pKK223-3 Dr A Perry (University of Leicester)
[50]

pKRR5V Amp', AIKT, pKK223-3 Dr A Perry (University of Leicester)

{Lee, 1997 #402

pAlkB-3a Amp', AIkB, pET3a Dr W Tambraya (University of
Leicester), [74]

pAlkB3H Amp', His-AlkB, pAlkB-3a This study

pBM20 Amp', CYP102A1 (heme-domain), [62]
puUC119

pBM23 Amp', CYP102A1, pUC119 [62]

pBMHF87G Amp', CYP102A1F87G (heme- Dr Hazel Girvan (University of
domain), pBM20 Leicester)

pPBMF87G Amp', CYP102A1F87G, pTZ18U  [62]

pBM20Q387C | Amp', CYP102A1Q387C, pBM20  This study
pBM20Q397C | Amp', CYP102A1Q397C, pBM20  This study
pBM20Q403C | Amp', CYP102A1Q403C, pBM20  This study

pBM20Q404C | Amp’, CYP102A1Q404C, pBM20  This study
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2.2 Molecular biology methods

2.2.1 Preparation of plasmid DNA

All molecular biology methods, unless otherwise stated, were carried out using
standard protocols [69].

All DNA preparations were performed using the Qiagen mini-prep kit (Qiagen,
Hilden, Germany), for diagnostic purposes and the Qiagen Midi-prep kit, for
obtaining DNA stocks and quantities for sequencing. The kits were used according to
manufacturer’s instructions. Briefly, single colonies of the relevant E. coli strain
transformants were used to inoculate 5 ml (50 ml) of LB media and left to grow
overnight (12 — 16 hours). Cells were harvested by centrifugation before
resuspension in buffer (supplied with the kit), followed by DNA extraction. The
extraction method employed by Qiagen in the kits is based on the alkaline lysis
method [75, 76], the final DNA sample being stored (-20 °C) in EDTA free buffer.

2.2.2 PCR and Sequencing

All primers were obtained from the Protein and Nucleic Acid Chemistry Laboratory
(PNACL) at the University of Leicester or Invitrogen. Sequencing reactions were
performed by PNACL, using the di-deoxy chain termination method [77]. All PCR
reactions were performed in a Techne Genius thermal cycler with a heated lid (Techne
Ltd, Cambridge, UK). Sequences were aligned and compared using Clustawl [78]
and chromatograms analysed using Chromas v. 1.62 (Technelysium, Helensvale,

Australia).

2.2.2.1 Bluntend cloning into pGEM-T

The gene coding alkane hydroxylase (AlkB) was amplified from plasmid template
pAlkB-3a by PCR using Pfu DNA Polymerase and the following primer; ANF,
*CATATGCTTGAGAAACACAGAGTTCTGGATTCCGC™ and ASR,
*GTCGACTGCTACCGCAGAGGTACTCGAACTATGACC®.  Thermal cycler
conditions were a single cycle of 30 s at 95 °C followed by 30 cycles of 30 s at 95 °C,
1 min at 59 °C, 1.5 min at 72 °C. The reaction mixture contained 0.5 pg DNA
template, 0.2 mM dNTP mix, 0.8 pM each primer and 1 unit Pfu DNA polymerase in
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a total volume of 50 ul. PCR product was separated using agarose gel electrophoresis
(Section 2.2.3) and the amplified DNA was purified using a gel extraction spin kit
(Qaigen, Hilden, Germany).

A 7 ul sample of Pfu DNA Polymerase-generated, gel purified, PCR fragment was
incubated with Tag DNA Polymerase for 30 min at 70 °C in the presence of 0.2
dATP’s in order to add dATP nucleotides to the 3’ end of the PCR fragment (A-
tailing) for insertion into pGEM-T. The A-tailed fragment was then ligated into
vector pGEM-T using DNA ligase. A-tailed insert was incubated with pGEM-T in a
1:1 and 1:3 insert/plasmid ratios in separate reactions, alongside 1 ul DNA ligase in a
total volume of 10 pl for 16 hr at 4 °C. Ligated plasmid was then used to transform E.

coli JM109 cells using standard protocol as described (Section 2.2.6).

2.2.2.2 Site-directed mutagenesis

Each mutagenic PCR reaction mixture contained 5 ul of 10 x reaction buffer, 50 ng of
backbone plasmid DNA, 125 ng each of the relevant forward and reverse
oligonucleotide primers, 0.2 uM dNTPs and ddH,O distilled water to a final volume
of 50 ul. Finally 2.5 U of Pfu turbo DNA polymerase were added immediately prior
to thermal cycler condition commencing. A 5 pl sample of the resultant PCR product
was analysed by agarose gel-electrophoresis and the sample concentration estimated

using comparison with the DNA ladder as described (Section 2.2.3).

Mutagenic PCR was performed on pAlkB-3a to construct a (His)s tag and stop codon
in the C-terminus of AIkB. PCR was performed using the primers AHF and AHR in
Table 2.3. Primers were designed to anneal to the C-terminal end of the protein as it
lies within the plasmid in order to introduce 6 histidine residues and a stop codon into
end of the gene. Thermal cycler conditions were as follows; a single cycle of 30 s at
95 °C followed by 20 cycles of 30 s at 95 °C, 60 s at 55 °C, 8 min at 68 °C.

The four glutamine residues, 387, 397, 403 and 404 in the heme-domain of P450
BM3 were mutated to cysteine by site-directed mutagenesis, using pBM20 as the
plasmid template. Primers were designed to anneal to the centre of the gene fragment
as it lies within the plasmid pBM20. Thermal cycler conditions were as follows; a
single cycle of 30 sec at 95 °C followed by 16 - 18 cycles of 30 s at 95 °C, 60 s at
annealing temperature, 5 min at 68 °C. The annealing temperatures used for each
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mutant were 53 °C, 57 °C and 59°C for Q403C, Q387C and Q397C/Q404

respectively.

Where DNA was present of anticipated size the remaining PCR product was digested
with Dpn | as described in Section 2.2.4 to remove the parent methylated DNA and
transformed into either E. coli TG1 (for pAIkB3H) or E. coli NovaBlue (for pBM20
derivatives). Following transformation of the DNA into E. coli, transformants were
selected on LB media containing ampicillin at a final concentration of 100 mg/ml.
Transformant colonies (6 of each) were picked to prepare plasmid DNA using the
Qaigen mini-prep kit (Section 2.2.1).  Following analysis by agarose gel
electrophoresis (section 2.2.3) a minimum of two plasmid samples were sent for

sequencing as described (Section 2.2.1).
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Table 2.3 Oligonucleotide primers for site directed mutagenesis. Codon mismatches are

shown in bold, stop codons are underlined.

Mutation

Name

Primer Sequence (5°— 3°)

AIKB(His)s

BM3g3s7c

BM3g397¢

BM3qa403c

BM3qa04c

AHF

AHR

Q387CF

Q387CR

Q397CF

Q397CR

Q403CF

Q403CR

Q404CF

Q404CR

CTGCGGTAGCATCGCATCATCATCATCACCATTAG
CTAACAAAGCCCG

CGGGCTTTGTTAGCTAATGGTGATGATGATGATGC
GATGCTACCGCAG

CCAAGTGCGATTCCGTGTCATGCGTTTAAACCG

CGGTTTAAACGCATGACACGGAATEGEACTTGG

GCGTTTAAACCGTTTGGAAACGGTTGTCGTGCGTGT
ATCGG

CCGATACACGCACGACAACCGTTTCCACCAGGTTTA
AACGC

GCGTGCGTGTATCGGTTGTCAGTTCGCTC

GCGAACTGACAACCGATACACGCACG

GCGTGTATCGGTCAGTGTTTCGCTCTTCATGAAGCA
ACGC

GCGTTGCTTCATGGAGAGCGAAACACTGACCGATA
CACGC

2.2.2.3 Sequencing

For plasmid DNA, 0.6 pg of DNA was supplied alongside the relevant sequencing

primer(s) (10 pmoles per reaction). Primers used for sequencing were as follows;
TUPseq > GCGTTTAAACCGTTTGGAAACGGTTGTCGTGCGTGTATCGG® for
heme-domain cysteine mutants; BM1 > TTCACACAGGAAACAGCTAT®, BM2
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STCCTGCGTTTTCCCTATAT?, BM3 >TACCGGAAGACATGACACG® for full
sequencing of heme-domain BM3 in pBM20 and derivatives (heme-domain P450

BM3); T7 > AATACGACTCACTATAGGG® (supplied by PNACL) for pAIkBH.
2.2.3 DNA agarose gel-electrophoresis

DNA produced from PCR reactions, restriction digests and frozen stocks (for
verification of quality/integrity and estimation of DNA concentration), was analysed
by running samples on 0.8 % agarose gel containing 0.6 pg/ml ethidium bromide
submerged in 1 x TAE buffer (50x TAE buffer consisted of 242 g tris base, 18.6 ¢
EDTA and 57.1 ml glacial acetic acid made up to 1 litre). Typically, a 10 pl sample
of DNA (appropriately diluted if needed to approximately 0.5-1 pg) was prepared by
adding 2 pl of 6 x loading buffer (consisting of 0.25 % bromophenol blue, 0.25 %
xylene cyanol and 30 % glycerol in 50 mM EDTA) was run alongside a 1 kb DNA
ladder (0.5 pg in same volume) at 150 V for 30 — 60 minutes. Visualisation, image
capture and band analysis of gels was performed on a G:Box gel documentation
system using GeneSnap and GeneTools software (Syngene, Cambridge, UK).

2.2.4 Restriction Digest

Restriction digests were performed as recommended by the enzyme suppliers using
the buffer components supplied with the restriction enzymes (NEB). The digested
DNA was analysed by DNA agarose gel electrophoresis. Hindlll endonuclease was
used to digest plasmids pBM20 and pBM23 before analysis; BamHI and Asel
endonuclease was used to digest AIkB plasmid; the correct fragmentation pattern

being used to confirm the identity of the plasmid DNA.
2.2.5 Preparation of competent E. coli cells

Competent cells were prepared using the method published by Sambrook et al [69].
A single colony was used to inoculate 5 ml of LB medium and grown overnight at 37
°C with gentle shaking. This overnight culture was used to inoculate fresh LB
medium (1 ml into 100 ml LB) and incubated with shaking at 37 °C until the optical
density (OD) reach 0.6-0.8. The cell suspension was then immediately cooled by
transfer to ice then the cells collected by centrifugation (6000 g, for 10 minutes) in a
pre-cooled rotor (4 °C). The supernatant was discarded and cells gently re-suspended
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in sterile, ice-cold calcium chloride solution (0.1M CaCl,, 10% glycerol) and left on
ice for 15 minutes. The cells were centrifuged as before and re-suspended in 1 ml of
the same CaCl2 solution. Aliquots of the cells (50 ul) were stored @ -80 °C in sterile,

pre-cooled microfuge tubes and used within one month.
2.2.6 Transformation of competent E. coli cells

Transformations of competent cells were performed according to the method
described by Sambrook et al [69]. Aliquots (50 ul) of competent E. coli cells (strains
TG1, C41 (DE3) and BL21) were allowed to thaw on ice. Plasmid DNA (~10-50 ng)
was added to the cell suspension. The tube was gently mixed by flicking before
returning to ice for 30 min. The cell suspension containing the DNA was then heat-
shocked in a water-bath at 42 °C for 2 min, then returned to ice for a further 3 min.
Fresh LB medium (400 pl) was added to the cell suspension which was then
incubated at 37 °C for 30 min. Aliquots of (100-200 pl) cell suspension were plated
onto LB agar plates supplemented with ampicillin (100 pg/ml). The plates were

allowed to stand on the bench for 15 min before incubation overnight at 37 °C.
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2.3 Protein preparation

All liquid chromatography was carried out at 4 °C in a temperature controlled room
using either gravity flow or flow controlled by peristaltic pumps (Amersham
Biosciences, Berks, UK). All chromatography media was packed in either XK 26/70
or XK 26/100 glass columns internal diameter (i.d.) 26 mm and length 70 cm or 100
cm respectively (Pharmacia, USA) except affinity media which was packed in 10mm
i.d. 30 cm length glass column (Omnifit, Cambridge, UK) and run under gravity flow
only. Fractions (typically 2-5 ml) were collected automatically using a GradiFrac
fraction collector (Pharmacia) unless otherwise stated.

2.3.1 Expression and purification of rubredoxin

Rubredoxin was expressed in E. coli TG1 cells transformed with pKR10, expression
IS under the control of the tac promoter. Location of rubredoxin during the
purification was identified using spectroscopy. Starter cultures (5 ml LB, containing
50 pg/ml ampicillin) were inoculated from freshly transformed cells. The overnight
culture was used to inoculate 2 x YT media (2.1.2) supplemented with ampicillin to
50 pg/ml (500 ml in 2 L Erlenmeyer flasks, typically 6 L total culture). After
inoculation with an overnight culture, cells were allowed to grow for 24-26 h at 37 °C
with shaking at 230 RPM. The cells were then harvested by centrifugation at 10,000
g for 20 min at 4 °C (5,000 rpm in a Sorvall RC5B using FAS10C rotor). The
harvested cells were washed once by re-suspension in buffer A (50 mM potassium
phosphate buffer, pH 7.5). Centrifugation was repeated and cell pellets frozen at -20
°C overnight.

All subsequent processes were carried out at 4 °C or on ice, unless otherwise stated.
Cell pellets were defrosted on ice and resuspended in buffer A with the addition of
1mM phenylmethylsulfonyl fluoride (PMFS). Cells were lysed using a combination
of French press (2 passes at 950 Ib/in) followed by sonication at 40% power for 10 x
20 second bursts with 2 min rest gaps to allow cooling. Unbroken cells and cellular
debris were separated from soluble protein by centrifugation for 90 min at 12,000 g
(18,000 rpm in a Sorvall RC5B using FAS20C rotor). The supernatant containing

rubredoxin was then removed to a clean pre-cooled container ready for purification.

26



Purification of rubredoxin was achieved following the protocol described by
Tambraya [79] which is a modification of that published by Lee et al [50]. Cell free
lysate was fractionated using ammonium sulphate ((NH4).SO,). Lysate was brought
slowly to 40% saturation (NH,4),SO4 with gentle stirring, the supernatant, containing
rubredoxin, was separated from precipitate by centrifugation (10 min at 8,000 g) and
the precipitate discarded. The (NH;).SO, saturation in the supernatant was then
increased to 60% and precipitate was again separated by centrifugation. The
precipitate from this 40-60% fraction, which contained rubredoxin (as denoted by a
rich red colour) was kept and the protein gently re-suspended in buffer A (~ 100 ml)
and dialysed against 2 x 5 L of buffer A for at least 3 hours each, or overnight prior to

chromatography.

The protein was then loaded onto anion exchange resin (Q-Sepharose, ~ 250 ml col.
vol. Pharmacia) pre-equilibrated with buffer A. The column was then washed with at
least two column volumes of buffer A. Protein was eluted using a multi-step gradient
of 0 — 0.5 M KCI in buffer A over 300 ml followed by 150 ml holding at 0.5 M KCI
in buffer A , followed by a second gradient from 0.5 M to 1 M KCI in buffer A for
300 ml in which rubredoxin was eluted. Rubredoxin in the eluate was identified by
absorbance at ~ 495 and 380 nm. Fractions containing rubredoxin were pooled and

dialysed against 2 x 5 L of buffer A for at least 3 h each.

The protein was then brought to 35% (NH,),SO, saturation and loaded onto a
hydrophobic interaction column (Phenylsepharose, ~ 300 ml, Pharmacia) pre-
equilibrated with buffer A containing 35% (NH,).SO,. Protein was eluted in a
gradient of 35-0% (NH,),SO, saturated buffer A. Fractions containing samples with
AogolAggy ratio of 6.5:1 or less were pooled and concentrated using centrifugal
filtration with a 10 kDa cut-off (Millipore, Biljerica, USA). Concentrated protein was
dialysed exhaustively against buffer A to remove any salts and stored at -20 °C in

50% glycerol.

As rubredoxin is purified in the one iron form, iron can be inserted into the second
iron binding site by precipitation and refolding of the protein in the presence of iron
[50, 80]. A 10 mg sample of rubredoxin as purified above was precipitated by the
addition of trichloroacetic acid (TCA) to a final concentration of 10% (w/v) at room
temperature. The precipitate was harvested by centrifugation (10 min at top speed in
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a bench-top centrifuge) and transferred to anaerobic glove box (Bell Technology,
UK). Once in the glove box, the protein precipitate, which was now very pale having
lost its iron, was dissolved in oxygen-free 0.5 M Tris base, 0.5 M 2-mercaptoethanol
to give a final protein concentration of 5-10 mg/ml. The mixture was incubated at
room temperature, under anaerobic conditions, for 3 h. The protein was then
precipitated as before by addition of TCA to 10% (w/v). Precipitate was harvested by
centrifugation as before and incubated on ice for 30 min before re-suspension in 0.5
M Tris base, this time containing ferrous ammonium sulphate ((NH,).SO4FeSO,
6H,0) to a 5 fold molar excess over protein. The protein solution, now a deep green,
was further incubated for 1 h on ice before gradual introduction of air via a needle
puncture to the microfuge tube, returning the protein to a deep red colour. The
refolded protein was desalted and exchanged into 0.05 M potassium phosphate buffer
(pH7.5) by passing through a G-25 Sephadex column (Whatman, Maidstone, UK)
pre-equilibrated with the buffer.

2.3.2 Expression and purification of rubredoxin reductase

Rubredoxin reductase was expressed in E. coli TG1 cell transformed with pKRR5
following the protocol described by Tambraya [79]. Starter cultures (2 x 10 ml LB,
containing 100 pg/ml ampicillin) were inoculated from freshly transformed cells and
grown overnight at 37 °C with vigorous shaking (230 rpm). These overnight cultures
were used to inoculate a secondary starter culture of 2 x YT media (500 ml in 2 L
Erlenmeyer flask) supplemented with ampicillin to 100 pg/ml which was incubated at
30°C for 18 — 22 h with vigorous shaking (230 rpm). This secondary starter culture
was then used to inoculate 2 x YT media (1 L each in 2 L Erlenmeyer flasks)
supplemented with ampicillin to 100 pg/ml, ensuring a final cell density of between
ODgoo 0.075 and 0.08. These cells were grown 20°C with vigorous shaking until cell
density reached ODggo Of 3.5- 4 (typically 20-26 h). The cells were then harvested by
centrifugation, washed and stored overnight as described for rubredoxin (Section
2.3.1).

All subsequent processes were carried out at 4°C or on ice, unless otherwise stated.
Cell pellets were defrosted on ice and re-suspended in buffer B (20 mM potassium
phosphate, pH 7.5, 20% v/v glycerol) with the addition of 1. mM PMFS. Cells were

lysed using a combination of French press (2 passes at 950 Ib/in?) followed by
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sonication at 40% power for 10 x 20 second bursts with 2 minute rest gaps to allow
cooling. Unbroken cells and cellular debris were separated from soluble protein by
centrifugation for 90 min at 12,000 g (18,000 rpm in a Sorvall RC5B using FAS20C
rotor). The supernatant containing rubredoxin reductase was then removed to a clean

pre-cooled container ready for purification.

Cell free lysate was fractionated using ammonium sulphate ((NH4),SO,). Lysate was
brought slowly to 30% saturation (NH4).SO4 with gentle stirring, the supernatant,
containing rubredoxin reductase, was separated from precipitate by centrifugation (10
min at 8,000 g) and the precipitate discarded. The (NH,).SO, saturation in the
supernatant was then increased to 60% and precipitate was again separated by
centrifugation.  Precipitate of this 40-60% fraction, which contained rubredoxin
reductase was kept and the protein gently re-suspended in buffer B (~ 100 ml) and
dialysed against 2 x 5 L of buffer B for at least 3 hours each, or overnight prior to

chromatography.

The protein was then loaded onto anion exchange resin (Q-Sepharose, ~ 250 ml col.
vol. Pharmacia) pre-equilibrated with buffer B. The column was then washed with at
least two column volumes of buffer B to remove unbound protein. The column was
washed using a gradient of 0 — 0.14 M KCI in buffer B over 300 ml followed by 150
ml holding at 0.140 M KCI in buffer B. Protein was eluted in a second gradient of
0.140 M to 1 M KCI in buffer B over 300 ml. The presence of rubredoxin reductase
was monitored by absorbance at 450 nm. Fractions containing rubredoxin reductase

were pooled and dialysed against 2 x 5 L of buffer B for at least 3 h each.

The protein was then brought to 35% (NH,).SO, saturation and loaded onto a
hydrophobic interaction column (Phenylsepharose, ~ 300 ml, Pharmacia) pre-
equilibrated with buffer B containing 35% (NH,),SO4. Protein was eluted in a
gradient of 35-0% (NH,).SO, saturated buffer B. Fractions containing rubredoxin

reductase were pooled and dialysed against 2 x 5 L of buffer B for at least 3 h each.

The protein was then applied to anion exchange column Q-Sepharose, ~ 250 ml col.
vol. Pharmacia) pre-equilibrated with buffer B for a second time. The column was
washed and protein eluted under the same conditions as before. Presence of

rubredoxin reductase was monitored by absorbance as before and purity was analysed
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by SDS-PAGE. Fractions containing pure rubredoxin reductase were pooled and
concentrated by centrifugal filtration using Centrecon filters with a 30 kDa cut-off
(Millipore, Biljerica, USA). Concentrated protein was dialysed exhaustively against

buffer B to remove any salts and stored at -80 °C in 50% glycerol.
2.3.3 Expression and purification of AlkB

After optimisation (discussed in Ch 3) wild-type alkane hydroxylase AIKB was
expressed in E. coli BL21(DE3)pLysS transformed with pAlkB-3a. Starter cultures
(5 ml LB, containing 50 pg/ml ampicillin) were inoculated from freshly transformed
cells (glycerol stocks were found to lose plasmid in -80 °C storage). Cells from the
overnight cultures were used to inoculate LB media (500 ml in 2 L baffled flasks)
supplemented with ampicillin to 50 pg/ml and chloramphenicol to 34 pg/ml and 3
drops of antifoam A (Fluka, Buchs, Switzerland). After inoculation, cells were
incubated and allowed to reach ODgo 0.6, whereupon protein production was induced
by the addition of IPTG to 1 mM. The temperature was reduced to 30 °C and cells
were incubated for 4-6 h with shaking (230 rpm). Cells were harvested by
centrifugation at 10,000 x g for 20 min (5,000 rpm in a Sorvall RC5B using FAS10C
rotor) and frozen at -20 °C overnight.

The histidine tagged alkane hydroxylase (AlIkB(His)s) was expressed in E. coli
C41(DE3) transformed with pAlkBH in the same manner as for the wild-type above.

2.3.3.1 Purification method 1

AlkB (wild-type and his tagged) purification was attempted following the method
published by Shanklin et al. [74]. All processes were carried out at 4°C or on ice
unless otherwise stated. Cells were re-suspended in 40 ml of 50 mM HEPES (pH 8.0)
containing MgCl,, 2 mM PMSF, 10 mg DNase | and 10 mg/ml RNase. Cells were
broken by passage through a French press (3 x at 950 psi). Broken cells were
centrifuged at 40,000 x g for 45 minutes. The clarified supernatant was then placed in
ultracentrifuge tubes (Kendro, Bishops Stortford, UK) underlayed with 1.5 ml 50 mM
HEPES (pH7.5), 40% v/v glycerol. These were then centrifuged at 240,000 g for 2 h
at 4°C in a TH-641 swinging bucket rotor in a Sorvall OTD65B ultracentrifuge to
pellet the membranes containing AIKB in the glycerol cushion. Glycerol cushions
(containing AlkB) were harvested by careful removal of the upper supernatant layer
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then diluted with 50 mM HEPES (pH 7.5), 500 mM urea to 45 ml, before re-
centrifugation at 240,000 x g for 1 hour. The supernatant was discarded and the
pellets, containing AIkB enriched membranes were gently re-suspended using a small
paintbrush in 10 ml 25 mM HEPES (pH 7.5) containing 10% v/v ethylene glycol.

2.3.3.2 Purification method 2

The ultracentrifugation purification of AIkB (wild-type and his tagged) was modified
following discussion with Dr David Leys following a research visit to the laboratory
of So Iwata (Imperial College, London). All processes were carried out at 4°C or on
ice unless otherwise stated. Cells were defrosted and re-suspended in ~ 80 ml 50 mM
Tris pH 7.4. Cells were lysed by sonication in the presence of 1 mM PMSF (Power
level 40%, 20 x 20 bursts 2 - 5 minute rest gaps to ensure constant temperature). Cell
debris and unbroken cells were then separated from protein and membranes by
centrifugation 20,000 g for 45 min until the extract appeared clear. The clear extract
was then centrifuged at 100,000 g for 1 h (TH-641 swinging bucket rotor in Sorvall
OTD65B) to pellet membranes. The resultant supernatant was discarded and the
pellets gently re-suspended in 50 mM Tris, 2 M NaCl pH 7.4 using a small
paintbrush. The re-suspended pellets were subjected to sonication (3-5 x 10 second
bursts at 30%) to break up membrane vesicles and wash undesirable membrane
associated proteins from the membranes. The membrane suspension was then
centrifuged at 100,000 g for 1 h (TH-641 swinging bucket rotor in Sorvall OTD65B)
to re-pellet the membrane and the washing procedure repeated. Membranes were then
stored as pellets at —80 °C.

2.3.3.3 Affinity Chromatography of His tagged AlkB

Membrane pellets (section 2.3.3.2) were resuspended in solubilisation buffer
(approximately 1 ml buffer per 1 ml membrane pellet) 50 mM TRIS, 100 mM NaCl,
2% ANAPOE CyoEg (Polyoxyethylene(9)dodecyl ether) (Anatrace, Maume, Ohio) pH
7.4 by stirring at 4 °C for 1.5 hr. The suspension was loaded onto cobalt affinity resin
(TALON, 10 ml col. vol., Clontech, California) pre-equilibrated with the
solubilisation buffer. The column was then washed with 2 column volumes of
solubilisation buffer followed by 10 column volumes of 50 mM TRIS, 500 mM NaCl,
2% ANAPOE, 80 mM imidazole, before membranes were eluted with the same buffer
containing 500 mM imidazole.
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2.3.4 Expression and purification of P450 BM3 and its mutants

The full-length and heme-domain of P450 BM3 and the heme-domain of P450
BM3F87G were expressed in TG1 cells using pBM23 , pBM20 and pBMHF87G
respectively.  Starter cultures (5 ml LB, containing 50 pg/ml ampicillin) were
inoculated from either freshly transformed cells or from fresh glycerol stocks (less
than 1 month old and stored at -80 °C). Cells from the overnight cultures were
inoculated and grown in 500 ml (2 L flasks) of Terrific Broth (typically 5 L total
culture) supplemented with ampicillin to 50 pg/ml . After inoculation with an
overnight culture, cells were allowed to grow for 36 hr at 37 °C with shaking at 230
RPM. Cells were harvested by centrifugation at 10,000 x g for 20 min (5,000 rpm in
a Sorvall RC5B using FAS10C rotor) then washed once with TED buffer (50 mM
Tris.HCI, 1 mM EDTA pH 7.2). The cell were then re-centrifuged as above to pellet
the cells and frozen overnight at -80 °C.

The full-length P450 BM3gg7c Was expressed in E. coli BL21(DE3) transformed with
pBMF87G. Starter cultures (5 ml LB, containing 50 ug/ml ampicillin) were
inoculated from freshly transformed cells from fresh glycerol stocks (less than 1
month old and stored at -80 °C). Cells from the overnight cultures were used to
inoculate LB media (500 ml in 2 L Erlenmeyer flasks) supplemented with ampicillin
to 50 pg/ml. After inoculation, cells were incubated at 37 °C and allowed to reach
ODggo 0.8, whereupon protein production was induced by the addition of IPTG to
1mM. Cells were incubated for a further 6h at 37 °C with shaking (230 rpm) before
being harvested by centrifugation at 10,000 x g for 20 min (5,000 rpm in a Sorvall
RC5B using FAS10C rotor). Cells were washed once with TED buffer before

centrifugal collection and storage at -20 °C overnight.

All subsequent processes were carried out at 4 °C or on ice, unless otherwise stated.
Cell pellets were defrosted on ice and lysed in the presence of 1mM benzamidine
hydrochloride using a combination of French press (2 passes at 950 Ib/in?) followed
by sonication at 40% power for 10 x 20 second bursts with 2 minute rest gaps to allow
cooling. Broken cells were then centrifuged to isolate soluble protein from unbroken
cells and cellular debris. Typically, 3 x 20 minute spins at 12,000 x g were needed to
ensure the lysate was completely clear. The soluble protein-containing extract was
then dialysed against 2 x 5 L of TED buffer containing 1 mM benzamidine
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hydrochloride for at least 3 hours each, or overnight prior to protein purification by

chromatography.

2.3.4.1 Purification of Full-length P450 BM3 and mutants

The full length, holo-enzyme of wild-type and the mutant forms were purified using

anion exchange followed by NAD(P)H affinity chromatography.

Following cell lysis and clarification and dialysis into TED buffer, the cell extract was
centrifuged (40,000 x g, 4 °C, 20 min) to remove any precipitate, then loaded onto a
DEAE-Sepharose anion exchange resin (~ 250 ml col.vol. Pharmacia) pre-
equilibrated with TED buffer containing 1mM benzamidine hydrochloride at 4 °C.
The column was then washed with at least 2 column volumes of TED buffer before
the protein was eluted using a linear gradient of 0 — 500 mM KCI in TED buffer over
approximately 500 ml.

Fractions were analysed for P450 content spectrophotometrically by comparison of
the absorption associated with the P450 (i.e. from the Soret peak (Aasis)) with that
from the total protein content (aromatic amino acid absorption A,go). The presence of
P450 specifically (rather than another cytochrome or cofactor absorbing in this
region) was also tested by dithionite reduction and CO binding to ensure a peak shift
to Asso diagnostic for the P450. Fractions with the highest As1s/Azg0 ratio were
pooled and concentrated to a volume of approximately 5-10 ml by centrifugal
filtration using Centricon filters with a 50 kDa cut off (Millipore, Biljerica, USA).
The protein was then dialysed overnight into 2 x 1.5 L of 25 mM potassium phosphate
(Kpi, pH 6.5).

Dialysed protein was then loaded onto ATP/NADP+ affinity resin (Mimetic Yellow
10 - 15 ml col. vol., ProMetic Biosciences, Quebec, Canada) pre-equilibrated with 25
mM Kpi pH 6.5. The column was washed with approximately 15-20 column volumes
of the same buffer until the total absorbance of the eluate at 280 nm was negligible.
Protein was eluted in a single step by application of 25 mM KPi, pH6.5 containing
500 mM KCI and 20 mM 2’5’AMP. Eluate was collected manually in 1-1.5 ml
fractions and each was analysed for presence of P450 by spectrophotometry as
previously described. Those containing pure protein were pooled and concentrated as

described previously then dialysed exhaustively into TED buffer before further
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dialysis in TED buffer containing 50% v/v/ glycerol. Aliquots were then stored at —
80 °C.

2.3.4.2 Purification of heme-domain P450 BM3 and mutants

The wild-type and mutant forms of BM3 heme-domain were isolated and purified by
liquid chromatography using a three-stage protocol employing anion exchange
(weak), ceramic hydroxyapatite and anion exchange (strong).

Following cell lysis, clarification and dialysis into TED buffer, the cell extract was
centrifuged (40,000 x g, 4 °C, 20 min) to remove any precipitate, then loaded onto
DEAE-Sepharose (column dimensions as described, Section 2.3.4.1) pre-equilibrated
with TED buffer containing 1mM benzamidine hydrochloride at 4 °C. The column
was washed and the protein eluted under the same conditions as described for the full
length P450s (Section 2.3.4.1). Fractions were analysed spectrophotometrically as
described and those containing P450 were pooled, dialysed and concentrated as for
the full length P450s. Once concentrated, the protein was dialysed overnight into 25
mM Kpi, pH6.5.

Dialysed protein was loaded onto ceramic hydroxyapatite resin (~300 ml col. vol.
BioRad, Hercules, USA), pre-equilibrated with 25 mM Kpi, pH6.5. The column was
washed with at least 2 column Volumes of 25 mM Kpi, pH6.5 before protein was
eluted using a linear gradient from 25 mM to 500 mM Kpi (pH 6.5) over approx.
500ml. Fractions were analysed as described previously and those containing P450

were pooled and dialysed against 2 x 5 L TED buffer.

Dialysed heme domain was loaded onto Q-Sepharose anion exchange (15 cm x 2.6
cm column volume, Pharmacia), pre-equilibrated with TED buffer. The protein was
washed with at least 2 column volumes of TED buffer before elution using a linear
gradient of 0 — 500 mM KCI over approx. 500 ml. Fractions containing pure protein
were pooled and dialysed exhaustively into TED buffer. The pure protein was then
concentrated by centrifugal filtration as described previously before further dialysis

into 2 L TED buffer containing 50% v/v glycerol and storage in aliquots at —80 °C.

An additional purification step was used when purifying BM3ga03c in an attempt to

improve the poor resolution of the protein. Fractions containing heme domain

BM3qa03c collected post Q-sepharose anion exchange were pooled and dialysed
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exhaustively in 50 mM Tris.HCI, 1 mM EDTA pH 8. Dialysed protein was loaded
onto Q-Sepharose anion exchange (15 cm x 2.6 cm column volume, Pharmacia), pre-
equilibrated with the same buffer. The protein was washed with at least 2 column
volumes of TED buffer before elution using a linear gradient of 0 — 500 mM KCI over
approx. 500 ml. Fractions containing BM3q403c Were pooled and the purity of the
protein sample assessed by SDS-PAGE before purification of this mutant was

discontinued.
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2.4 Analytical Methods

2.4.1 SDS-PAGE analysis

SDS-PAGE analysis of proteins was completed using the Laemmli method [81]. Gels
were prepared using a mini-gel preparation kit (Bio-Rad, Hercules' USA) following
the manufacturer’s instructions. Stacking gel and resolving gels were made using the
solution components outlined in Table 2.4. The ammonium per sulphate (APS) and
tetramethylethlylenediamine (TEMED) was only added immediately prior to pouring
the gels. To pour, the glass plates were cleaned using ethanol and allowed to dry.
The resolving gel of the appropriate percentage acrylamide was gently poured
between the plates and overlain with iso-butanol to exclude air and left to set for 30
min. The iso-butanol was then poured off and any residue removed using filter paper.
The stacking gel was then poured between the plates over the resolving gel and an

appropriate size comb inserted in the top and left to set for 30 min.

Table 2.4 SDS-PAGE solution components.

Component volumes (ml) per gel

2 ml Stacking Gel 10 ml resolving gels
Solution components 8% 10% 12% 15%
H,O 1.4 4.6 4.0 3.3 2.3
30% bis/acrylamide | 0.33 2.7 3.3 4.0 5.0
0.5M Tris (pH6.8) | 0.25 n/a n/a n/a n/a
1.5 m Tris (pH8.8) n/a 2.5 2.5 2.5 2.5
10% SDS 0.02 0.1 0.1 0.1 0.1
10% APS (fresh) 0.02 01 01 01 01
TEMED 0.002 0.006 0.004 0.004 0.004
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The electrophoresis apparatus (BioRad®, vertical model) was set and the tank was
filled with gel running buffer (25 mM Tris, 250 mM glycine, 0.1% SDS).

Protein samples were prepared by mixing with 3 x loading buffer (2 ul per 6 pl
sample) (187.5 mM Tris-HCI (pH 6.8 @ 25 °C), 6% (w/v) SDS, 30% glycerol and
0.03% (w/v) phenol red, 40 mM DTT) and the mixture was heated at 95 °C for ~ 5
min. Samples were then centrifuged (2 min at full speed in a bench-top microfuge) to
remove any precipitated protein, before loading onto the gel. Electrophoresis was
performed at 150 V for ~ 1 hour, being stopped when the dye front approached the
end of the gel.

To visualise the protein bands gels were stained by first ‘fixing’ the gel by submersion
in 50% v/v methanol, 10% acetic acid, 40% dH,O for approximately 10 min. The gel
was then removed from the fixer and submersed in Coomassie Blue Stain (0.25% w/v
Coomassie Blue G-250, 50% v/v methanol, 10% acetic acid, 40% dH,0) for 20-30
min with gentle shaking. The gel was then de-stained overnight in 25% v/v methanol,
10% v/v acetic acid, 65% v/v dH,0 before visualisation and image capture using the

gel documentation system described previously (Section 2.2.3).
2.4.2 Protein concentration

All UV-visible spectroscopy was carried out on a Varian Cary 50 UV-visible

spectrophotometer using a quartz cuvette with a path length of 1cm.

The concentration of rubredoxin was determined from absorbance measurements at
498 nm for 1FeDDR and 494 nm for 2FeDDR forms using the Beer Lambert Law
(Equation 1) and the molar extinction coefficients of 6,300 M*cm™ and 10,600 M’
em™ for 1FeDDR and 2FeDDR respectively [50, 80]. The concentration of
rubredoxin reductase was determined from absorbance measurements at 450 nm using
the extinction coefficient of 11,100 M™*cm™[46].

The concentration of cytochrome P450 BM3 and mutants were calculated using the
method described by Omura and Sato [82]. Briefly, a sample of the purified P450
protein was reduced by addition of sodium dithionite, and then gently bubbled with
CO (approximately 1 bubble per second for 1 minute). Spectra were recorded at each

of the following stages; pure enzyme, dithionite reduced enzyme, and CO-bound
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enzyme. The dithionite-reduced spectrum was then subtracted from the CO-bound
spectrum to obtain a difference spectrum, which was used to calculate the difference
between absorbance at 450 nm and 490 nm. The concentration was then calculated
using the Beer Lambert Law (Equation 1) and the molar extinction coefficient (&4s0-
490) = 91,000 M cm™,

A=¢cl
Equation 1 Beer Lambert Law.

Where A is the absorbance, ¢ the molar extinction coefficient (M™ cm™), ¢ the concentration
of the absorbent and | is the path length in cm.

2.4.3 Substrate Binding studies

All binding titrations were carried out using a Cary-50 (Varian) UV-visible scanning
spectrophotometer at 30 °C using 25 mM MOPS buffer with 100 mM KCI at pH 7.4
(reaction buffer). The fatty acid arachidonic acid and known P450 inhibitor 4-
phenylimidazole were titrated against the heme domains of P450 BM3 and its various
mutants (F87G, Q387C, Q397C, Q404C) to determine binding constants (Kq4 values)
from the spectral shift induced [83]. A range of alkenes (hexane, octane and decene
with varying C=C bond positions) and styrene were also tested against the heme-
domains of P450 BM3 and the F87G mutant. Protein concentrations used in binding

studies was typically between 3 and 6 pM.

Each of the substrates was first diluted in ethanol to make stock solutions, (typically
33 mM for arachidonic acid, 50 or 100 mM for alkenes and styrene). Stock solutions
for 4-phenylimidazole were made in reaction buffer to a concentration of 50 mM.
Care was taken not to exceed a final concentration of 5 % ethanol during the titration.

Absolute spectra were collected for the pure, oxidised P450 samples prior to ligand
binding. Spectra were then collected following each addition of the substrate,
typically between 250-800 nm. Difference spectra were then generated by subtraction
of the original (substrate-free) spectrum from all subsequent spectra. The maximal
absorption differences (i.e. those from the peak and trough positions in the difference

spectra, computed as the absorption at the former minus that at the latter for the same
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wavelength pair throughout) was then plotted against the corresponding substrate
concentration. The data were fitted to a rectangular hyperbola (where binding was
relatively weak) or to a quadratic equation (where the apparent Ky was less than five
times the concentration of P450 used)) to calculate a binding constant (Kg) using the

graphical software Origin 6 (OriginLab, Massachusetts).

_ ([Er] + [Sr] + Ko) =y ([E7] + [S7] + K4)? — 4[E7][S7]
Aobs - Amax Z[ET]

Equation 2 Quadratic ‘tight binding’ equation.

Where Aqs is the observed absorption at a given concentration, Ana iS the maximal
absorbance at the given wavelength, Ex is the total enzyme concentration, Sy is the substrate

concentration and Ky the apparent dissociation constant.

Amax [ST]

Aobs = 1 571

Equation 3 Rectangular hyperbola.

Parameters as given in Equation 2
2.4.4 Redox Potentiometry

All redox titrations were carried out under a nitrogen atmosphere in an anaerobic
glove box (Belle technology, Dorset, UK). Spectroscopic measurements were
recorded using a UV-visible probe inside the box attached to a Varian Cary 50 UV-
visible spectrophotometer. Potentials were measured with a Pt/Calomel electrode
(ThermoRussell, Fife, UK) attached to a pH211 microprocessor meter (Hanna
Instruments, Leighton Buzzard, UK). Redox titrations were carried out for both wild
type heme-domain P450 BM3 and all BM3 mutant heme-domains (in substrate-free
and substrate-bound states) as well as for rubredoxin (1FeDDR and 2FeDDR)
essentially by the method of Dutton [84]. All buffers were deoxygenated by bubbling
extensively with O,-free argon. Traces of oxygen were removed from the protein
samples by passing them through a Bio-Rad Econo-pac 10DG gel filtration column
within the glove box, which had been pre-equilibrated with 100 mM KPi at pH 7.0

and contained 10% (v/v) glycerol (redox buffer). Enzyme was diluted in redox buffer
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to a concentration of approximately 80 uM and mediators were added to the enzyme
solution to speed equilibration between the enzyme and electrode; 1.5 mM methyl
viologen, 2.5 mM benzyl viologen, 7 mM 2-hydroxy-1,4-naphthaquinone and 5 mM
phenazine methosulfate. The reductant sodium dithionite, in a ~ 10 mM stock, was
titrated against the enzyme solution by the addition of small aliquots (0.1-0.2 ul) and
the sample mixed using a magnetic stirrer and flea. The sample was left to equilibrate,
typically 10 — 15 minutes, the magnetic stirrer switched off and the spectra was
collected and the potential recorded. When the enzyme was entirely reduced,
potassium ferricyanide was added (0.1-0.2 ul of ~10 mM stock) to re-oxidise it to the
start point and a final reading was taken. In substrate-bound titrations, arachidonic
acid was added from a 33 mM stock in ethanol until no more high spin enzyme was

formed prior, to the reductive titration being started.

Data were analysed by plotting the absorbance at an appropriate wavelength,
corresponding to the maximal absorbance change between oxidised and reduced
forms, against the potential. Data were fitted to the 1 electron Nernst equation

(Equation 4) using Origin software (Microcal) to calculate the mid-point potential.

Eo—X
(AAbs + Byps x 10CC ))

AObs -

Eo—X
1+10Cc)
Equation 4 One electron Nernst equation.

Where A, is the observed absorption of the ferric (oxidised) P450 form, Baps is the
absorbance of the ferrous (reduced) P450, E, is the reduction potential for the Fe**/Fe®*
transition, X is the applied potential and ¢ is a constant derived from the universal gas
constant (R=8.315 J mol™ K™), the absolute temperature in Kelvin and the Faraday constant
(9.64853x10* C mol™) representing the term RT/nF, where n is the number of electrons.

2.4.5 Steady state kinetics of wild-type BM3 & F87G mutant

Steady state kinetic analysis of the full-length BM3 proteins was carried out using the
same substrates as used in the binding studies reported above. Activity was measured
using the NADPH-dependent assay described by Matson et al [85]. All assays were
performed at 30 °C in 20 mM MOPS, 100 mM KCI, pH 7.4 with BM3 concentrations
of typically 200 nM and NADPH at near-saturating concentrations (200 pM).
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The rate of enzyme catalysis was measured by monitoring the absorbance change at
340 nm using the extinction coefficient 6.22 mM™ ‘cm™ for the difference between the
reduced and oxidised forms of the coenzyme [86]. Initial rates of NADPH oxidation
were measured at varying concentrations of each substrate. These initial rates were
then plotted against substrate concentration and fitted to the Michaelis Menten
equation (Equation 5) and the Ky and ke values calculated using Origin software

(Microcal).

_ Vmax [S]
YT K + 18]

Equation 5 Michaelis-Menten Equation.

Where v is the velocity or reaction rate, V. is the maximal reaction rate, [S] is the substrate
concentration and Ky, is the Michaelis constant, the substrate concentration at which v is

exactly half of V.
2.4.6 Product Characterisation

For styrene and the alkene that stimulated above-background rates of NADPH
oxidation by P450 BM3 and BM3gg7c, experiments were done to define any reaction
products. Full-length BM3 (both wild-type and F87G) were incubated with the
substrate and NADPH and the resultant products were recovered by dichloromethane

extraction then analysed by GC/MS.

2.4.6.1 Product formation and extraction

All product formation extraction and analysis was performed using the facilities at
Avecia, Billingham under supervision by Dr. Robert Holt. Reactions were performed
in glass (pre-washed with water and dichloromethane), at room temperature (23°C +
2°C) with gentle agitation on a rolling mixer (Wolf Laboratories, York, UK) using the
same buffer as used in the reactions in Section 1.7.3 above, namely 20 mM MOPS,
100 mM KCI ,pH 7.4.

For wild-type P450 BM3, reaction volumes of 5 ml containing 4 uM P450 and 2 mM
substrate (stock dilutions in ethanol) were incubated for 5 minutes, whereupon

NADPH was added also at 2 mM. Reactions were incubated over-night at room
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temperature before 2 ml of each reaction was removed and 1 ml dichloromethane was
added to this. The acidification step prior to addition of dichloromethane was omitted
to prevent any conversion of epoxide product to alcohol. The mixture was agitated by
shaking for ~ 30 s then allowed to settle for 2-3 min a total of 3 times. To aid
separation of organic and aqueous layers, each sample was subject to brief (30 s)
centrifugation in a bench top microfuge before the lower organic layer was recovered
by glass pipette pre-rinsed in water and dichloromethane. Excess water was removed
from the extraction by the addition of solid anhydrous sodium sulphate (Na;SO,).
The sample was then covered with foil and incubated on the bench at room temperture
for 10 min to complete the drying process. The liquid extract was then separated from
any sediment by glass pipette pre-rinsed in water and dichloromethane and the
samples were filtered through a 0.45 um polypropylene syringe filter (GE Osmonics,
Minnetonka, USA) before analysis by GC/MS (section 2.4.6.5).

Products for styrene and the alkene substrates incubated with BM3gg;¢ were analysed
in a similar manner. Reactions were performed as above, except that the reaction
volume was reduced to 2 ml and protein concentration was reduced to 2 UM due to

limited availability of the mutant enzyme.

A series of negative controls were also performed using BM3 and the F87G mutant
where enzymes were incubated under identical conditions and DCM extractions were

analysed by GC/MS as described below.

2.4.6.2 NADPH recycling using Glucose dehydrogenase

Glucose dehydrogenase (GD) (Sigma) and its substrate, glucose, was tested as a
recycling mechanism for NADPH. The activity of GD was given a 11 U, equal to 11
umoles NADP*/mg enzyme/min. As P450BM3 activity was found to be ~ 8.4 umol
NADPH/mg enzyme/min for the substrate with the highest activity, the same mass of
P450 BM3 and GD were used in the reactions to allow competent recycling. A
typical reaction contained 4 uM P450 (0.47 mg/ml), 0.5 mg/ml GD, 5 mM substrate,
5 mM glucose and 600 M NADPH.

The enzymes were incubated with substrate for 5 min prior to addition of NADPH.
Reactions were conducted under identical conditions as described for NADPH only
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reactions and samples were extracted, recovered and analysed by GC./MS as

described.

2.4.6.3 Preparation of m-chloroperoxybenzoic acid (MCPBA)

5 g of crude mCPBA (Aldrich, ~70%) was dissolved in 50 ml dichloromethane
(DCM) and washed with 3 x 50 ml buffer solution (100 mM sodium phosphate, pH
7.6). Washing constituted 50 ml of buffer was mixed with mCPBA solution, allowed
to settle then the organic layer (lower) recovered. The pH of the discarded buffer was
tested and the washing step repeated until the pH was above pH 7.2. The organic
layer was recovered from the final wash and any remaining aqueous media (buffer)
was removed by the addition of anhydrous sodium sulphate (Na,SO,) until the
organic phase was clear. Precipitate was removed by filtration and DCM was
evaporated under reduced pressure in a rotary evaporator to give ~ 3 g of pure

mCPBA which was stored in a sealed container at 4°C and used within one week.

2.4.6.4 Epoxidation of alkenes using mCPBA

Epoxides of the following the alkene substrates were manufactured using the peracid
mCPBA as purified in the preceding section: n-hexene, t2- and t3-hexene, n-octene,
t2-, t3- and t4-octene. 3 mmoles of alkene was dissolved in a 10 ml volume of DCM,
stirring (magnetic stirrer) in and ice bath. 3.3 mmoles of purified mCPBA was
dissolved in a 10 ml volume of DCM. The mCPBA/DCM solution was then added
drop-wise to the alkene solution over a period of 10 min. The mixture was then
removed from the ice bath and incubated at room temperature with stirring for a
further 2 h. Solid sodium sulphite (~3 mmoles) was then added to the mixture to
remove any residual peroxide. The solution was then washed (4 x 20 ml) with a 5%
sodium bicarbonate solution, followed by water (1 x equal volume), followed by
saturated sodium chloride solution (1 x equal volume). The organic layer from the
final wash was recovered and any residual aqueous phase removed by the addition of
solid (Na,SO,) and filtered as described previously (Section 2.4.6.1) . The remaining
solvent was removed by rotary evaporation under reduced pressure to yield the alkene

oxides present as oil.
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2.4.6.,5 Gas Chromatography and Mass Spectroscopy

GC/MS analyses of the products from the above reactions were performed on an
Agilent 6890 series GC system with an Agilent 5973 Network Mass Selective
Detector attached. The System was fitted with a HP5MS, 5% phenyl methyl siloxane
capillary column (30.0 m x 250 um x 0.25 um) with a maximum run temperature of
325 °C. All samples (1 pl) were run using the following method: oven temperature
was set to 50 °C with a 2 minute solvent delay and a flow rate of 1 ml/min. The
temperature was then increased to 200 °C at a rate of 20 °C/min with mass detection
set between 20-150 MW. Standard samples of substrates in dichloromethane (DCM)
were used to identify retention times and fragmentation patterns of starting material

and then checked against the software’s internal compound library.

Product identification was achieved by comparison with the internal library and,
where possible, by comparison using commercially available compounds. Where a
prospective epoxide product was not commercially available, products were

chemically manufactured in the laboratory as described (Secction 2.4.6.3).

Chiral resolution of styrene oxide (R- and S-) was achieved using a GC (Agilent
6890N) with an Agilent HP-5, 5% phenylmethyl siloxane column (30m x 320pum x
0.25um) fitted with a flame ionisation detector. Chiral products were identified by
running commercially available standards (styrene oxide, racemic mixture and R-

styrene oxide) concurrently to compare retention times.
2.4.7 Quantification of solvent accessible protein sulfhydryls

Solvent accessible sulfhydryls were measured using a modified version of the
‘Ellman's test’ using 5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB commonly known as
Ellman’s reagent) and cystamine as mediator [87, 88]. Protein samples (1-5 nmoles)
were diluted in PBS (137 mM NaCl, 10.1 mM Na;HPQO,, 1.76 mM KH,PO,4, 1 mM
EDTA, adjusted to pH7.4) to a final volume of 1 mL. A 200 pl aliquot of 'strong
buffer' (100 mM boric acid, 0.2 EDTA adjusted to pH 8.2 with NaOH) was added to
adjust the pH to > 8.0. A 20 ul aliquot of DTNB/cystamine reagent (10 mM DTNB,
10 mM cystamine in dissolved in 100 mM NaH,PO,, 0.2 mM EDTA adjusted to pH
7.0 with NaOH) was added to the sample and immediately vortexed. The reagent

treated samples were incubated at room temperature for 5 min before the absorbance
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at 412 nm was measured against a water blank. A protein blank was made by
replacing the DTNB/cystamine reagent with 20 ul dH,O and a reagent blank was
made by replacing the protein by PBS only. The amount of sulfhydryl in the protein
sample was calculated according to Equation 6, using the standard value Agg =
14,150 Mt em™,

(A4125_A412r - A412p)

molSH = 0.00122 L
Aggq5 * Iem

Equation 6 Determination of sulfhydryls.

Where molSH is the moles of sulfhydryls, A4, is the absorbance of protein after reaction
with reagent, A4, is the absorbance of the reagent blank, A, is the absorbance of the
protein blank and 4y, is the molar extinction coefficient of DTNB at 412 nm (14,150 M cm™)

2.4.8 Redox Potentiometry

All redox titrations were carried out under a nitrogen atmosphere in a Belle
technology glove box fitted with a UV-visible probe attached to a Varian Cary 50
UV-visible spectrophotometer. Potentials were measured with a Thermo Russell
electrode attached to a Hanna pH211 microprocessor meter. Redox titrations were
carried out for both wild type heme domain P450 BM3 and mutant heme domains.
Titrations were carried out using the arachidonic acid bound and substrate-free forms
of the enzyme essentially by the method of Dutton [89]. All buffers were
deoxygenated by bubbling extensively with O2-free argon. Traces of oxygen were
removed from the protein samples by passing them through a Bio-Rad Econo-pac
10DG gel filtration column within the glove box, which had been pre-equilibrated
with 100 mM KPi at pH 7.0 and contained 5% (v/v) glycerol. Mediators were added
to the enzyme solution to speed equilibration between the enzyme and electrode, 1.5
mM methyl viologen, 2.5 mM benzyl viologen, 7 mM 2-hydroxy-1,4-napthaquinone
and 5 mM phenazine methosulfate were added to 5 ml of enzyme in 100 mM KPi pH
7.0, with the enzyme concentration approximately 80 puM. The reductant sodium
dithionite, in a 10 mM stock, was titrated against the enzyme solution, and the
enzyme sample was left to equilibrate, typically 10 — 15 minutes, prior to the
spectrum being collected and the potential being noted at each titration point. When

the enzyme was entirely reduced, potassium ferricyanide was added to re-oxidise it to
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the start point and a final reading was taken. Data were analysed by plotting the
absorbance at an appropriate wavelength corresponding to the maximal absorbance
change between oxidised and reduced forms against the potential, a Nernst function
was then fitted to the data and the midpoint potential calculated from it. In substrate-
bound titrations, arachidonate was added from a 33 mM stock in ethanol until no

more high spin enzyme was formed prior to the reductive titration being started.
2.4.9 Electron paramagnetic resonance (EPR) spectroscopy

Spin labelling of P450 BM3 and Q/C mutant heme-domains and subsequent EPR
spectra was carried out by Louise Ottignon under the supervision of Dr Myles

Cheesman (Dept. of Chemistry, University of East Anglia).

2.4.9.1 Spin-labelling using MTSL

Each sample (~0.1 pmol) protein was diluted to 2.5ml with buffer. (20mM Hepes,
pH7). The reducing agent dithiothretol (DTT) was added (1 mg) to each sample
under anaerobic conditions to remove any disulphide bridges. Each sample was then
passed down a PD10 desalting column pre-equilibrated with the Hepes buffer to
remove the DTT. The proteins’ UV-visible spectra were recorded to determine the
protein concentration before the addition of a 10-fold molar excess of the spin-label
S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate
(MTSL). The samples were incubated in the dark at room temperature for 4 h.
Unbound label and was removed from the samples by passing down a PD 10 column,
then samples were concentrated and their UV-visible spectra recorded to determine

their concentration.

2.4.9.2 Collection of EPR spectra

Continuous wave EPR spectra were recorded at room temperature on a Bruker ER-
300D series electromagnet and microwave source interfaced with a Bruker EMX
control unit (Bruker, Coventry, UK). Spectra were collected under the following

conditions: microwave frequency, 9.741 GHz, microwave power 2 mW.
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3 Isolation of the trans-membrane alkane

hydroxylase from Pseudomonas putida.
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3.1 Outline

The alkane hydroxylase from Pseudomonas putida (AIkB) is a trans-membrane, non-
heme, di-iron enzyme. It catalyses the mono-oxidation of alkanes using a single
oxygen atom derived from the activation of molecular oxygen. Information
regarding the structure of the enzyme is limited to its topology as deduced from
studies of hydrophobicity and analysis of AlkB/alkaline phosphatase and AlkB/B-
galactosidase fusion proteins. One avenue of investigation for shedding light on
enzyme function is through structural characterisation. Thus far, there has been no
reported success of crystallisation of the enzyme for structural studies. To this end a
histidine tagged construct encoding the alkane hydroxylase was made and expressed
in E. coli. Methods of separating AlkB enriched membranes were investigated and
efforts were made to isolate AIKB using solubilisation in detergent and immobilised
metal affinity chromatography. Despite reasonable enrichment of membranes
containing AIkB, attempts to solubilise and purify the membrane protein to

homogeneity were unsuccessful.
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3.2 The alkane hydroxylase system of Pseudomonas putida

The alkane hydroxylase system of Pseudomonas putida GPol! (TF4-1L; ATCC
29347) is the first stage of an inducible enzyme system that enables the organism to
utilise n-hexane and other short chain alkanes as its sole carbon source [35].
Originally termed the @-hydroxylation system because of its strict selectivity for
hydroxylation of the terminal methyl group of fatty acids and alkanes [90, 91], the
system consists of three proteins: NADH- rubredoxin reductase (AIkT), a flavoprotein
which serves to transfer electrons from NADH to the rubredoxin [46, 92]; rubredoxin
(AlkG), a non-heme iron-containing electron transfer protein [44]; alkane hydroxylase
(AlkB), a membrane bound iron containing mono-oxygenase [93]. All three
components are essential for oxidation of the substrate [94]. The genes coding for all
three proteins are found on the transmissible OCT-plasmid, which also encodes the
genes for other proteins involved in the alkane oxidation pathway [36]. The n-alcohol
products of alkane mono-oxygenase are subsequently acted on in turn by alcohol
dehydrogenase (AlkJ), aldehyde dehydrogenase (AlkH) and acyl-CoA synthetase
(AIKK) to convert them into fatty acids which are then used by the normal functions of

the cell to produce energy (Figure 3.1).

The OCT plasmid contains two gene clusters; the first operon encodes the genes for
the membrane-bound alkane hydroxylase alkB, two rubredoxins alkF and alkG, an
aldehyde dehydrogenase alkH [41], an alcohol dehydrogenase alkJ, an acyl coenzyme

A (CoA) synthetase alkK and an outer membrane bound protein of unknown function

! pseudomonas putida GPol is synonymous with Pseudomonas oleovorans GPol and both terms are

used in the literature.
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Figure 3.1 The function and cellular location of the gene products (a) encoded by the
OCT plasmid (b) from P. putida GPol.

The expression of the alkBFGHJKL genes is positively regulated by the product of AIkS. Key:
AlkB, alkane hydroxylase; AIkG, rubredoxin; AlkH, aldehyde dehydrogenase; AlkJ, alcohol
dehydrogenase; AIkKK, acyl coenzyme A (CoA) synthetase; AIKT, rubredoxin reductase;
neither alkF, non essential rubredoxin nor alkL, outer-membrane protein of unknown

function, are needed for alkane oxidation to continue [39, 95].
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Homologous genes forming similar alkane oxidation systems have more recently been
isolated from other Pseudomonads and Acinetobacter as well as some gram-positive
bacteria [21, 96, 97]. In fact, two AlIkB homologues have been functionally identified
in P. aeruginosa although, interestingly, the genes are contained within the genome
rather than on a transmissible plasmid. However, expression of the alkane
hydroxylase system in both P. aeruginosa and P. putida is regulated by the presence

of alkanes in the growth medium and absence of any other carbon source [39].
3.2.1 Rubredoxin

The rubredoxin encoded by alkG was the first component of the system to be isolated
and characterised and is required for catalysis [43, 44, 94]. The rubredoxin encoded
by alkF, although structurally related to the product of alkG is not required for
electron transport in the system and is thought to be the result of some gene
duplication event [41]. Rubredoxins are a family of non-heme iron-sulphur proteins
which contain a single iron tetrahedrally co-ordinated by 4 cysteine residues
commonly associated with electron transport [48]. At 19 kDa, the functional
rubredoxin from P. putida is significantly larger than the majority of known
rubredoxins which are typically just 6 kDa [48, 52]. However, sequence alignment
and cleavage studies show that this protein contains two rubredoxin-like iron-binding
domains separated by an unstructured ~70 amino acid linker region [49, 98] and is
commonly termed double domain rubredoxin (DDR) [50, 53]. The two-iron form
(2FeDDR), although believed to be the physiological form [80], is less readily
isolated and requires the unfolding and refolding of the one iron form (1FeDDR) in
the presence of iron [50]. The solution structure [53] shows each iron binding domain
contains a 3-stranded anti-parallel B—sheet and several tight turns, that correlate well
with the 3-dimensional structures of other rubredoxins solved by crystallography.
Both 1FeDDR and 2FeDDR are known to be comparably redox active in complex
with either the natural electron donor, rubredoxin reductase, or with spinach
ferredoxin reductase [49, 51, 53, 80, 98].

The gene encoding the double domain rubredoxin, alkG, from P. putida has
previously been sequenced and cloned into the expression vector pKK223-3 to create
the recombinant plasmid pKR10 [38, 47]. The recombinant, one-iron form of double
domain rubredoxin (1FeDDR) is readily isolated from E. coli TG1 cells transformed
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with plasmid pKR10 and its expression and purification has been well documented
[50].

3.2.2 Rubredoxin reductase

Encoded by the alkT gene, rubredoxin reductase was first isolated in the early 1970s
[47]. This 55 kDa protein contains 2 ADP-binding sites as determined by the amino
acid sequence; each matching that typical of a Rossmann fold and the phosphate
binding consensus sequence G-x-G-x-x-G associated with nucleotide binding proteins
[99, 100]. The nucleotide binding site closest to the N-terminus binds FAD, one per
mole of protein [46], whilst the second, towards the centre of the sequence, binds one
unit of NAD(H) [47].

The gene encoding rubredoxin reductase has been sequenced and cloned into
pKK223-3; producing the recombinant plasmid pKRR5V [47, 51]. The expression
and purification of the recombinant form of the protein has been documented [98].
However, rubredoxin reductase is far less stable than rubredoxin and prone to losing
its FAD cofactor [92]. Spectral characterisations show it is able to accept two
reducing equivalents from NADH and can transfer them to rubredoxin as expected,
but also to ferricyanide. It is also capable of reducing cytochrome c but only in the
presence of rubredoxin; and it forms a complex with rubredoxin in a 1:1 ratio in
solution [46].

3.2.3 Alkane hydroxylase (AlkB)

AlkB belongs to a large family of oxygen activating, non-heme iron enzymes, the
majority of which are soluble but a sub-family of which includes the membrane
bound mono-oxygenases [101]. Even though the gene was not sequenced until 1989
[41], the alkane hydroxylase from P. putida (AIkB) is arguably the most studied of
this growing class of trans-membrane, metallo-proteins [22]. AIkB contains non-
heme iron, which if removed eliminates the enzymes mono-oxygenase activity [93].
Activity can be restored to the apo-enzyme by addition of ferrous ions (e.g. ferrous
ammonium sulphate) but not ferric ions or other metal ion substitutes e.g. Mn?*, Cu®*
[102]. Originally thought to contain just one atom of iron per polypeptide chain
[103], Mossbauer studies on AIKB enriched membrane vesicles indicate the alkane
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hydroxylase contains a di-iron cluster at the centre of its active site. Although it
contains iron, it has a fairly non-descript UV/visible spectra which shows no real
perturbations on addition of redox active components such as dithionite or substrates
and removal of iron appears to make no significant UV/visible difference either [102,
103]. It cannot, therefore, be analysed by UV/visible spectroscopy. Neither does
EPR afford any real insight into the protein as the signal doesn’t change on addition

of substrate and completely disappears on addition of dithionite [102].

The alkB, alkG, alkS and alkT genes, essential for regulation and expression of the
three component system (alkS code for the regulatory protein), have been cloned and
inserted into pLAFR1 to construct the plasmid pGEc47, which has been used to
transform various E. coli host organisms [39]. Expression of the alk genes is easily
controlled by the use of n-alkanes or dicyclopropylketone (DCPK) [37]. AIkB in
particular is expressed to high levels in E. coli; from 1.5 to 2% (w/w) of total cell
protein in E. coli DH1 [39] to 10-15% of total cell protein in E. coli W3110 [104].
This increase in AIKB synthesis in E. coli is concomitant with an increase in
membrane synthesis. Indeed, AIkB enriched membrane vesicles can be seen in
freeze-fracture micrographs of E. coli W3110 upon induction [104]. Whilst alkB gene
expression rates in some E. coli are higher than in the native host, degradation rates
are also high; with a reduction in half life from over 50 h in P. putida to 15-20 h for
alkB in E. coli W3110. The specific activity of AIkB in these E. coli strains is also 5-
6 times lower than in the native host [105, 106].

Hydrophobicity plots of the amino acid sequence indicate eight hydrophobic stretches
long enough to span the cytoplasmic membrane [41]. However, gene fusions of AIkB
to either alkaline phosphatase or f-galactosidase reveal the enzyme is more likely to
contain 6 trans-membrane helices with both the N- and C- terminal domains located in
the cytoplasm [107] (Figure 3.2). AIkB shares 25% sequence similarity with the
membrane bound xylene mono-oxygenase (Xmo) from P. putida PaWw1, which
catalyses the oxidation of xylenes and toluene [108]. Whilst not displaying sequence
similarity to the integral membrane fatty acid desaturase (FAD) family, both AIkB
and Xmo share a distinct histidine rich consensus sequence in relation to the
hydrophobic regions, which implies they are structurally related to the fatty acid
desaturases (Figure 3.3) [109]. Conversion of any one of the eight histidine residues

53



to alanine in Steroyl-CoA desaturase results in an inactive enzyme [110] and
preservation of the histidines is thought to play a vital role in co-ordination of the di-
iron centre. Further structural information about this or related proteins has not been
published and nothing is known about the spatial arrangement of the helices in the
membrane or how the enzyme determines substrate specificity. More than 80 putative
AlkB homologues have been identified in over 40 strains of gram negative and gram
positive bacteria, acquired from sources as diverse as Alaskan sediments [111], arctic
and Antarctic soil [112], clinical isolates [97] and fuel oil-contaminated sites [113].
Fewer than half of these have been shown to code for functional proteins as shown by

either gene knockouts or heterologous expression (Table 3.1).
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Figure 3.2 Schematic of the proposed topology of AlkB.

Trans-membrane helices are shown as cylinders, conserved histidine residues are shown as

green circles. AIKB is believed to consist of six trans-membrane helices with both the N- and

C- terminal domains on the cytoplasmic side of the membrane. The three histidine rich motifs

(HX@3H, HX@23HH and HX3HH) AIkB shares with xylene mono-oxygenase and the

membrane bound fatty acid desaturase (FAD) family are thought to co-ordinate the di-iron

centre is located in the cytoplasm [95].
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Figure 3.3 Pairwise alignment of the amino acid sequence of AlkB and xylene mono-

oxygenase.

The hydrophobic ‘trans-membrane’ regions are coloured blue with white text; conserved

histidine motifs are boxed.
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Table 3.1 Functional homologues of the AIkB gene of P. Putida GPo1l.

Strain *No of | Chain-length | Ref

homologues | specificity
Alcanivorax borkumensis 1(2) C8-C12 [34]
Burkholderia cepacia RR10 1 C10-16 [113]
P. fluorescens 1 C12-C16 [34]
P.aeruginosa ATCC 17423 3 C8-C18 [114, 115]
P.aeruginosa NCIMB 8704 3 C8-C18 [114, 115]
P.aeruginosa NCIMB 9581 3 C8-C18 [114, 115]
Acinetobacter calcoaceticus EB104 1 C6-C18 [34]
Acinetobacter sp. Strain ADP1 2 Cl12-C18 [116, 117]
Acinetobacter sp. Strain M-1 2 C22-C40 [96]

C16-C22

Mycobacterium tuberculosis H37Rv 1 C12-C16 [34, 118]
Prauserella rugosa NRRL B-2295 1 C8-C14 [97, 119]
Rhodococcus erythropolis NRRL B- | 1(4) C6-C36 [21, 120, 121]
16531
Rhodococcus erythropolis Q15 1(4) C8-C32 [21, 120, 121]
Nocardioides sp. strain CF8 1 C6-C16 [32]

*Numbers shown are known functional homologues, numbers in brackets () denote

the total number of alkB homologues found in that

proven functional.
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AIkB is known to catalyse the hydroxylation of n-alkanes, transferring one atom of

oxygen from molecular dioxygen to the substrate and the other to water:

R-CHj3 + O + NADH + H* > R-CH,0H + H,0 + NAD"

Although its most preferred substrates are short chain linear aliphatic alkanes [122],
AIkB from is known to have a broad substrate specificity. Amongst its capabilities
are the hydroxylation of cycloalkanes, functionalised hydrocarbons (alkenes and
alkynes) and some aromatic compounds [24]. It is also able to epoxidate the double
bonds of unsaturated hydrocarbons and perform stereo-selective sulfoxidation of
methyl thioether substrates (Figure 3.4) [123]. Despite this broad range of activity,
AIKB is able to perform many of the reactions in a stereo- and regio-specific manner
[124]. Comparison of the size of substrates that are and are not catalysed by AIKB,
and the location of the oxidation has enabled the elucidation of an approximate size of

the active site of the enzyme, this being approximately 5 A high and 8 A wide [124].
3.24 Aims

The rubredoxin and rubredoxin reductase components of the system have been
isolated and characterised, but so far the structure of AIkB has not been solved. This
is partly due to the common problems involved with isolation and crystallisation of
membrane proteins. A more detailed understanding of the substrate binding site and
amino acids involved in stereo-selectivity would greatly enhance the possibility of

biotechnological exploitation of the system and may lead to improvements in activity.

The preliminary aim of the work on the alkane hydroxylase system is the isolation and
structural characterisation of the AIkB component with a secondary aim of
characterising its interaction with the electron transfer components of the system. As
rubredoxin is the most well characterised component of the alkane hydroxylase
system, the production of 1FeDDR and 2FeDDR was taken as a starting point for the
reconstitution of alkane hydroxylase activity of the membrane bound AlkB.

The expression constructs, pKR10, pKRR5v and pAlkB-3a, used as the basis of this
work were kindly donated by Winston Tambyrajah in Professor Nigel Scrutton’s

laboratory (Dept. of Biochemistry, University of Leicester).
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Figure 3.4 The catalytic range of the alkane hydroxylase system from P. putida.

Only examples of each class of compounds are shown. ®-hydroxylation of C6-C12 alkanes
(1) and fatty acids (2), hydroxylation of cyclohexane to cyclohexanol (3), epoxidation of C3-
C12 alkenes (4), and oxidation of 1-octene (5) and 1-octanol (6) to 1-octanal, sulfoxidation of
methyl heptyl thioethers (7), demethylation of branched ethers to alcohols (8), epoxidation of
diallyl ethers(9), epoxidation of allylbenzene (10), ring substituted allyl phenyl ethers (11)
and substituted allyl benzyl ethers (12), hydroxylation of toluene (13), ethylbenzene (14) and
ethyl-substituted heterocyclic 5- and 6-membered aromatic rings (15). Adapted from [124].
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3.3 Results

3.3.1 Verification of plasmids pKR10, pKRR5 and pAlkB-3a

A sample of the pAlkB-3a plasmid was subject to analysis by restriction digest to
verify that the size and restriction pattern was as expected based on the DNA
sequence. Figure 3.5 shows the fragmentation pattern of pAlkB-3a digested with
either BamHI or Asel separated by agarose gel electrophoresis. As expected, the
BamHI digest yielded two fragments of 5.21 kb and 0.53 kb. Similarly, the Asel
digest yielded three fragments of sizes 3.2 kb, 2.2 kb and 0.3 kb.

Restriction digest were also performed on the donated plasmids pKR10 and pKRR5v,
encoding rubredoxin and rubredoxin reductase respectively. The plasmid pKR10 was
digested with EcoRV and Scal in a double digest and yielded two fragments of 4.2
and 0.95 kb which matched expectations (data not shown). The plasmid pKRR5v was
digested with Mscl to yield two fragments of 3.75 and 1.98 kb in size, also as

expected (data not shown).
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Figure 3.5. Analysis of restriction digest of pET3aAIlkB using BamHI and Asel.

A 2 pul sample of the plasmid pET3aAlkB was incubated with Asel (lane 1) or BamHI (lane
2), in separate reactions as described in Methods. A 10 ul aliquot of each restriction digest
was loaded onto a 0.8% agarose gel alongside a 1 kb DNA ladder marker (M) and subject to
150 V for approximately 30 min. The gel was visualised under UV light and fragment sizes
estimated by comparison with the marker. Fragments obtained with the Asel digest were: 3.2
kb, 2.2 kb and 0.3 kb; and with BamHI digest were: 5.1 kb, 0.55 kb. The smaller fragments
are difficult to detect clearly on this digital image but were visible under UV light. According
to the sequence of pET3aAlkB, digestion with Asel should yield fragments of 3188, 2245 and
384 base pairs whilst digestion with BamHI should yield fragments of 5189 and 528 base
pairs. The data presented are consistent with those expected. Representative of n = 2. Similar
analysis was performed on the plasmid pKR10 (encoding Rubredoxin) using EcoRV and Scal

in a double digest to yield fragments of ~4.2 kb and 1 kb (data not shown).
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3.3.2 Expression and purification of recombinant double domain

rubredoxin from P. putida

Recombinant rubredoxin was isolated in preparation for use in activity assays during
the subsequent purification and characterisation of the membrane bound AlkB. The
1FeDDR was expressed in TGl E. coli transformed with pKR10 and purified
following the protocol described in Methods. Samples were taken at all stages of
purification and analysed by SDS-PAGE to assess the homogeneity of the final
protein sample (Figure 3.6).

SDS-PAGE analysis shows two distinct bands of protein at 19 and 24 kDa that are
progressively enriched during the purification. There are some minor contaminants in
the final sample. Rubredoxin is known to migrate as two bands during
electrophoresis. This phenomenon is attributed to the formation of disulphide bridges
and can be reduced by the addition of 2-mercaptoacetic acid to the gel running buffer
[50]. This level of purity was deemed acceptable, as the primary use of this protein

was as a marker for activity of alkane hydroxylase.
3.3.3 Conversion of one-iron rubredoxin to two-iron rubredoxin

A sample of the purified 1FeDDR (section 3.3.2) was converted to 2FeDDR by
unfolding the protein then refolding in the presence of excess iron as described in
Methods. Samples of both forms were then examined and compared by UV/visible
spectroscopy (Figure 3.7). The absorption spectrum of 1FeDDR shows the protein
absorbs maximally at 497, 377 and 280 nm with an Ajgo/Asg7 ratio of 6.8 which is
comparable to that previously reported for pure 1FeDDR (6.4) [50]. The absorption
spectrum of 2FeDDR shows absorbance maxima at 494, 378 and 280 nm with an
Aogol Asgy ratio of 4.0 which is also in good agreement with previously reported values
of pure protein (4.0 — 4.3) [50]. Protein concentrations were calculated from the
absorbance at 497 nm and 494 nm using the extinction coefficients 6,300 M™* cm™
and 10,600 M™* cm™ for 1FeDDR and 1FeDDR respectively [80].
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Figure 3.6. Purification of 1Fe rubredoxin from E. coli TG1 transformed with plasmid
pKR10.

The transformed E. coli were grown in 2 x YT media for a period of 24 h at 37 °C, harvested
by centrifugation and frozen at -20 °C as described in Methods. Once thawed, cells were
sonicated in the presence of 1 mM PMSF and cell debris removed by centrifugation.
Rubredoxin was purified from the cell free lysate using a combination of ammonium sulphate
fractionation, anion exchange chromatography and hydrophobic interaction chromatography
(see Methods and text for details). Samples from each step were prepared for analysis by
SDS-PAGE as described in Methods. Each sample was loaded onto a 15% polyacrylamide
gel alongside a standard protein size marker (M) and subject to 150 V over a period of
approximately 1 h. The gel was then fixed and stained with Coomassie Blue as described in
Methods. Lanes: M) marker; 1) soluble fraction of cell lysate; 2) post ammonium sulphate
fractionation (40-60%); 3) post anion exchange chromatography; 4) post hydrophobic
interaction chromatography in two different amounts. Rubredoxin is a 19 kDa protein and at
high concentrations pure rubredoxin migrates as two bands, as can be seen here at 19 and 23
kDa. This phenomenon is attributed to the formation of disulphide bridges during
electrophoresis and can be reduced by using smaller amounts or by the addition of 2-
mercaptoacetic acid to the gel running buffer.
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Figure 3.7. UVvisible spectroscopy of pure 1Fe and 2Fe rubredoxin.

The rubredoxin is purified in the one iron (1Fe) form but its native state in vivo is the two iron
2Fe) form. The second iron can be replaced by unfolding and refolding the protein in the
presence of iron without loss of activity [50]. A proportion of 1FeDDR from the purification

described in section 3.2.1 was unfolded and refolded in the presence of ferrous ammonium

sulphate under anaerobic conditions as described in Methods. A 40 pM sample of 1Fe

rubredoxin was diluted in 50 mM potassium phosphate buffer, pH 7.5 at room temperature
and absorbance measurements were recorded over the wavelength range 250 — 800 nm. The

spectrum of 2Fe rubredoxin was obtained in the same way and overlaid for comparison.
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3.3.4 Redox Potentiometry

Determination of the mid-point potential of a redox enzyme can provide crucial
information required to understand electron transfer within the system of interest. A
reliable and well documented method of measuring redox potentials involves the use
of a platinum (Pt)/calomel electrode in combination with UV/visible spectroscopy to
record changes in the electronic absorption spectra [84]. The (Pt)/calomel electrode
consists of a solution of potassium chloride in contact with solid mercurous chloride
(calomel) and mercury containing a platinum wire. The resulting redox potentials are
expressed relative to the normal hydrogen electrode (NHE) with a correction factor of
+244 mV. Due to the globular nature of proteins, their redox centres are often buried
within the protein or shielded from solution. To speed the reduction and re-oxidation
reaction, small organic or inorganic molecules are used which act a redox mediators,

to shuttle electrons between the surface of the electrode and the proteins redox centre.

Determination of the mid-point redox potential of rubredoxin was performed by
titrating small amounts of oxidant or reductant to the protein in solution and recording
the spectral changes at the observed potentials. Reductive titrations were performed
under anaerobic conditions on both the 1FeDDR and 2FeDDR as described in
Methods. The spectral changes observed when 1FeDDR was reduced are shown in
Figure 3.8. When fully oxidised the enzyme displayed typical absorption spectra for
rubredoxin as described previously (Figure 3.7). As the sample was reduced the
absorbance values at 386 nm and 495 nm decreased to almost zero. A mid-point
redox potential of -3 mV was calculated from the plot of maximal absorbance change
versus the corresponding potential measurement (inset Figure 3.8). Reductive
titration of 2FeDDR vyielded a mid-point redox potential of -9 mV (Figure 3.9
Spectral changes in 2FeDDR during reductive titration and calculation of the mid-
point potential.Figure 3.9). Both values are in good agreement with the reported
redox potentials of -6 mV and -8 mV for 1 and 2 FEDDR respectively [50].
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Figure 3.8 Spectral changes in 1FeDDR during reductive titration and calculation of the

mid-point potential.

Under anaerobic conditions, 1FeDDR in 100 mM KPi (pH 7.0) containing 10% (v/v) glycerol
was incrementally reduced then re-oxidised as described in Methods. Spectra were recorded
(250 nm — 800 nm) at each reductive/oxidative addition along with the corresponding
potential. The absorbance measurements at the wavelength showing the maximal absorbance
changes were then plotted against the corresponding potential measurement corrected against
the normal hydrogen electrode (NHE) by the addition of +244 mV. Data were then fit to the
1-electron Nernst equation (n) to calculate the midpoint potential. The starting spectrum (red)
shows ~30 uM of oxidised 1FeDDR. The final spectrum (blue) shows the enzyme following
the addition of sodium dithionite to full reduction. A number of example intermediate spectra
are shown in black. Arrows show the direction of the absorbance change as the enzyme is
reduced. Inset shows a plot of absorbance at 495 nm against the normalised potential
measurement, yielding a mid-point reduction potential of -3 £ 0.5 mV. The error shown is the
estimate from graphing software (Origin 6; OriginLab, Massachusetts) of the fit of the data to

the 1-electron Nernst equation (n) from a single potentiometric titration.
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Figure 3.9 Spectral changes in 2FeDDR during reductive titration and calculation of the

mid-point potential.

Under anaerobic conditions, 2FeDDR in 100 mM KPi (pH 7.0) containing 10% (v/v) glycerol
was incrementally reduced then re-oxidised as described in Methods. Spectra were recorded
(250 nm — 800 nm) at each reductive/oxidative addition along with the corresponding
potential. The absorbance measurements at the wavelength showing the maximal absorbance
changes were then plotted against the corresponding potential measurement corrected against
the normal hydrogen electrode (NHE) by the addition of +244 mV. Data were then fit to the
1-electron Nernst equation (Equation 4) to calculate the midpoint potential. The starting
spectrum (red) shows ~30 uM of oxidised 2FeDDR. The final spectrum (blue) shows the
enzyme following the addition of sodium dithionite to full reduction. A number of example
intermediate spectra are shown in black. Arrows show the direction of the absorbance change
as the enzyme is reduced. Inset shows a plot of absorbance at 493 nm against the normalised
potential measurement, yielding a mid-point reduction potential of -9 £ 5 mV. The error
shown is the estimate from graphing software (Origin 6; OriginLab, Massachusetts) of the fit

of the data to Equation 4 from a single potentiometric titration.
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3.3.5 Expression and purification of recombinant rubredoxin reductase

from P. putida

Expression and purification of recombinant rubredoxin reductase was performed to
enable the reconstitution of the full electron transfer chain of the alkane hydroxylase
system to monitor activity during purification of AIkB. Rubredoxin reductase was
expressed in TGl E. coli transformed with pKRRS5 and purified following the
protocol described in Methods. The presence of reductase in samples was monitored
using UV/visible spectroscopy and the purity was analysed by SDS-PAGE (Figure
3.10). The purification was successful as indicated by the absence of any significant
amounts of other proteins, even when the gel was overloaded. However, during
preparation of protein for storage and spectroscopic analysis the reductase appeared to
lose its FAD cofactor. At this stage it was decided to suspend attempts to isolate
rubredoxin reductase in favour of using the commercially available spinach ferredoxin
reductase as an electron donor for rubredoxin in activity studies planned for alkane

hydroxylase and rubredoxin.
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Figure 3.10. Purification of recombinant rubredoxin reductase from E. coli TG1
transformed with plasmid pKRRS.

Transformed E. coli were grown as described in Methods, harvested by centrifugation and
frozen at -20 °C. Once thawed cells were lysed by French Press in the presence of 1 mM
PMSF and cell debris removed by centrifugation. Rubredoxin reductase was purified using a
combination of ammonium sulphate fractionation followed by anion exchange
chromatography (see Methods). Samples from each step were loaded onto a 10 %
polyacrylamide gel alongside a standard protein size marker (M) and subject to 150 V for
approximately 1 h. The gel was fixed and stained with Coomassie Blue as described in
Methods. Lanes: 1) soluble fraction of cell lysate; 2) post ammonium sulphate fractionation
(30 — 60 %); 3-5) post Phenysepharose; 6) post anion exchange chromatography (Q-

sepharose).
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3.3.6 Engineering an N-terminal (His)6 tagged AIkB (AlIkB(H)e)

3.3.6.1 Blunt-end cloning

The gene for AIkB contained within pAlkB-3a was amplified by PCR using the
primers ANF and ASR and Pfu DNA polymerase under the conditions described in
Methods. The PCR fragments generated were separated from any remaining template
DNA and potential primer dimers by agarose gel electrophoresis and examined under
UV light. The sample contained DNA of various lengths indicated by smearing over
the size range 0.5 to 2 kb (data not shown). PCR amplification was repeated with the
following alterations; template DNA increased from 2 to 5 ng and annealing time
increased from 1.5 to 1.75 min. The product was then separated by electrophoresis as
before. Figure 3.11a shows the product of this PCR reaction migrating at 1.2 kb with
no smearing indicating successful amplification of the gene.

The blunt-ended Pfu DNA polymerase-generated fragments were purified and subject
to an A-tailing reaction before ligation into pGEM-T and subsequent transformation
into E. coli JM109 as described in Methods. Fewer than 10 white colonies grew (data
not shown) so all were selected for analysis of their recombinant plasmid. Each
colony was used to inoculate 5 ml of LB media supplemented with 50 mg/ml
ampicillin and incubated over-night at 37 °C. The resultant plasmid DNA was isolated
using the Qiagen mini-prep kit as described in Methods. Each DNA sample was then
subject to restriction digest with BamHI and analysed by agarose gel electrophoresis.
Figure 3.11b shows plasmid samples of greater than 5 kb with no 528 bp fragment

that was expected, indicating the procedure had not been successful.

To eliminate degradation of communal stock laboratory reagents in the A-tailing
reaction as the possible cause of error, fresh dNTP solution was mixed and fresh Pfu
DNA-Polymerase was purchased. A-tailing and ligation procedures were repeated,

with similar results.
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Figure 3.11. Analysis of cloning of pAlkB-3a to engineer a (His)s tag to the N-terminal
of AlkB.

Panel a) PCR products obtained with pAlkB-3a as a template using oligonucleotide primers
ASR and ANF detailed in Methods. Lanes: M) 1kb DNA marker; 1) amplified insert. Panel
b) BamHI restriction digest of DNA prepared from E. coli JIM109 transformed with the
ligation product of pGEM-T/A-tailed AIkB PCR product. Lanes: M) 1kb DNA marker; 1)
amplified insert; 2 — 4 examples of digested plasmids from E. coli. Digestion with BamHI
was expected to yield fragments of 5189 and 528 base pairs. These data suggest that the
ligation was unsuccessful as there is only a single fragment of >5 kbp. This protocol was
followed twice more with similar results leading to a reassessment of approach and

application of alternative method (Section 3.3.6.2).

70



3.3.6.2 Site-directed mutagenesis

Mutagenic PCR was performed on pAlkB-3a to construct a (His)6 tag and stop codon
in the C-terminus of AIkB. PCR was performed using primers AHF and AHR under
the conditions described in Methods. The resultant sample was subject to digestion
with Dpnl and analysed by agarose gel electrophoresis as described in Methods.
Figure 2.8a shows little digested DNA indicating the presence of PCR amplified
plasmid. The plasmid, now termed pAIkBH, was then used to transform E. coli
NOVABIue cells and DNA preparations were made from a selection of single
colonies and then subject to agarose gel electrophoresis as before. Figure 2.8b shows
a band of DNA at approximately 3 kb which is as expected for a circular plasmid of
almost 6kb.

Sequencing analysis for the samples from 3 isolates from the site-directed
mutagenesis identified one plasmid that had been successfully mutated to include a
(His)s tag and stop codon at the N-terminal with no secondary, unplanned mutations
located in the rest of the gene sequence. There appeared an ambiguous nucleotide,
denoted by ‘N’ in the stop codon. However, upon examination of the chromatogram
(Figure 3.13) it is clear that the nucleic acid at this position was an A and therefore the
stop codon was correct (i.e. TAG).
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Figure 3.12 Analysis of PCR performed on pAlkB-3a to insert a N-terminal (His)e tag.

Panel a) The plasmid pAlkB-3a was incubated with the AHF and AHR under the conditions
described in Methods. The resultant PCR product was subject to digestion with Dpnl
restriction endonuclease as per the manufacturer’s instructions. A 10 pl aliquot of the digest
was loaded onto an 0.8% agarose gel alongside a 1 kb DNA ladder marker (M) and subject to
150 V for approximately 30 min. Panel b) The product of the PCR reaction in panel a was
used to transform E. coli NOVABIue, plated out onto agar plates containing ampicillin (100
ug/ml) and incubated at 37° for ~12 h. Single transformant colonies were used to prepare
DNA ready for sequencing as described in Methods. Samples of each DNA preparation were
analysed by agarose gel electrophoresis to confirm presence of plasmid and estimate DNA
concentration prior to selecting two for sequencing. Both gels were visualised under UV
light.
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Figure 3.13. Part of the chromatogram of sequenced plasmid pAlkB-3H to show the

insertion of a (His)s tag and stop codon at the N-terminal of AlkB.

The sequenced plasmid was checked by alignment with the pET3aAlkB sequence using
ClustalW to ensure no unplanned mutations had occurred in the plasmid or insert sequence.
There appears an ambiguous ‘N’ in the stop codon. However, upon examination of the
chromatogram it is clear that the nucleic acid at this position is an A and therefore the stop
codon is correct, i.e. TAG. The primer sequence (AHF) is underlined in red, the (His)s tag

insert highlighted in yellow and the engineered stop codon is boxed in black.
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3.3.7 Expression of recombinant AlkB and AlkB(H)

E. coli BL21(DE3)pLysS were transformed using either pAlkB-3a (wild-type) or
pAIkBH (His-tagged). Protein expression trials were performed in LB media under
the conditions described in Methods. Protein expression was induced using IPTG,
samples were taken at timed intervals pre- and post-induction and analysed by SDS-
PAGE. Comparison of induced versus un-induced in the wild-type, clearly
demonstrates a band of protein at 41 kDa that developed after induction with IPTG,
with no such band present in the un-induced sample (Figure 10). According to the
entry on the Swiss-Prot database (www.expasy.org/uniprot/P12691), the expected
mass of Alkb based on its amino acid sequence is 45.8 kDa. However, it is known
from previous work that the protein migrates at an apparent 41 kDa on SDS-PAGE
[41].

Induction of cells transformed with pAIkBH lead to rapid cell lysis (within 2-4 h).
Reduction in temperature to 25 or 20°C at induction did not significantly slow or
prevent lysis. The mutant E. coli strain C41(DE3) was investigated as an alternative
host [72]. This mutant of E. coli BL21(DE3) has increased resistance to toxic effects,
a significantly improved expression of membrane proteins, and a reduction in the
proportion of protein in inclusion bodies [125-127]. It has also been shown to affect
support proliferation of intracellular membranes when expressing membrane proteins.
So much so, that the membrane structures were visible on electron micrographs of
thin section of the cells [126].

E. coli C41(DE3) was transformed using pAIkBH and tested as an alternative
expression host following the same protocol as used for the wild-type. SDS-PAGE
analysis shows a clear band of protein at 41 kDa that developed after induction.
Furthermore, cell lysis was not a problem even at 16 h post-induction ( Figure 3.15).

Un-induced cells showed no such protein band.

In an effort to improve protein yield by increased aeration, E. coli C41(DE3)
transformed with pAIKBH were incubated in LB media in baffled conical flasks with
all other variables remaining constant. Figure 3.16 shows increased levels of a protein
at 41 kDa within the same time span when compared with those from cells incubated

in Erlenmeyer flasks.
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Taking into account the results of these expression trials the protocol for the
expression of AIkB and AlkB(H)s is described in methods. Briefly, starter cultures of
either BL21(DE3)pLysS/pAlkB-3a or C41(DE3)/pAlkBH for AlkB and AIKB(H)s
respectively were used to inoculate LB media (0.5 L in 2 L baffled flasks)
supplemented with the appropriate antibiotics. Once cell density reached 0.6-8 ODggo

expression was induced by the addition of 1 mM IPTG and harvested after 4 h.
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Figure 3.14 Protein expression by E. coli BL21 (DE3) pLysS transformed with pAIkB-
3a.

Cells were grown in 2 L capacity Erlenmeyer flasks containing 0.5 L LB liquid media
supplemented with ampicillin to 100 pg/ml and chloramphenicol to 34pg/ml. Cultures were
grown at 37°C to an ODgy of ~0.8 whereupon cells were either induced by the addition of 1
mM IPTG (a) or left to grow with no induction b), in both cases temperature was reduced to
30 °C. Samples of the transformed E. coli were taken at time intervals before and after
induction, normalised against the ODg as described in Methods and frozen at -20 °C
overnight. Samples were thawed and sonicated in the presence of | mM PMSF and 20 pl of
each were prepared for SDS-PAGE analysis as described in Methods. Samples were loaded
onto a 10% polyacrylamide gel alongside a standard protein size marker (M) and subject to
150 V over a period of approximately 1 h. The gel was then fixed and stained with
Coomassie Blue as described in Methods. For the induced cells (a) Lanes: 1) E. coliatt=0
pre-induction with IPTG; 2-6 post-induction at; 2)t=2h; 3)t=4h; 4)t=6h;5)t=9h; 6) t
=12 h. For the uninduced cells b) lanes are 1) E. coli at t = 0 where ODggo=0.8; 2)t=2h;
)t=4h;4)t=6h;5t=9h;6)t=12h. According to the entry on the Swiss-Prot
database, the expected mass of AIkB based on its amino acid sequence is 45.8 kDa. However,
it is known from previous work that the protein migrates at an apparent 41 kDa on SDS-
PAGE [41].
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Figure 3.15 Protein expression by E. coli C41 cells transformed with pAIkB3H.

Cells were grown in LB liquid media supplemented with ampicillin to 100 pg/ml and
chloramphenicol to 34 ug/ml with shaking at 37°C to an ODgq 0f ~0.8 whereupon cells were
induced by the addition of 1 mM IPTG and growth continued at 30 °C. Samples of the
transformed E. coli were taken at time intervals before and after induction, normalised against
the ODgq as described in Methods and frozen at -20°C overnight. Samples were prepared and
analysed by SDS-PAGE in the same way as detailed in Figure 3.11. Lane: 1) E. coli at ODggg
0.8 pre-induction with IPTG. Lanes: 2-6 post induction at; 2)t=2h; 3)t=4h;4)t=6h; 5)
t=9h;6)t=12h.
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Figure 3.16 Protein expression by E. coli BL21 (DE3) pLysS transformed with pAlkB-3a
grown in baffled or Erlenmeyer flasks.

Cells were grown in 0.5 L LB liquid media supplemented with ampicillin to 100 pg/ml and
chloramphenicol to 34pg/ml at 37°C in either 2 L capacity baffled flasks (lanes 1-3)
containing anti-foaming agent or 2 L Erlenmeyer flasks. In both cases, cells were grown to an
ODgqo of ~0.8 whereupon cells were induced by the addition of 1 mM IPTG and growth
continued at 30°C for 4 h. Cells were harvested by centrifugation and frozen at -20°C
overnight. Samples were thawed and sonicated in the presence of 1 mM PMSF and cell
lysate was subject to centrifugation 8000 x g for 15 min to separate cell debris. The resulting
supernatant was subject to further centrifugation at 100,000 x g to separate soluble proteins
from AIkB-containing membranes. A 20 pl aliquot of each cell lysate (1), soluble protein (2)
and membrane pellet (3) were prepared for SDS-PAGE analysis as described in Methods.
Samples were loaded onto a 10% polyacrylamide gel alongside a standard protein size marker
(M) and subject to 150 V over a period of approximately 1 h. The gel was then fixed and

stained with Coomassie Blue as described in Methods.
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3.3.8 Purification of AlkB

The final component of the alkane hydroxylase system, the membrane bound AlkB,
was expressed in E. coli BL21(DE3)pLysS following the optimised protocol
described in Methods. AIkB enriched membranes were isolated using the protocol
described in Methods as method 1. Briefly, after sonication in the presence of PMSF,
cell debris and insoluble proteins were separated by low speed centrifugation.
Membranes were isolated by differential ultracentrifugation using a 40% v/v glycerol
cushion, followed by urea treatment. The enrichment process was followed by

analysing the samples by SDS-PAGE.

SDS-PAGE (Figure 3.17) shows a 41 kDa protein present in both the insoluble and
soluble fractions (lanes 3 and 4 respectively). There were two dense bands of protein
at 37 kDa and 41 kDa present in the glycerol cushion (lane 6) whereas there were no
such bands in the buffer fraction (lane 5) indicating an efficient isolation of the AlIkB
enriched membranes. Examination of the supernatant (lane 7) and pellet (lane 8) post
urea treatment showed a large number of proteins present in both fractions including
bands at 39 and 41 kDa. However, the pellet fraction contained a larger proportion of
protein at 39 and 41 kDa.

An alternative method of membrane fractionation was investigated (Method 2) in
order to simplify the protocol and negate the possibility of the urea treatment
irreversibly denaturing the enzyme. Harvested cells were broken and cell debris
removed by centrifugation as described for method 1. Membranes were isolated from
cell-free lysate by ultracentrifugation without glycerol, then washed twice in a 1M
NaCl solution to remove membrane associated and aggregated proteins (see Methods
for details). Figure 14 shows significant enrichment of two bands of protein at 39 and
41 kDa. As the lower mass protein appears to be expressed in uninduced cells of both
E. coli BL21(DE3) and C41(DE3) (Figure 3.14 Figure 3.15) it was considered to be a

membrane protein native to these strains.
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Figure 3.17 SDS-PAGE analysis of differential ultracentrifugation (Method 1) for

isolation of AlkB-rich membranes.

E. coli BL21(DE3)pLysS cells transformed with pAlkB3a were grown in 2 L baffled flasks
containing 0.5 L LB liquid media supplemented with ampicillin to 100 pg/ml,
chloramphenicol to 34 pg/ml and antifoaming agent with shaking at 37°. Cells were induced
when growth reached an ODgq 0f ~0.8 by the addition of 1 mM IPTG and growth continued
at 30 for 4 h. Cells were harvested by centrifugation and membranes isolated following the
differential protocol described in Methods as method 1. Briefly, harvested cells were
sonicated in the presence of 1 mM PMSF to break up cells. Cell lysate was subject to
centrifugation at 8000 x g for 15 min to separate cell debris (pellet) from soluble proteins and
membrane vesicles (supernatant). The resultant supernatant was underlain with buffer
containing 40% v/v glycerol and subject to ultracentrifugation at 240,000 x g for 120 min to
separate membranes (glycerol cushion) from soluble proteins (supernatant). Urea was added
to the glycerol fraction to a concentration of 0.5 M before being subject to ultracentrifugation
at 240,000 x g for a further 60 min. Samples from each centrifugation step were prepared and
analysed by SDS-PAGE as described previously (Figure 3.6). Lanes: M) protein marker; 1)
cell lysate; 2) empty; 3) supernatant and 4) pellet from centrifugation at 8000 x g; 5)
supernatant and 6) glycerol cushion from differential ultracentrifugation; 7) supernatant and

8) pellet from ultracentrifugation of the glycerol cushion post urea treatment.
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Figure 3.18 SDS-PAGE analysis of alternate ultracentrifugation protocol (Method 2) for
isolation of AlkB-rich membranes.

BL21(DE3)pLysS cells transformed with pAlkB3a were grown and harvested as described.
The AlkB-rich membranes were isolated following an alternate ultracentrifugation protocol
described in Methods as method 2. Briefly, harvested cells were sonicated in the presence of
1 mM PMSF to break up cells. Cell lysate was subject to centrifugation at 8000 x g for 15
min to separate cell debris (pellet) from soluble proteins and membrane vesicles
(supernatant). The resultant supernatant was subject to ultracentrifugation at 100,000 x g for
90 min so separate membranes (pellet) from soluble proteins (supernatant). Membrane pellets
were re-suspended in 50 mM Tris-HCI, 1 M NaCl, pH 7 to wash the membranes of associated
proteins and subject to a second ultracentrifugation. This wash step was repeated and the
final membrane pellets stored at -20°. Samples from each step were prepared and analysed
by SDS-PAGE as described previously (Figure 3.6). Lanes: 1) cell lysate; 2) supernatant
from centrifugation 8000 x g; 3) membrane fraction after ultracentrifugation; 4) membrane

fraction after 1st wash; 5) membrane fraction after 2nd wash; M) marker.

81



3.3.9 Purification of AIkB(H)

AlkB(H)s was expressed in E. coli C41(DE3) under control of the T7 promoter as
described (Figure 3.14). AlkB(H)s-enriched membranes were isolated using the salt-
based ultracentrifugation method described and samples from each purification stage
were analysis by SDS-PAGE as described previously (Section 3.3.2). Clear bands of
protein at 39 and 41 kDa were enriched during the ultracentrifugation (Lanes 1-5,
Figure 3.15). The sample was then solubilised in 2% ANAPOE
(polyoxyethylene(a)dodecyl ether) (Anatrace, Maumee, Ohio) and applied to cobalt
affinity resin (Talon, Clontech), washed with solubilisation buffer and eluted in a high
concentration of imidazole (10 mM). Samples (2ml) were collected and analysed by
SDS-PAGE (Figure 3.19). Lanes 6-9 show samples collected as the protein sample
was loaded onto the column. Lanes 6-8 shown no protein present as expected for the
buffer however, lane 9 shows a mixture of proteins similar in profile to the starting
sample indicating unbound protein passing through the column. Lanes 10 and 11
show the samples as salt buffer and low imidazole concentration is washed through,
little or no protein is present. Lane 12 is the sample collected as the high imidazole
buffer is washed through. Two faint bands of protein at 39 and 41 kDa can be seen
but the majority of the protein appears to have not bound to the resin and been washed
through with buffer.
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Figure 3.19 SDS-PAGE analysis of AlkB(His)s at various stages of purification using
ultracentrifugation and affinity chromatography (Method 2).

The (His)e-fusion AlkB was grown and harvested from E. coli C41 cells transformed with
pAIkB3H as described for the wild-type (Figure 3.16). Membranes were isolated from the
cell lysate using Method 2 (Figure 3.18). The AIkB(His)s enriched membranes were then
solubilised in detergent (2% Anapoe) and applied to a cobalt affinity resin (see text and
Methods for details). Lanes 1-6 show the stages of membrane isolation: M) marker; 1) cell
lysate from E. coli C41 cells harvested at 4 hrs post induction; 2) supernatant from 8000 x g
centrifugation; 3) membrane fraction after ultracentrifugation; 4) membrane fraction after 1%
wash; 5) membrane fraction after 2" wash. Lanes 6-12 show the affinity chromatography
stages of the purification: 6-9) run-through from column as the membranes were applied; 10-
12) washes of increasing imidazole concentrations (10 — 400 mM) to elute any bound protein.
Samples taken at each purification step were loaded onto a 10% polyacrylamide gel alongside
a standard protein size marker (M) and subject to 150 V over a period of approximately 1 h.
The gel was then fixed and stained with Coomassie Blue as described in Methods.
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3.4 Discussion

The expression and purification, by published methods [51-53], of rubredoxin and
rubredoxin reductase have been described. Rubredoxin was successfully isolated in
the one-and two-iron forms, both of which display UV/visible spectra and mid-point
redox potentials comparable to that of published data [50]. Rubredoxin reductase is
known to be rather unstable and at glycerol concentrations of less than 20% (v/v) has
a tendency to lose its FAD cofactor; rendering the enzyme catalytically inactive [79].
Despite, successful isolation, the rubredoxin reductase lost its cofactor during
concentration of the preparation for storage. It is possible that the centrifugal
concentration of the protein caused local fluctuations in the glycerol content of buffer
caused the enzyme to release FAD into the buffer. Due to the relative instability of
the reductase, the extended time and resources required to complete purification and
the fact that there is a readily available substitute, efforts to isolate the rubredoxin
reductase were terminated in favour of using the commercially available spinach

ferredoxin reductase.

The crystal structure of the electron transfer complex rubredoxin-rubredoxin reductase
of Pseudomonas aeruginosa has been recently published [128]. These constitutively
expressed, genomicaly encoded proteins can replace their homologues in the P. putida
system [97, 129]. Considering the reductase component of the P. aeruginosa system
was able to be crystallised in conjunction with the reductase component, it may be a
more robust enzyme and therefore may be a viable alternative to commercially bought

spinach ferredoxin reductase.

Using the donated plasmid, pAlkB-3a, as a template a histidine tag was successfully
engineered onto the C-terminal of AlkB using site-directed mutagenesis. Expression
trials were conducted to establish optimum conditions for expression of both the wild-
type and his-tagged AIKB proteins. It was found that in contrast to the wild-type,
expression of AIkB(H)s caused cell lysis of the expression host E. coli BL21(DE3).
Literature searches identified a mutant of the E. coli strain BL21(DE3) which has
been used and documented as an expression host for other toxic membrane proteins
[72, 125-127]. The use of this mutant E. coli C41(DE3) enabled expression of

AlkB(H)s without cell lysis. It may also be worth examining whether E. coli
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C41(DE3) could be used to express AlkB wild type a previous work on the E. coli
inner membrane, enzyme acyl-acyl carrier protein synthase (acyl-ACP) shows that
although the protein is not in toxic to E. coli BL21(DE3), expression of acyl-ACP in
E. coli C41(DE3) improves the yield of active protein 3- to 4-fold and reduces the
proportion of inactive protein in inclusion bodies [125]. A second generation mutant
derived from E. coli C41(DEJ), E. coli C43(DE3), has been shown to have improved
plasmid stability over C41(DE3) and enhanced membrane proliferation [126, 127] so
it may also be with exploring its use as an expression host. It would also be
interesting to see if expression of AlkB and AlkB(H)e affected membrane biogenesis
in this mutant host as has occurred with the expression of the b subunit of F1F, ATP
synthase in C41(DE3) [126].

Two methods for isolation of AIKB enriched membranes were investigated. The first
using differential centrifugation and urea treatment as outlined by Shanklin and co-
workers [74]; the second using an alternate ultracentrifugation technique involving
high salt washing of the membranes to remove spurious membrane associated
proteins. Both methods appear to enrich AIKB membranes reasonably well with little
difference in the purity between both methods. However, the protocol using salt
washes is less labour intensive than using differential ultracentrifugation with the
glycerol cushion. It is interesting to note that AIkB (either wild-type or his tagged)
expressed in either E. coli BL21(DE3) or C41(DE3) appears to be co-purified
alongside a native E. coli protein of a similar size and neither the urea treatment nor
salt washes is able to remove this contaminant. Further to the earlier comments
regarding expression hosts, although in theory, the contaminant should be easy to
eliminate from the AIKB(H)s upon successful employment of metal affinity
chromatography, it may be necessary to investigate alternative expression host that
are not derived from BL21 (DE3) to eliminate this contaminant in AIkB wild-type

preparations.

Based on subsequent analysis of literature, were work to continue on purification of
AIKB for the purposes of crystallisation there are several alterations that could be
recommended. It is known that induction of the alk genes in both P. putida and E.
coli increases the requirement for iron; if iron is limited, induction causes reductions

in cell density when compared to cells that have not been induced [130]. The specific
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activity of AIkB is also reduced when expressed in cells without additional iron in the
growth medium [130]. The addition of iron in the growth medium to greater than 2.5
uM (FeSO,) leads to increased cell densities comparable to that of uninduced cells
and restoration of AIkB specific activity [130]. To ensure sufficient bio-availability
of iron for AIkB expression growth medium was supplemented with 100 mg/L
FesO, upon induction with IPTG. Preliminary tests of this modification to the
protocol demonstrated that not only was wet weight of harvested cells doubled, from
approximately 5.5¢/L to approximately 11g/L. It was also noted that harvested cells
grown in the presence of additional iron took on a distinct blue tint which turned a
vivid green colour upon freezing of the cells. Additional alterations which seem
common to the literature regarding isolation of membrane proteins are a reduction of
temperature to 25 °C on IPTG induction [126] and removal of the freezing step after

cell harvesting [131].

It was disappointing that the initial solubilisation and affinity chromatography
experiments described here failed. There are several variables that may have
contributed to this initial failure and would warrant further exploration. Membrane
proteins are prone to aggregation, a feature which is heavily dependent upon the
choice of detergent [132]. Ineffective solubilisation will have meant that many of the
histidine tags may have been buried and inaccessible to bind to the IMAC resin.
Alternative detergents, as well as improvements in solubilisation techniques e.g.
sonication and removal of large protein aggregates by centrifugation could lead to
vast improvements in the purification of his-tagged AIkB. It may also be worthwhile
investigation whether the addition of glycerol to buffer would aid purification.
Glycerol reduces the concentration of water, thus increasing the hydrophobicity of the
buffer and has previously been shown to help keep membrane protein in a
monomerically dispersed state. It has also been show to be crucial in maintaining
activity in some membrane proteins [132]. This last feature may have implication for
the reconstitution f the three component system as rubredoxin reductase also requires

20% glycerol to maintain its activity.

Other factors which may contribute to the success of IMAC in this instance are the
size of the histidine tag and the choice of metal ion. Although exposed histadine

groups will form complexes with many transition metal ions, binding effect will vary
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depending on the ion [133]. The choice of cobalt affinity resin in this instance was a
preventative measure. Nickel-based resins have been shown to strip functional iron
from iron containing proteins as well as bind to histidines not located on the proteins
histadine tag [134] which could interfere with the active site of AIKB as it contains a
di-iron centre co-ordinated by several histidines. It is entirely possible the interaction
between this his-tag and the cobalt resin is not strong enough and an alternative metal
ion would be more suitable. Increasing the size of the His tag from 6 to 10 has also
been shown to increase the affinity of a histidine tagged protein for IMAC media and

may well be worth exploring [131].

87



3.5 Conclusion

Until recently, few alkane hydroxylase were known about and even fewer
characterised in any great detail. The advent of new technology capable of screening
large genome libraries for consensus sequences and motifs has enabled the
identification of a great number putative AIkB homologues and homologues of
soluble alkane hydroxylases such as cytochromes P450 and butane and methane
mono-oxygenases. Novel AIKB homologues continue to be identified in undefined
bacterial populations from sources as varied as deep sea sediments and shore lines of
areas affected by oil spillages [23]. For example, analysis of a meta-genomic library
of deep-sea sediment has identified 2 homologous AIkB genes present within this
population. Cloned and functionally expressed, these membrane-bound enzymes
contain the histidine rich motif and are able to catalyse the mono-oxidation of C5-C16
alkanes [135].

Despite the identification of over 40 functional AlkB homologues, the divergence of
sequences across populations has not allowed identification of the amino acids
involved in substrate recognition or binding on sequence comparison alone. Since
completion of the work presented here, forced evolution studies have provided some
insight into those amino acids responsible for chain-length specificity. Mutation and
recombinant selection techniques have identified AlkB mutants from P. putida (W55S
and W55C) and from A. borkumensis (W58S and W58L) which have altered their
bacterial host’s preference for growth on mid-chain alkanes (C6-C12) to longer chain
alkanes (C10-C16). The wild type forms of both enzymes contain a tryptophan
residue at position 55 or 58 in P. putida or A. borkumensis respectively. The
transformant colonies carrying AlkB forced to grow on longer chain alkanes (C14 or
C16) produced mutants which contained either serine, cysteine or lysine at this
position [136]. In contrast, replacement of the equivalent residue in M. tuberculosis
AlkB (L69) with either tryptophan or phenylalanine pushed the host’s preference
towards shorter chain alkenes [107]. The recently identified AlkB homologues from
deep sea sediment contain either serine or glycine at the equivalent residue position
which correlates to their extended chain length specificity (C5-C16) [135]. These

data are growing evidence that this residue, located towards the centre of the
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membrane on the putative trans-membrane helix 2, is key to the substrate selectivity

of this group of enzymes.

It is postulated that the six trans-membrane helices of AIKB are distributed in a
hexagonal arrangement which define a deep pocket that protrudes into the membrane.
The side chain of the tryptophan found in those AIkB homologues specific for the
shorter chain alkanes, is thought to project into the cavity and obstructs the pocket for
longer chain alkanes [135]. It is likely there are more residues lining this pocket that
interact with substrate and confer selectivity or specificity in some way. It may be
possible to use the ‘forced evolution method’ to produce mutants with preference for
cyclic or heterocyclic substrates to elucidate more information regarding the substrate

specificity and selectivity.

Considering the inherent difficulties in crystallising membrane proteins, it may be
more fruitful to investigate alternative methods of structural characterisation. Spin
label relaximetry could potentially be used to study the 3D structure of AlkB by site-
specific labelling of cysteine residues and measurement of the EPR signal in the
presence of oxygen or spin relaxing agents like chromium oxalate (CROX) [137,
138]. The location of the spin-label within or exterior to the membrane can be
calculated by the amount of exposure to hydrophobic or hydrophilic spin-relaxing
agents. It is even possible to calculate the secondary structure and immersion depth of
a membrane-exposed side chain by mutating consecutive residues and measuring their
accessibility to oxygen or CROX. A spin-label on the exterior of a protein and
exterior to the membrane will show sensitivity to oxygen and CROX, whilst a spin-
label on the exterior of protein but interior to the membrane will only show sensitivity
to oxygen. Site directed spin labelling has even been used to observe conformational
events in membrane proteins [139, 140]. Application of this technique to AlkB may
provide insight into the arrangement of the trans-membrane helices in relation to one

another and identify residues which are likely to interact with the substrate.

From a biocatalysis view point the structural characterisation of alkane hydroxylase
was rather ambitious; whilst a crystal structure would undoubtedly shed light on the
catalytic mechanism and interaction with substrates, in practice the structural
characterisation of AIKB truly deserves to be tackled in a structural biology
laboratory. The original scope of the project, towards robust and specific enzymatic
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oxidation of hydrocarbons, would not have been best served by continuing this route.
Therefore, a strategic decision was taken to discontinue work on the alkane
hydroxylase in favour of cytochrome P450 BM3. It would appear too, that interest in
the system has waned somewhat as the number of publications arising from work on
AIkB has dropped quite significantly over the last few years. Recent interest has
focused on the growing number of novel alkane hydroxylases, many of which are
soluble and thus far more amenable to studies of structure function relationships [30,
141, 142].

Since the work presented here was concluded, AIkB(H)s from the construct described
in this thesis has been isolated in a detergent solubilised form (Dr Anna Roujeinikova,
Structural Biology, University of Manchester). However, it is not known if the
solubilised AlkB(H)s contains its full complement of iron or whether it is active;

neither have crystallisation trials been performed.
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megaterium: BM3gg;c  mutant alters
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4.1 Qutline

Cytochrome P450 BM3 utilises NADPH and dioxygen to hydroxylate mid- to long-
chain fatty acids at sub-terminal positions. Mutation studies have been shown to alter
the enzymes substrate specificity towards short-chain fatty acids and alkanes as well
as alkenes (olefins) and polycyclic aromatic hydrocarbons (PAH). The active site
residue phenylalanine 87 (F87) has been demonstrated to be key in effecting the
enzymes specificity in regio- and stereo-specific manner. As a starting point for the
development of the enzyme as a useful biocatalyst for the epoxidation of alkenes and
PAH the activity and selectivity of wild-type P450 BM3 is compared with the active
site mutant BM3gg7c.  Whilst the mutation increases the NADPH-driven activity
towards these substrates, it also pushes the regio-selectivity further away from the -
terminal position and displays a propensity for the epoxidation reaction as opposed to
hydroxylation. Interestingly, the mutation also alters the stereo-selectivity of the

enzyme, increasing the enantiomeric excess of R-styrene oxide by a factor of 3.
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4.2 Cytochromes P450

Cytochromes P450 are one of the most abundant and diverse families of
metalloenzymes found in nature [143]. Since their discovery in the late 1950s,
cytochrome P450 (CYP) genes and their products have been found in almost every
form of life and in all five kingdoms; from archea, through eubacteria to fungi, plants
and animals [144-146]. The only exceptions appear to be parasitic and free-living
platyhelminths and nematodes, where cytochrome P450 genes or gene products have
yet to be identified [147].

Over 7000 CYP genes have been named and sequenced from across the animal and
plant kingdoms as well as the majority of prokaryotic organisms [148]. They display a
huge diversity in substrate specificity and selectivity and are involved in reactions
varying from the breakdown of xenobiotic compounds to the biosynthesis of complex
hormones in plants and mammals [149-151]. Whilst cytochromes P450 are well
known as mono-oxygenases, these enzymes are able to catalyse a range of oxidative
and non-oxidative reactions such as dehydrogenation, isomerisation and dehydrations
in some organisms [152]. As this thesis deals with oxidative biotransformations, this
introduction will only focus on the mono-oxidations typically performed by
cytochromes P450.

The designation ‘P450° originates from their distinctive spectral properties as
observed upon their discovery in the late 1950s. It was observed that, when the liver
extracts, of rat [153] and pig [154], were reduced with dithionite and allowed to react
with carbon monoxide (CO), a pigment absorbing light at 450 nm was formed (Figure
4.1). This was considered a novelty in the context of contemporary knowledge of
heme-containing enzymes, which absorb light at approximately 420 nm. It was later
observed that only the reduced form of the enzyme could bind CO and similarly to
other heme-containing enzymes, were also capable of binding nitric oxide (NO) [82,
155].

This unusual and distinct spectral feature arises from their unique heme ligation state.
In many heme b containing enzymes, like haemoglobin and myoglobin, the iron (Fe)
of the heme-prosthetic group (protoporphyrin 1X) is ligated to a histidine residue.

Spectroscopic [156] and resonance Raman studies [157] in the early 1980s suggested
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a cysteine-thiolate ligation for P450’s, which was later confirmed by x-ray
crystallography when the first crystallographic structure of a cytochrome P450 was
solved [158]. This cystinate ligation is universally conserved across the cytochrome
P450 superfamily [144, 159].

For the historical reasons outlined above, these enzymes are commonly referred to as
cytochromes P450 but due to their wide sequence diversity, as low as 20% in some
cases, assortment of reactions and the multiplicity of substrates, they should more
accurately be referred to as ‘heme-thiolate proteins’; based on their only really
universal feature, namely the presence of heme and its thiolate ligation, as
recommended by the Nomenclature Committee of the International Union of
Biochemistry [160]. However, considering cytochromes P450 are not the only
proteins to be classified as heme-thiolate proteins, for consistency and simplicity they

will, henceforth be referred to as P450s.
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Figure 4.1 UV-visible absorption spectrum of a cytochrome P450/carbon monoxide
complex demonstrating the characteristic Soret peak at 450 nm.

These data were collected from a sample of heme-domain P450BM3 as described in Methods.
The wavelength of the reduced/CO bound Soret peak varies slightly around 450 nm

depending on the protein source [161].
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4.3 P450 mono-oxidation reactions

P450s catalyse the reductive scission of molecular oxygen, coupling it to the insertion
of one oxygen atom into a hydrocarbon substrate, the other being reduced to water
with the incorporation of two electrons and two protons [146]. Reactions typically
performed are therefore C-H hydroxylation or C=C epoxidation but also N- O- and S-
dealkylation (Figure 4.2). The general mono-oxidation reaction scheme is outlined

below where RH denotes the substrate.
RH + O, + NAD(P)H + H" > ROH + H,O + NAD(P)+

Cytochromes P450 as a family are known to act on a broad spectrum of substrates to
fulfil a myriad of physiological functions (Figure 4.3). They oxygenate a variety of
complex organic molecules in the synthesis of steroid hormones, bile acids, sterols
and fat soluble vitamins in plants and animals [162]. They also play a crucial role in
detoxification of xeno- and endobiotics by converting these often lipophilic
compounds into more water soluble forms to facilitate excretion [143, 150, 151].
P450s also participate in the synthesis and metabolism of fatty acids and contribute to
the breakdown of hydrocarbons to enable microbial populations to utilize these
otherwise recalcitrant compounds as sole carbon and energy sources [146]. Their
functional diversity and specificity of action places them in a unique position for

exploitation as biocatalysts.
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Figure 4.2 Cytochrome P450 catalysed mono-oxidation reactions [152, 163].

P450s catalyse the reductive scission of molecular oxygen and couple it to the insertion of one
oxygen atom into the substrate. The reactions typically performed are C-H bond
hydroxylation, C=C bond epoxidation and N-, O- and S-dealkylation.
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Figure 4.3 The structural variations in cytochromes P450 substrates.

Substrates acted upon by P450s as a superfamily include straight chain, branched chain,
aromatic and poly-cyclic hydrocarbons. P450s are involved in the synthesis and catabolism
of a huge variety of compounds: CYP101 from P. putida is involved in utilisation of camphor
as a carbon source [164]; CYP107Al from S. erythrea is involved in the biosynthesis of the
erythromycin; the CYP73 in plants are crucial to many metabolic pathways [165, 166] and
Cypl102A1 acts on mid- to long-chain fatty acids.
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4.4 Cytochrome P450 Redox Partners

With a few notable exceptions virtually all P450s rely on a separate redox partner
protein to sequentially deliver the two electrons needed for the reaction and they can
be categorised into groups or classes depending on the type of redox partner system
employed (Figure 4.4). For many years P450s were thought to belong to one of two
groups; the Class I, characteristically bacterial or mitochondrial in origin and Class 11,
which are associated with microsomal membranes in eukaryotes. However, the last
decade has seen an explosion in the number of P450 genes identified, accompanied by
the discovery of some novel and very interesting redox partner arrangements,

prompting a radical rethink of this classification system.

The class | P450 is exemplified by the soluble P450cam (CYP101A1) from P. putida
[146]. P450cam catalyses the 5-exo hydroxylation of camphor as the first step in the
organism’s use of camphor as a carbon and energy source [164]. The P450cam redox
system consists of three components: a NADH-dependent, FAD containing
putidaredoxin reductase, an iron-sulphur putidaredoxin and the heme-containing
P450. The path of electrons flows from NADH to the FAD of the reductase, the

putidaredoxin then shuttles the electrons from the reductase to the heme.

The class 11 P450 is typified by the two component, microsomal system. Electron
transfer to the heme is mediated by a membrane-bound, NADPH-specific cytochrome
P450 reductase (CPR), containing a flavin mononucleotide (FMN) and a flavin
adenine dinucleotide (FAD) cofactor. Electrons are transferred first to the FAD
cofactor, then to the FMN cofactor. Docking of the P450, which is also anchored to
the membrane, enables the transfer of electrons to the heme. Due to the associated
difficulties with purification and crystallisation of membrane bound proteins,
structural characterisation of class Il P450s and their redox partners has been slower
to develop, with the first crystal structure of human CYP2C9 emerging in 1999, more
than a decade after the first bacterial P450 structure [158, 167].

This simple classification was accepted as standard until the discovery and
characterisation of P450 BM3 (CYP102A1) [55, 62, 168, 169]. This P450, isolated
from the soil bacterium Bacillus megaterium, was found to be entirely soluble and not

reliant on a separate redox partner protein; P450 BM3 has its heme and reductase
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domains fused, so that both are located on a single polypeptide chain [170]. Amino
acid sequence comparison of this sub-terminal, fatty acid hydroxylase revealed the
heme domain of P450 BM3 to be closest to the mammalian microsomal family CYP4
[171] while the reductase domain shares a commonality to eukaryotic CPR proteins
[170]. In terms of its redox system, P450 BM3 is a Class Il enzyme but this novel
fusion is completely soluble and entirely catalytically self-sufficient and therefore was

hailed as the first of a new class [62].

For almost ten years, P450 BM3 remained the solitary member of its class; other self-
sufficient P450s were not discovered until 1996 when P450foxy (CYP505) was
isolated from the fungus Fusarium oxysporum [172]. Another sub-terminal fatty acid
hydroxylase, it shares 40% and 35% amino acid similarity to the heme and reductase
domains respectively of P450 BM3 [173]. Other P450 BM3 homologues have since
been isolated from Bacillus subtilis (CYP102A2 and CYP102A3) [174] and putative
P450 BM3 homologues have been identified in the genomes of B. cereus, B. anthracis

and Streptomyces avertimetilis [175-177].

A fourth class has more recently been identified where electron transfer is mediated
by a covalently linked phthalate family oxygenase reductase (PFOR)-like domain
[178]. Other examples of this novel redox partner fusion have been isolated and
characterised from the gram-negative Rhodococcus erythropolis and Ralstonia
metallidurans [175, 179]. The reductase domains of this novel class of P450s contain
a FMN and iron-sulphur cluster and show sequence homology to the reductases of the

phthalate oxygenases [178, 180].

Even more diverse types of systems employing, for example, interaction with
flavodoxins (P450Biol from B. subtilis) or direct heme reduction by NADH (P450nor
from Fusarium oxysporum) have also been recognised [181, 182]. There is even a
P450 from B. subtilis (CYP152A1) which appears to interact directly with hydrogen
peroxide, employing the peroxide shunt pathway (Section 4.6) in order to oxygenate
fatty acid substrates, without the need for additional cofactors or redox partner
proteins [183, 184].
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Figure 4.4 Classification of P450s based on redox partners.

Arrows show the path of electrons from NAD(P)H to the heme. Heme containing
components are coloured orange, reductase components are coloured green. Classifications

are detailed in the text.
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4.5 Classification and nomenclature

Due to the tremendous volume and diversity of P450s in nature, a standard
nomenclature system based on their structural homology (amino acid identity) and
phylogeny has been in use since 1989 [149, 185]. This classification system
systematically assigns a P450 to a family and sub-family depending on the level of
homology it shares with others in that family. In general, sequences sharing > 40%
homology fall into the same family and sequences sharing > 55% homology are
grouped in the same sub-family [159]. The root of all P450 names are CYP, (derived
from Cytochrome P450), a number denoting the family to which it belongs followed
by a letter denoting the subfamily and finally a second number denoting the individual
gene and/or protein e.g. CYP2D6 (Figure 4.5). An additional level of classification
has since been added, which groups families by potential common ancestors, referred
to as clans. However these are not used in the naming of individual genes [144].

CYP families tend to be divided according to taxonomy with families grouped thus:
CYP 1-49, 51, 301-353 found in Metazoa; CYP 51, 71-99, 701-766 found in the plant
kingdom; CYP 51-69, 97, 501-699, 5001-5121 found in the lower eukaryotes and
CYP 51, 101-281 found in bacteria. The only P450 to be found across all kingdoms is
the sterol demethylase CYP51 [144, 149]. There are currently more than 7000 named
CYP sequences available across a total of 781 families excluding variants and

psuedogenes [148] and the number is still growing.
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Figure 4.5 Homology based classification of cytochromes P450.
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Individual P450s are classified into families and subfamilies based on their sequence

homology and allocated an alpha-numerical designation using the following protocol; CYP

(root), 1 (family), A (sub-family), 1 (individual gene or protein) [186].
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4.6 Cytochrome P450 catalytic cycle

The catalytic mechanism of cytochromes P450 is complex in nature involving a
variety of conformational and redox state changes. Although some of the
intermediates are still only postulated the catalytic cycle is generally accepted to
proceed as follows [54, 187, 188]. In its native resting state, with no substrate bound,
the heme iron spin-state equilibrium is held towards the (Fe**) low-spin (S=1/2) form,
with a weakly bound water molecule forming the 6™ distal axial ligand (Figure 4.6, 1)
[189-191]. Docking of a substrate leads to formation of an enzyme/substrate
complex, which results in conformational changes in the protein (Section 4.7) and
alteration of the heme iron spin-state, pushing the equilibrium towards the high-spin
(S=5/2) form (Figure 4.6, 2). Substrate binding also alters the mid-point redox
potential of the heme, causing a positive shift of between 130 and 140 mV [192, 193].
In a system like that of P450 BM3, where the redox chain consists of NADPH, FAD
and FMN with redox potentials of -324 mV, -292 mV and -270 mV respectively, the
very negative redox potential of the substrate free enzyme (-370 mV in P450BM3)
halts the passage of electrons to the heme [194]. On binding of substrate the redox
potential becomes more positive; -235mV in the case of arachidonic acid [195] and
therefore lifts the redox barrier, allowing the first reducing equivalent to enter the
system (Figure 4.6, 3). This switching of redox potential acts as a gating mechanism,
exerting powerful control over the catalytic cycle and preventing entry of electrons
into the system in the absence of any substrate.

In its reduced, ferrous form (Fe?*), the heme iron remains high-spin. This electron
rich state is highly attractive to the electron deficient dioxygen molecule, thus
promoting the formation of an enzyme/oxygen/substrate ternary complex which
quickly rearranges to form the ferric dioxygen species (Figure 4.6, 4).

The initial substrate and oxygen binding steps are relatively long-lived, such that each
have been observed by various spectroscopic methods [196]. The subsequent steps
are rather more short lived and have proved difficult to observe [187, 197] but the
following are generally considered to be the prevailing species responsible for the
scission of molecular oxygen and the incorporation of oxygen into the substrate. A

second reducing equivalent is delivered to the heme, promoting formation of a ferric
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peroxoanion (Figure 4.6, 5a) which is rapidly protonated, thereby converting to ferric
hydroperoxo (Figure 4.6, 5b) [198]. A second protonation leads to creation of
‘compound I’ and formation of one molecule of water (Figure 4.6, 6). Compound I is
the high valent iron-oxo species widely considered to be responsible for the catalysis
of the majority of P450-dependant oxidation reactions; attacking the substrate and
effecting the incorporation of molecular oxygen (Figure 4.6, 7) [199, 200].
Dissociation of the product enables water to rebind, thus returning the enzyme to its
resting, low-spin ferric state.

Uncoupling of the electron transfer process, where electrons are lost as radical oxygen
species rather than being used to create product, can and does occur under
physiological conditions. These result in branch points in the catalytic cycle (Figure
4.6). If an electron is not delivered to the ferrous dioxygen complex (Figure 4.6, 4)
quickly enough, the complex can dissociate, releasing a superoxide radical anion and
reverting back to the substrate-enzyme complex (Figure 4.6, 2). This is termed as the
‘auto-oxidation shunt’. A second branch point exists, the peroxide shunt, where either
the ferric peroxo or hydroperoxo complexes dissociate from the iron, leading to the
formation of peroxide and return of the enzyme to the substrate-enzyme complex
(Figure 4.6, 2). Interestingly, the peroxide shunt can also function in the opposite
direction in some instances, enabling the enzyme to use peroxide as reducing
equivalent in a similar fashion as peroxidases, bypassing the need for NAD(P)H and
any associated redox partner proteins [64, 183, 201-203]. A third pathway exists after
the second protonation step where instead of incorporation into the substrate, oxygen

dissociates to form water, known as the oxidase shunt [164, 204].

105



H,0 RH e
| \_ \_
[ L — > mm Fe! mm > mm Fe! mm
ROH S. S W S
A .. O% autoxidation 0?
L ;' \\ shunt ob
o ! N O”
’ 1 S
ROH P ! peroxide NS
| ; [ shunt
1T P 1 I
o FE youm ./ oxidase ! = mm Fe’ mm
I I shunt | |
S\ 2 H.O ll + S\
( 2 ' ; e
vis I {2-)
- 2e-, 2H* |_OH® P
0 O\I O\l
” Sa
mm eV wm / \ mm Fe! mm < \ m Fe'"
S S.

Sb H*

Figure 4.6 Cytochrome P450 catalytic cycle.
The reaction intermediates are: resting with the iron (Fe) in low-spin with water bound (1);
substrate-bound forcing the spin-state equilibrium towards high-spin and lowering the redox
potential (2); the first electron is introduced via a redox partner converting the iron to ferrous
(Fe™) form (3) and; the subsequent binding of molecular oxygen (4). Introduction of the
second electron leads to formation of the peroxoanion (5a) followed by sequential protonation
forming first the hydroperoxo species (5b) and then compound | (6). Finally oxygen is
incorporated into the substrate (RH) and the product (ROH) dissociates (7). The uncoupling

reactions (discussed in the text) are shown as dotted lines.
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4.7 Structure

Despite their wide sequence diversity and the size and shape of substrates P450’s act
upon, they share a number of common structural features including several well-
conserved sequence motifs and their general topology and three-dimensional
structure. At the heart of all P450s is the b-type heme. Heme b contains an iron
atom, co-ordinated equatorially by the four nitrogens of a protoporphyrin ring. The
5th axial ligand is provided by the thiolate of an invariant cysteine residue [157]
whilst water occupies the 6th axial position in the substrate-free enzyme [189, 205]
(Figure 4.7). It is the negatively charged thiolate ligand provided by the cysteine that
confers the very low redox potential observed in substrate free P450s [187]. This
effect can be replicated in histidine-ligated heme-b proteins like myoglobin by

engineering the amino acid to a cysteine [206].

In comparison to the number of P450 sequences identified, only 21 individual atomic
structures have been solved to date. Despite their often low sequence homology, all
structures solved so far display a common topology and three-dimensional structure.
A P450s secondary structure commonly consists of 5 3-sheets and 14 a-helices (A-L)
arranged thus: an a-helix rich domain which contains the heme binding motif and a -
sheet rich domain often associated with substrate recognition and docking [165, 207]
(Figure 4.8). The three-dimensional fold resembles that of a triangular prism with the
heme buried in the hydrophobic core (Figure 4.9). Examination and comparison of
P450 structures coupled with structure-guided mutation strategies has facilitated the
identification of the residues involved in substrate recognition and specificity, those
involved in redox partner binding and proton relay pathways. For example, mutation
of the well conserved threonine in the | helix to alanine causes uncoupling of the
catalytic cycle of P450cam (CYP101) and examination of the crystal structure
implicates this residue as the endpoint in a proton delivery pathway leading to the
heme (CYP101, Lys178/Arg186, Asp251) [208].

107



Figure 4.7 The heme b prosthetic group of cytochrome P450.

The iron (orange) is co-ordinated equatorially by four nitrogen atoms of the protoporphyrin
IV. The 5" and 6" axial ligands are a cysteine residue on the proximal face and a water on
the distal face (in the substrate free enzyme). Image rendered in PyMOL [209] using atomic
structure of substrate free CYP101 from P. putida, 2CPP [158]. Atoms are coloured

according to CPK colour convention.
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Figure 4.8 A topographic map of the secondary structure of CYP102A1 (P450BM3)

The o-helices are shown as blue rectangles, B-sheets as yellow arrows [207, 210]. The
random coils and loops are represented by lines between the structural elements mentioned
above. The size of secondary structural elements are not in proportion to their length in the

primary sequence. Image adapted from [210].
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Figure 4.9 The tertiary structure of cytochromes P450.

The 3D-fold of four of the cytochrome P450 atomic structures solved to date: CYP101 from
P. putida, 2CPP [158]; CYP102A1 from B. megaterium, 1BU7 [211]; CYP107A1 from S.
erythraea 10XA [165]; CYP121 from M. tuberculosis, 1N40 [212]. a-helices are shown as
cyan ribbons, B-sheets as red arrows, loops in purple and the heme is represented as yellow
sticks in each case. Helices and sheets are numbered as in Figure 4.9. Images were rendered
in PyMOL [209].
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Amino acid sequence can vary dramatically between members of different families
with the most divergent sequences showing less than 20 % identity in pair wise
alignments over the length of the protein [159]. The areas that show the most
sequence conservation are those which interact with the heme: on the proximal side of
the heme, immediately preceding the L helix, the heme binding loop contains the
invariant  cysteine residue flanked by additional conserved residues
FXXGXR/HXCXG (Figure 4.10); also on the proximal side of the heme a second
consensus motif exists on the K helix, a glutamic acid and arginine separated by two
non-specific residues, EXXR; a third sequence motif is located on the | helix which
lies over the distal side of the heme, [A,G]GX[D,E]T[T,S] containing an important
threonine residue thought to be important in oxygen binding [207, 213].

Areas of sequence showing the most divergence are thought to be associated with
substrate and redox partner binding. Comparison of the mammalian CYP2 family
with that of P450cam lead to the identification of hyper-variable regions which are
commonly referred to as substrate recognitions sites (SRS) [214]. These are
numbered SRS-1 to SRS-6 and their locations are labelled in Figure 4.11.
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Figure 4.10 The conserved heme binding domain of cytochromes P450.

The degree of conservation is shaded from white to blue with absolutely conserved residues

as white text on blue background. Consensus sequences are boxed, the heme ligating cysteine
is starred (*). Sequences obtained from Protein Knowledgebase (UniProtKB): CYP101A1
from Pseudomonas putida (P00183); CYP102Al1l from Bacillus megaterium (P14779);
CYP2D6 from Homo sapiens (Q2XNDQ); CYP51 from Saccharomyces cerevisiae (P10614);
CYP707A2 from Arabidopsis thaliana (O81077).
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Figure 4.11 3D structure of CYP101A1 showing location of substrate recognition sites.

a-helices, B-sheets and loops are shown as grey cartoons, the heme is represented as yellow
sticks, bound camphor is shown as green space-fill. Substrate recognition sites are coloured
blue and labelled SRS-1 to 6. Images were rendered in PyMOL [209].
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The amazing biodiversity of P450 systems and the stereo-and regio-specificity they
display has lead to much interest in their use as industrial biocatalysts. Fundamental
targets for bioengineering are the soluble bacterial systems like P450cam. Arguably
the most studied of all P450s [164, 215], the substrate specificity of P450cam has
been engineered away from camphor towards higher value substrates like styrene and
ethylbenzine with some success [216, 217]. The substrate selectivity of various other
P450s have been pushed towards non-natural substrates by a range of techniques
including structure-guided rational mutagenesis [58, 217-219] and directed evolution
methods [25, 26, 201, 220].

One of the problems encountered with the majority of P450 mono-oxidation systems
are their reliance upon separate redox partner proteins. Requirement for these adds a
level of complexity to their expression in heterologous hosts and almost inhibits their
use for in vitro biotransformations due to the need to purify not just one but 2 or even
3 proteins. One P450 that precludes these difficulties is P450 BM3. P450 BM3 is
capable of extremely high rates of activity and the whole redox system can be
expressed in heterologous hosts and purified relatively easily. These qualities,
combined with the wealth of literature regarding its structure and mechanism of action

make P450 BM3 an excellent target for exploitation as a biocatalyst.
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4.8 Cytochrome P450BM3

4.8.1 P450 BM3 enzymology

There has been much interest in the use of cytochrome P450 BM3 in the
biotechnology and bioremediation industries. This is due to its extremely high levels
of activity coupled with the fact that it is covalently attached to its very own electron
donor protein. It was first isolated from B. megaterium in the late 1980s upon
exposure of the organism to phenobarbital and other barbiturates, although this
compound is not a substrate for this enzyme [55].

The stereo- and regio-specificity of P450 BM3 on a range of hydrocarbon substrates
has been well characterised. The native enzyme is known to catalyse sub-terminal
hydroxylation of mid- to long-chain saturated fatty acids at ®-1, ®-2 and ®-3
positions [169, 221, 222]. The rate of BM3 turnover is 100-1000 times that of most
other P450s [168] with rates of up to 4600 min™ with the best saturated fatty acid
substrates and rates of > 15 000 min™ with the unsaturated arachidonic acid [146]. It
shows highest catalytic activity, based on both NADPH and oxygen consumption in
the presence of C14-18 fatty acids [168, 223]; and at limited substrate concentrations,
BM3 is capable of performing multiple, sequential hydroxylations on the same
molecule, incorporating up to 3 oxygen atoms in the hydroxylated product [223, 224].
BM3 is also capable of epoxidation reactions, attacking at the internal double bounds

of unsaturated substrates [222, 225] such as arachidonic acid.

BM3 is also highly active in the presence of fatty acid aldehydes (w-0xo0 fatty acids),
converting them to the corresponding dicarboxylic acid with chain length specificity
analogous to that of the best fatty acid substrates. Using oxygen consumption as a
measure of activity, BM3 shows a rate of 1200 min® in the presence of 16-
oxohexadecanoic acid, approaching that in the presence of palmitic acid [226]. When
compared to other P450s the extremely high reaction rates, make P450 BM3 an

excellent candidate for exploitation as a biocatalyst.

Unusually, when BM3 is pre-incubated with its reducing co-factor, substrate
dependent activity when measured via either oxygen or NADPH consumption is
inhibited. This peculiarity has been observed by several laboratories upon initial
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characterisation of the enzyme [168]. Although the enzyme is unable to hydroxylate
substrate in these conditions, the addition of artificial electron acceptors, such as
cytochrome c or ferricyanide, allow fatty acid hydroxylation to continue, showing this
inhibition is fully reversible [227]

4.8.2 P450 BMS3 structure

P450BM3 is twice the size of the average P450 having its C-terminal reductase
domain (64 kD) fused to the N-terminal heme domain (54 kD) by a linker region rich
in charged amino acid residues [62, 228]. The high catalytic rates observed for BM3
are thought to be directly related to this redox partner fusion as when the two domains
are expressed separately and reconstituted in vitro the activity is significantly lower in
the intact enzyme [168, 228, 229].

Although crystallisation of the full length enzyme has proven elusive, the atomic
structure of the isolated heme domain has been solved many times over; in the
substrate free (SF) and substrate bound (SB) forms as well as a number mutant forms
[211, 230-234]. In contrast to the substrate free form of P450cam, the substrate
access channel in SF P450BM3 is clearly visible in the crystal structure [211]. The
substrate access channel (SAC) is a long funnel shaped opening, leading from the
protein surface to the distal face of the heme, lined almost exclusively by hydrophobic
residues. Arginine 47 sits at the entrance to the SAC, facing outwards (Figure 4.12).
Being the only charged residue in the active site it was predicted to be a key residue in
substrate selectivity by controlling access to the SAC. Mutation studies later proved it
to be critical in substrate recognition and binding, alongside Y51, both of which
interact with the carboxylate of the fatty acid substrate [60]. At the opposite end of
the SAC, close to the heme prosthetic group lies a phenylalanine (F87) which has
been proven to be crucial in controlling the regio-and stereo-selectivity of the enzyme
[60, 64, 67, 219, 235-240].

In 1993 the first high-resolution crystal structure of the heme domain of BM3
emerged [211]. Crystallised in the substrate free form, the structure revealed the
identity of potential targets for mutation studies within the active site. Located close
to the heme at the end of the substrate access channel (SAC), the aromatic residue F87

was predicted to play a crucial role in catalysis [211]. When the palmitoleic acid
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bound structure was solved a few years later, it provided even greater insight into the
mechanism of substrate binding in the enzyme. In the substrate free structure, F87
lies almost perpendicular to the heme (Figure 4.12a). Upon substrate binding the
active site closes around the substrate bringing residues R47 and Y51, amongst other
key residues, closer contact with the carboxylate of the fatty acid. A most interesting
conformational change is that of the F87. F87 changes its orientation to lie parallel to
the plane of the heme, forcing the alkyl tail of the fatty acid substrate to curl away
from the heme (Figure 4.12b) and thus preventing the w-terminal methyl group from
approaching the catalytic centre [230]. The terminal methyl is pushed into a
lipophilic pocket created by F87 itself plus L75, V78, 1263 and A264 protecting it

from hydroxylation.
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Figure 4.12 Atomic structure of the active site of P450 BM3.

Showing the substrate free (a) and palmitoleic acid bound (b) structures of P450 BM3 (21J2
and 1FAG respectively). Key active site residues are shown as atom coloured sticks,
palmitoleic acid is shown in orange, the heme (red) and ligated cysteine (yellow) are also

shown. Images were rendered in PyMOL [209].
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4.8.3 Engineering P450 BM3 for biocatalysis

The main focus of the exploitation of P450 BM3 as a biocatalyst has been on altering
the specificity away from mid- to long-chain fatty acids to encompass a wider range
of hydrocarbon molecules (Figure 4.13); much of this work has highlighted the
importance of residue F87, either through effects observed from site-directed
mutagenesis or by the residue emerging as a key mutation in directed evolution
studies. For example, directed evolution via successive rounds of mutation created a
triple mutant containing the F87V substitution alongside L188Q and A74G [220]
which demonstrated significant alterations in substrate selectivity enabling the
enzyme to hydroxylate indole. Analysis of each residue in single point mutants
reveals F87 is important in selectivity of the substrate with the other two residues
(L188Q and A74G) being important for substrate binding and stabilisation. The triple
mutant (F87V/L118Q/A74G) was later found to catalyse hydroxylation of a wide
variety of structures including alkanes, alicyclic, aromatic and heterocyclic
compounds [25, 238, 241] and the regio-specificity of hydroxylation on lauric and
arachidonic acid was pushed further away from the w-terminal of the substrate [237].
Based on this novel substrate selectivity, the triple mutant has been used in a detection

system designed to monitor levels of phosphorothionate pesticides in food [242].

In site-directed mutagenic studies, substitution of phenylalanine at position 87 with
the more polar tyrosine maintains the overall funnel shape of the SAC but produces a
mutant incapable of metabolizing arachidonic acid or eicosapentaenoic acid [235].
Despite the fact that the F87Y mutant appears spectrophotometrically identical in the
substrate-free form, there are no spectral perturbations that would suggest binding on
addition of a long-chain (C18) fatty acid substrate; neither can any product or H,O; be
detected even though NADPH-dependent oxygen consumption is observed under
catalytic conditions. It is postulated that the enzyme is therefore converting the
oxygen to water instead of insertion into a substrate. Substantially reduced rates of
NADPH oxidation has also been observed for this mutant with shorter fatty acids
(C10) [60], with only small amounts of H,O, being detected (8% of total NADPH

oxidation). However, it is not know if any product is formed in this reaction.
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Figure 4.13 Compounds known to be substrates for P450 BM3 or BM3 mutants.

Only examples of each class of compounds are shown. The native form of BM3 is known to
catalyse the hydroxylation of mid- to long-chain (C12-C20) saturated fatty acids (1),
unsaturated fatty acids (2) and fatty acid aldehydes (3); the triple mutant containing the
substitutions F87V, L188Q and A74G is able to catalyse the hydroxylation of shorter chain
alkanes (4), alicyclic (5), aromatic (6), heterocyclic (7) and polycyclic, aromatic (8)
hydrocarbons [25, 238, 239, 241].
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Substitution of F87 with successively smaller residues reveals further information
about the regio-selectivity of the enzyme. Replacement with valine, thus increasing
the volume of the base of the SAC, whilst maintaining the relatively non-polar
environment, alters the regio-specificity of attack on arachidonic acid [224]. Analysis
of the products of mono-oxygenation of arachidonic acid by the wild-type reveal two
distinct products, 18(R)-hydroxyeicosatetranoic acid (80%) and 14(S), 15(R)-
epoxyeicosatrienoic acid ((14S,15R)-EET) in enantiomeric excesses of 96% or more.
The valine mutant yields exclusively (14S, 15R)-EET in almost 100% enantiomeric
excess under the same conditions. Although the reaction rate is reduced by almost 3
fold, to 1200 min™ [235], this is still very high for a P450 and the mutant also
maintains near wild-type coupling efficiency.

Decreasing the size of the F87 substituted amino acid further to alanine decreases
NADPH-driven reaction rates and coupling efficiency on fatty acids and, as is the
case for the F87V substitution, broadens the regio-specificity of the hydroxylation
reaction pushing it further away from the terminal methyl group [64]. This is in direct
contrast to earlier findings in which NMR data suggested that removal of the
phenylalanine ring at position 87 resulted in almost exclusive o-terminal
hydroxylation [59]. This mutant is also capable of hydroxylation reactions driven by
peroxide rather than NADPH with little difference in the rate or regio-selectivity of
product distribution [243].

Decreasing the residue size again, to glycine, further reduces the activity of P450BM3
in the presence of lauric acid, but seems not to affect the product distribution [60,
244]. Interestingly, the F87G mutant demonstrates increased binding affinity for the
inhibitors 12-(imidozlyl) dodecanoic acid (ImC12) and 1-phenylimidazole (1-PIM),
which is postulated to be due to better access to the heme for the imidazole group of
ImC12 and the creation of a hydrophobic space for the phenyl group of 1-PIM [60,
244].

As a starting point for developing P450 BM3 as an industrially useful epoxidation
biocatalyst, we chose to assess the effect of the F87G mutation on the NADPH-driven
catalytic activity and the regio- and stereo-selectivity of the enzyme towards short-

chain alkenes and styrene. This was achieved by analysis of binding characteristics,
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kinetic parameters and product characterisation in comparison to the wild-type

enzyme.
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4.9 Results

49.1 Plasmid verification

Plasmid pBM20 and pBM23 (Prof. Andrew Munro, Dept. of Biochemistry,
University of Leicester) encoding P450 BM3 heme-domain and P450 BM3 full-length
respectively were subject to analysis by restriction digest to verify the size and
restriction pattern was as expected for the plasmid based on the DNA sequence.
Figure 4.14 shows the fragmentation pattern from each plasmid after digestion with
Hindlll and separated by agarose gel electrophoresis. As expected, digested pBM20
yielded three fragments of 3215 bp, 1134 bp and 235 bp and digested pBM23 yielded
three fragments of sizes 4469 bp, 1757 bp and 16524.5 bp, also as expected.

Similar restriction digest analysis was performed on the plasmid pPBMHF87G (Dr
Hazel Girvan, Dept. of Biochemistry, University of Leicester) encoding the heme-
domain P450 BM3F87G. A double digest of the plasmid pPBMHF87G (Xbal and
Kpnl) yielded two fragments of 3418 bp and 1166 bp as expected (data not shown).

4.9.2 Expression and purification of full-length P450 BM3

The full-length P450 BM3 was expressed in E. coli TG1 transformed with pBM23
under the control of its own promoter as described in Methods. On freezing,
harvested cell pellets were brown in colour and the cell-free lysate transformed to a
deep red/brown colour which remained throughout the purification. Purification was
achieved via a two-stage liquid chromatography protocol involving anion-exchange
followed by affinity chromatography as described in Methods. Purity was assessed
via analysis on 6% SDS-PAGE and via the Azgo/As19 raio O the protein in the native
oxidised state. Protein concentrations were measured spectrophotometrically using an
extinction coefficient of 91,000 M™* cm™ according to the method described in
Methods [155].

SDS-PAGE analysis shows a distinct band of protein at 119 kDa being progressively
enriched during the purification with some very minor contaminants in the final
sample (Figure 4.15). P450 BM3 was estimated to be approximately 95% of the total

protein content and sufficiently pure for enzymatic studies.
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Figure 4.14. Restriction analysis of plasmid constructs for the heme-domain and full-
length P450 BM3 (pBM20 and pBM23 respectively).

A 2 ng aliquot of each plasmid was incubated with Hindlll restriction endonuclease as
described in Methods. A 10 ul aliquot of each restriction digest was loaded onto a 0.8%
agarose gel alongside a 1 kb DNA ladder marker (M) and subject to 150 V for approximately
30 min. The gel was visualised under UV light and fragment sizes estimated by comparison
with the marker. Fragments obtained from digest of pBM20 were: 3215 bp, 1134 bp and 235
bp; fragments obtained for the same digest of pBM23 were: 4469 bp, 1757 bp and 1652 bp.
These sizes matched to the expected fragmentation patterns for both plasmids and thus

confirm the presence of the plasmid and insert.
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4.9.3 Expression and purification of full-length P450 BM3gg76

The full-length P450 BM3gg7c Was expressed in E. coli BL21(DE3)pLysS under the
control of the T7 promoter using IPTG (1 mM) to induce protein expression. Frozen
cell pellets were paler in colour than the wild-type and the cell free lysate was

noticeably less intense in colour.

Cell lysate was subject to identical purification procedure as described for the wild-
type P450 (Figure 4.15). At each purification stage, the Azso/As19 ratio of the protein
preparation was measured to locate P450 protein and monitor the purification process.
The expected Aggo/Ayig ratio for pure P450 BM3 should be in the region 1.7 [168,
229] but the observed ratio for the F87G mutant was, at best, 5.5; even after the
introduction of an additional size-exclusion step.  This was found to be the case for
three separate preparations of the enzyme which implies that this mutation causes

some kind of disruption affecting heme incorporation or stability.

Figure 4.16 shows a sample of P450 BM3ggzc With an Azgo/Asg ratio of 5.5 after
DEAE-Sepharose, NAD(P)H affinity and additional size exclusion step. The single
band of protein at 119 kDa indicates that the sample has been purified to near

homogeneity.

4.9.4 Expression and purification of P450 BM3, and P450 BM3gg;c heme

domains

The heme-domain of the wild-type and F87G mutant were successfully over-
expressed in E. coli TG1 as described for the full-length wild-type (Figure 4.15).
Proteins were purified by a three step chromatography protocol involving anion
exchange and hydroxyapatite resin. Samples from each stage of purification were
analysed by 10% SDS-PAGE. Figure 4.17 shows well resolved bands of protein at 54
kDa for both the wild-type and mutant forms of the protein indicating the protein
preparation have been purified to near homogeneity. In addition, the Azge/Aaig ratios
observed from UV-visible spectroscopy of the samples were in agreement with
published values of pure heme domain P450 BM3 at < 0.7 [229].
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Figure 4.15. SDS-PAGE analysis of full-length P450 BM3 at various stages of the
purification process.

The E. coli TG1 cells transformed with pBM23 were grown in Terrific broth [70] for a period
of 36 h at 37°C, harvested by centrifugation and frozen at -20 °C as described in Methods.
Once thawed, cells were sonicated in the presence of 1mM benzamidine hydrochloride and
cell debris removed by centrifugation. P450 BM3 was purified from the cell free lysate using
a combination of anion exchange chromatography and ADP Sepharose affinity
chromatography as described in Methods. Samples taken at each purification step were
loaded onto a 6% polyacrylamide gel alongside a standard protein size marker (M) and
subject to 150 V over a period of approximately 1 h. The gel was then fixed and stained with
Coomassie Blue as described in Methods. Lanes: 1, soluble fraction of lysate from E. coli
TG1 cells transformed with pBM23; 2, post anion exchange chromatography; 3, post ADP
Sepharose affinity chromatography. These data are representative of 2 similar purifications

following the same protocol.
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Figure 4.16. SDS-PAGE analysis of the purification of full-length P450 BM3 F87G

Cell lysate from E. coli BL21(DE3)pLysS transformed with pTZ18U was subject to the same
purification protocol as P450 BM3 with the addition of a final size exclusion chromatography
step. Two separate amounts (lanes 1 and 2) of the protein were loaded onto an 8%
polyacrylamide gel alongside a protein size marker (M). These data are representative of 3

separate protein preparations.
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Figure 4.17. SDS-PAGE analysis of P450 BM3 and the F87G mutant heme-domains.

Samples taken at each purification step were loaded onto an 8% polyacrylamide gel alongside
a standard protein size marker (M) and subject to 150 V over a period of approximately 1 h.
The gel was then fixed and stained with Coomassie Blue as described in Methods. Lanes: M,
NEB protein size marker; 1, soluble fraction of lysate from E. coli TG1 cells transformed with
pBM20 or pBMHF87G; 2, post DEAE Sepharose; 3, post hydroxyapatite; 4, post Q
Sepharose. Details of the purification are contained within Methods. For each enzyme, P450
BM3 and F87G, a single growth was prepared but due to the extremely high expression
levels, the purification was performed in two batches. These data are therefore representative

of the 2 purifications following the same protocol on the same batch of bacteria.
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4.9.5 UV-Visible spectral characterisation of P450 BM3 and P450
BM3gg76

UV-visible absorption spectra were recorded for both holo-enzyme and heme-domain
samples of the wild-type and mutant forms of P450 BM3. For each enzyme, spectra
were recorded in the oxidised, reduced and reduced/carbon monoxide bound states

over the wavelength range 250 nm to 750 nm.

Figure 4.18 compares the oxidised spectra of the full-length versions of P450 BM3
and the mutant. Both enzymes display a fairly typical cytochrome P450 spectrum,
with a peak at 280 nm, the Soret peak at 419 nm and the smaller o and 3 bands at 538
nm and 569 nm respectively. The ratio of total protein content versus heme content
(Azso/A419) for the wild-type enzyme was 1.7, fairly typical of pure P450 BM3 with a
full complement of heme-cofactor. The same ratio for the F87G mutant however was
5.5, over 3 fold higher. A unique spectral feature of P450 BM3 is the broad
absorbance shoulders either side of the Soret peak, attributable to the flavin cofactors
(FMN and FAD) [168, 169]. This feature is present in both enzymes but more
pronounced in the F87G mutant (Figure 4.18). This combined with the high total
protein content versus heme ratio indicates that a significant proportion of the sample
iIs lacking the heme-cofactor. The total protein content versus heme ratio for the heme
domain preparations were both around 0.65 which are typical of pure P450 BM3 with

a full complement of heme-cofactor (Figure 4.19)

Figure 4.20 compares the effect of sodium dithionite reduction followed by the
binding of carbon monoxide (CO) on the spectra of heme-domain and full-length
P450 BM3. Reduction of full-length P450 BM3 had the effect of ‘bleaching’ the
flavin signal, thus reducing the apparent width and intensity of the Soret peak. On
binding CO in its reduced form the Soret peak shifts to 449 nm, and the o and 3 bands
fuse to give a single maximum wavelength of 545 nm. These reduced/CO bound

spectral shifts were mirrored in the heme-domain form of the enzyme.
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Figure 4.18 UV-visible spectra of full length P450 BM3 wild-type (black) compared to
the F87G mutant (red).

Samples from the purifications described in Figure 4.15 and Figure 4.16 were diluted in
assay buffer and absorbance measurements taken over the wavelength range 250 — 750 nm.
Panel a) The Axg/Ag ratio (total protein content/heme content) of the P450 BM3 (black)
preparations was < 1.7, which is in line with published data for pure P450 BM3 [62]. The
Aggol Agyg ratio for the 3 preparations of the mutant P450 BM3gg/ (red) was much higher, >
5.6, even though SDS-PAGE analysis indicated comparable purity; Panel b) The spectra of
the wild-type and mutant are overlaid and axes adjusted to compare the shape of the Soret

peak.
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Figure 4.19 UV-visible spectra of heme domains of P450BM3 wild-type (top) compared
to the F87G mutant (bottom).

Samples from the purifications described in Figure 4.15 were diluted in assay buffer
and absorbance measurements taken over the wavelength range 250 — 750 nm. Panel
a) The Aggo/Asrg ratio (total protein content/heme content) of the P450 BM3 (~ 7.5
uM) preparations was 0.63 which is in line with published data for pure P450 BM3
heme domain [62]. Panel b) The Ajgo/A419 ratio for the preparation of the mutant
P450 BM3gg76 (~3 uM) was similar at 0.67.
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Figure 4.20 Oxidised (black), dithionite reduced (red) and reduced/CO adduct (blue)
forms of the heme domain (a) and full length (b) P450 BM3.

Samples of purified protein were mixed with assay buffer to give a final concentration of 3-6
UM and absorbance measurements were taken over the wavelength range 250-750 nm. The
samples were then reduced by the addition of excess sodium dithionite (~ 1-5 uM) and the
absorbance measurements repeated immediately. Carbon monoxide (CO) was then bubbled
gently through the sample for 1 minute and the absorbance measurements repeated. The
magnified inset shows the a and B bands at 538 nm and 569 nm respectively are fused in the

CO/adduct to form a single absorption peak at 545 nm. These data are representative of at

least 3 experiments.
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When the same experiment was performed on P450 BM3gg;6, the mutant would not
fully convert to the reduced/CO form. Although the a and B bands were fused, the
peak at 449 nm was less pronounced and a shoulder at 422 nm had developed. This
was more pronounced in the heme-domain than the full-length form of the enzyme.
This can occur when the CO is bubbled through the sample too vigorously, causing a
break in the heme ligation, resulting in a peak rising a 422 nm [245]. The
dithionite/CO reduction was repeated more than 5 times to ensure this phenomenon
was consistent. Not only was it consistent but the mutant enzyme displayed a
tendency to revert to the oxidised form over a short period of time. Scans taken at
regular intervals after dithionite/CO reduction revealed the mutant re-oxidises over a
period of approximately 2 hours (Figure 4.21). The same experiment performed on
the wild-type revealed no change in the reduced/CO spectrum after 2 hours and only a

mild reversion when left overnight in atmospheric oxygen (data not shown).

Due to the fact that fact that P450 BM3gg;c could not be fully converted to the P450
form, calculation of protein concentration using the standard method was not possible.
The protein concentration was therefore calculated using the Soret peak of the

oxidised enzyme (As10) and the extinction coefficient of 95 mM™ cm™ [60].
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Figure 4.21 The UV-visible spectra of P450 BM3 F87G alters with time after formation
of the reduced/CO adduct.

The experiment performed on P450 BM3 described in Figure 4.20 was repeated using P450
BM3gs7c. Full conversion of the enzyme from the low-spin form (denoted by Soret peak at
419 nm) to the high-spin form (Soret peak at 449 nm) could not be achieved with this mutant.
Samples of the purified protein were mixed with reaction buffer to give a final concentration
of 3-6 uM before being reduced by the addition of excess sodium dithionite and bubbled
gently with CO for 1 minute. Absorbance measurements were taken at 2 min intervals over a
period of 2 h. The starting spectrum, immediately after reduced/CO adduct formation (red)
shows the incomplete conversion of the enzyme to the reduced, high-spin form denoted by the
Soret peak at 449 nm. The intermediate spectra (black) show how the enzyme reverts back to
the oxidised, low-spin form (blue) denoted by the decrease in absorbance at 449 nm and a
concomitant increase at 419 nm over a period of 112 min (selected intermediate spectra only

shown for clarity). These data are representative of 3 similar experiments.
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4.9.6 Binding studies

A number of short-chain (C5, C8 & C10) alkenes and the aromatic hydrocarbon
styrene were titrated against the heme-domains of P450 BM3 and the F87G mutant
(Figure 4.22). As a comparison, the unsaturated fatty acid arachidonic acid (C20),
and the inhibitor 4-phenylimidazole were also titrated against the enzymes. Both of
these are known to bind tightly to the enzyme and have been shown to induce large
spectral changes in the Soret region [246, 247]. Spectra were recorded after each
successive addition of the substrate/ligand being tested and the results were analysed

to determine the dissociation constant (Kq4 value).

Titration of the fatty acid induces a shift in the Soret peak from 419 nm to 393 nm
(Figure 4.23) commonly referred to as a type | spectral shift; attributable to the
substrate affecting the spin-state equilibrium. When the change in absorbance was
plotted against the fatty acid concentration, a Ky of 0.39 uM was calculated (Figure
4.24). When the fatty acid was titrated against P450 BM3gg;¢ the spectral shift of the
Soret peak was visibly diminished which was reflected in the change in Ky to 1.7 uM
(Figure 4.25). The plot of maximal absorbance versus arachidonic acid concentration
in BM3F87G shows a systematic deviation of the line of fit from the data (Figure
4.25, inset). This may be a result of errors or uncertainty in the estimation of the
substrate or enzyme concentration which would lead to the errors in the assumed 1:1
stoichiometry of binding. It could equally be due to an enzyme that is not fully
functional with only a proportion of the potential binding sites being accessible. The
quadratic equation used in the first instance (Figure 4.25) can be modified to include a
parameter in order to scale enzyme concentration to take account of deviations from
the 1:1 stoichiometry. If this is applied to the data from BM3F87G/arachidonic acid
binding then the line fit indicates the stoichiometry is actually closer to a ration of
0.74 and yields a K4 of 0.38 + 0.02 (Figure 4.26). These data suggest that only 74%
of the binding sites are being occupied or that there are actually less binding site than
expected due to errors in protein concentration. It should also be noted that the
spectra for the arachidonic acid saturated BM3gg7c displayed some heterogeneity,
defined by the diffuse Soret peak and shoulder at 413 nm. This indicates that the shift
from low- to high-spin has not progressed to completion and a proportion of the

enzyme has remained low-spin.
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Titration of 4-phenylimidazole, against P450 BM3 caused a shift in the Soret peak in
the opposite direction, from 419 nm to 425 nm (Figure 4.27). Known as a type Il
shift, this is a fairly typical for a P450 inhibitor; pushing the spin state equilibrium
lower as the inhibitor ligates the heme.

Titration of the alkenes and styrene against P450 BM3 did not induce any discernable
spectral shift. It was therefore not possible to calculate a dissociation constant for
these compounds. However, when titrated against the P450 BM3gszg, some of the
alkenes and styrene had a visible effect on the position and amplitude of the Soret
peak, all be it to a much lesser degree than with the fatty acid (Figure 4.28 and Figure
4.29).
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Figure 4.22 Substrates used in binding studies.

A number of short-chain alkenes and the aromatic hydrocarbon styrene were titrated against
the heme-domains of P450 BM3 and the F87G mutant. The fatty acid arachidonic acid and

the P450 inhibitor 4-phenylimidazole were also titrated against the enzymes as a comparison.
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Figure 4.23 Spectral changes induced in P450 BM3 on sequential addition of increasing

concentrations of arachidonic acid.

Arachidonic acid (stock solution 33 mM in ethanol) was titrated against P450 BM3 heme-
domain as described in Methods. The starting spectrum (blue) shows P450 BM3 in 25 mM
MOPS (pH 7.4) 100 mM KCl at a concentration of 4.2 uM. The final spectrum (red) shows
the enzyme following the addition of arachidonic acid to a final concentration of 31 pM. A
number of intermediate spectra are shown in black. Inset shows the difference spectra
generated by subtracting the starting spectrum from each subsequent spectrum. These data

are representative of 2 experiments showing similar results.
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Figure 4.24 Plot of maximal absorbance change against concentration of arachidonic
acid.

The wavelength with the largest increase in absorbance was subtracted from the wavelength
with the largest decrease in absorbance, 389 nm and 420 nm respectively, derived from the
difference spectra described in Figure 4.23. This maximal change in absorbance was plotted
against the concentration of arachidonic acid. The plot was then fitted to Equation 2
(quadratic equation), yielding an Anax of 0.089 £ 0.007 unit/uM BM3 and a K, of 0.27 + 0.04
uM. Data are mean = SEM, n=3.
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Figure 4.25 Spectral changes induced in P450 BM3gg;c On sequential addition of

increasing concentrations of arachidonic acid and calculation of K.

The black spectrum shows 3.16 uM low-spin P450 BM3gg;c heme-domain, the red shows the
enzyme following addition of arachidonic acid (stock solution 33 mM in ethanol) to a final
concentration of 46 uM, intermediate spectra have been removed for clarity. Inset is the plot
of maximal absorbance change against the corresponding arachidonic acid concentration. The
data have been fitted to Equation 2 (quadratic equation) with the enzyme concentration set to
3.16 uM yielding an Apax of 0.087 £ 0.002 unit/uM BM3 and a K4 of 1.70 + 0.08 uM.
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Figure 4.26 Plot of maximal absorbance change against concentration of arachidonic
acid taking into account deviation from 1:1 stoichiometry.

A modified quadratic equation which included a stoichiometry factor (n) to scale enzyme
concentration (Et) to account for underestimation in protein concentration due to error or
inactivity. The data fit yields a stoichiometry factor of 0.74 estimating the concentration to be
2.34 or that only 74% of binding sites are occupied yielding a new K, of 0.38 + 0.02 uM.
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Figure 4.27 Spectral changes induced in P450 BM3 on sequential addition of increasing
concentrations of the cytochrome P450 inhibitor 4-phenylimidazole.

The black spectrum shows 6.6 uM of low-spin P450 BM3 heme-domain before addition of
the inhibitor, the red spectrum shows the enzyme following the addition of 4-pheylimidazole
(stock solution 2.5 mM in assay buffer) to a final concentration of 150 uM. Intermediate
spectra have been removed for clarity. Inset is the plot of maximal absorbance change against
the corresponding 4-pheylimidazole concentration. The data have been fitted to Equation 2
(quadratic equation) yielding an Anax of 0.055 units per uM BM3 and a K, of 2.95 £ 0.13 uM.
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increasing concentrations of styrene.

The black spectrum shows 8 uM of low-spin P450 BM3gg;c heme domain, the red shows the
enzyme following addition of styrene (stock solution 87 mM in ethanol) to a final
concentration of 45 mM, intermediate spectra have been removed for clarity. Inset is the plot
of maximal absorbance change against the corresponding styrene concentration. The data

have been fitted to Equation 5 (hyperbolic equation), giving an A of 0.2 and a Ky of 1.42

mM.
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Figure 4.29 Spectral changes induced in P450 BM3gg;c On sequential addition of

increasing concentrations of a) trans-3-hexene, b) trans-3-octene and c) trans-4-octene.

Black spectra show low-spin P450 BM3gg;c heme-domain, red spectra shows the enzyme
following addition of the substrate. All data were fitted to Equation 5 (hyperbolic equation)

and data are summarized in Table 4.1.
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Of the all the substrates tested, excluding the fatty acid, the largest spectral
perturbations were induced by styrene. The intensity of the Soret absorbance peak at
419 nm reduced whilst an increase in absorption appears at 397 nm indicating the
spin-state equilibrium was being pushed towards high-spin. Although the spectral
changes effected on P450 BM3gg;c by the short-chain alkenes were less noticeable

they were sufficient to calculate apparent dissociation constants (Table 4.1).

In the case of arachidonic acid, the glycine substitution at F87 caused a 4-fold
decrease in the apparent affinity for the fatty acid substrate; in contrast there has been
a 2 fold increase in the apparent affinity for 4-phenylimidazole. Apparent K4 for the
alkene substrates and styrene, where calculated, were in the mM concentration rather

than pM which is more typical of P450/substrate interactions.
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Ka

Substrate BM3 wt BM3 F87G
Arachidonic acid 0.27 £ 0.04 uM 0.38+£0.02 uM
(0.55 £ 0.05uM)
1(n) Hexene t t
Trans-2-hexene i 0.52 £0.03 mM
Trans-3-hexene il 0.30+ 0.01 mM
1(n) octene + +
Trans-2-octene il ¥
Trans-3-octene T 0.30 +0.02 mM
Trans-4-octene T 0.07+0.01 mM
Decene T T
Styrene + 142 +0.06 mM
4-Phenylimidazole 295+0.13 uM 1.44 +0.04 uM
(5.8 1.0 uM)

Table 4.1. Dissociation constants calculated for substrate binding to the heme-domain
of P450 BM3 and the F87G mutant using the method described in Figure 4.23 toFigure

4.29.

+ Spectral changes were not observed or insufficient to enable calculation of dissociation

constants. Numbers in brackets are data obtained using similar methods in previous work

[248].
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4.9.7 Redox Potentiometry

Redox potentiometry was performed on the heme domains of the wild-type and the
F87G mutant forms of P450 BM3 to determine whether the glycine substitution had
altered the electrochemical environment of the heme. Reductive titrations were
performed under anaerobic conditions on both substrate free and fatty acid bound
heme-domains of P450 BM3 and P450 BM3gg;c as described in Methods. Figure
4.30 shows the spectral changes observed when P450 BM3 was reduced in the
presence of arachidonic acid under saturating conditions. When fully oxidised the
enzymes heme iron appeared low-spin as indicated by the absorption peak at 392 nm.
As the sample was reduced absorbance at 392 nm reduced and absorbance at 409 nm
increased. A mid-point redox potential of -240 mV was calculated from the plot of
maximal absorbance change versus the corresponding potential measurement.
Reductive titration of substrate free P450 BM3 (Figure 4.31) yielded a mid-point
redox potential of -388 mV. Both values are in good agreement with the reported
redox potentials [195].

Similar potentiometric titrations were conducted on arachidonic acid bound (Figure
4.32) and substrate free (Figure 4.33) P450 BM3gg7c. In the absence of substrate the
Soret peak of BM3gs7c shifts towards 409 nm, emulating the transition observed for
P450 BM3. However, it should be noted that toward the end of the reductive titration
it became increasingly difficult to reduce the potential suggesting that the reduction
process had not progressed to completion within the accessible range (~ -420 mV
using dithionite as reductant). The mid-point redox potential of BM3F87G was
calculated to be -416 + 8 mV but it is conceivable that the real redox potential could
be even more negative. Indeed, if the data are fitted whilst fixing the Nernst factor (or
RT/F value) to 59 mV, the slope of a one-electron redox couple at 25 °C, the mid-
point redox potential is estimated to be -424 mV % 2. In the presence of saturating
concentrations of arachidonic acid the starting spectra of BM3gg;c Shows
heterogeneity in the sample as discussed previously (Section 4.9.6) indicating a
proportion of the sample is in low-spin. Upon reduction the Soret peak at 396 nm
shifts towards 409 reflecting the transition made by P450 BM3 on reduction. The

mid-point potential calculated to be -187 + 16 mV, some 53 mV more positive than
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the wild-type. Table 4.2 compares the mid-point potentials calculated for the mutant

with those of the wild-type.
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Figure 4.30. Spectral changes in substrate-bound P450 BM3 during reductive titration
and calculation of the mid-point potential.

Under anaerobic conditions, the heme-domain of P450 BM3 in 100 mM KPi (pH 7.0)
containing 5% (v/v) glycerol was incrementally reduced then re-oxidised in the presence of
saturating concentrations of arachidonic acid (at least 80 pM) as described in Methods.
Spectra were recorded (250 nm — 800 nm) at each reductive/oxidative addition along with the
corresponding potential. The absorbance measurements at the wavelength showing the
maximal absorbance changes were then plotted against the corresponding potential
measurement corrected against the normal hydrogen electrode (NHE) by the addition of +244
mV. Data were then fit to Equation 4 (1-electron Nernst equation) to calculate the midpoint
potential. The starting spectrum (red) shows ~7 uM of oxidised high-spin P450 BM3. The
final spectrum (blue) shows the enzyme following the addition of sodium dithionite to full
reduction. A number of example intermediate spectra are shown in black. Arrows show the
direction of the absorbance change as the enzyme is reduced. Inset shows a plot of
absorbance at 409 nm against the normalised potential measurement, yielding a mid-point
reduction potential of -249 + 3 mV. The error shown is the estimate from graphing software
(Origin; OriginLab, Massachusetts) of the fit of the data to the 1-electron Nernst equation

(equation 4) from a single potentiometric titration.
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Figure 4.31. Spectral changes in P450 BM3 during reductive titration and calculation of
the mid-point potential.

The heme-domain of P450 BM3 was subject to reductive titration as described in with the
exclusion of any substrate. The starting spectrum (solid line) shows ~8 uM of oxidised low-
spin P450 BM3. The final spectrum (dashed line) shows the enzyme following the addition
of sodium dithionite to full reduction. Intermediate spectra are removed for clarity. Inset
shows the plot of absorbance at 418 nm against the corresponding potential measurement
(mV) corrected against the NHE. These data are fitted to Equation 4 (1-electron Nernst
equation) yielding a mid-point reduction potential of -388 £ 2 mV. The error shown is the
estimate from graphing software (Origin; OriginLab, Massachusetts) of the fit of the data to

equation (n) from a single potentiometric titration.
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Figure 4.32. Spectral changes in the substrate-bound F87G mutant during reductive

titration and calculation of the mid-point potential.

The heme-domain of P450 BM3 F87G was subject to reductive titration as described in
Figure 4.31. The starting spectrum (solid line) shows ~5 uM of oxidised high-spin enzyme.
The final spectrum (dashed line) shows the enzyme following the addition of sodium
dithionite to full reduction. Intermediate spectra are removed for clarity. Inset shows a plot
of absorbance at 396 nm (the maximal absorbance change) against the corresponding
potential measurement corrected against the NHE. The data are fitted to Equation 4 (1-
electron Nernst equation), yielding a mid-point reduction potential of 187 + 16 mV. Data are

mean = SEM, n=2.
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Figure 4.33. Spectral changes in the F87G mutant during reductive titration and
calculation of the mid-point potential.

The heme-domain of P450 BM3 F87G was subject to reductive titration as described in
Figure 4.31, excluding any substrate. The starting spectrum (solid line) shows 9 uM of
oxidised high-spin enzyme. The final spectrum (dashed line) shows the enzyme following the
addition of sodium dithionite to full reduction. Intermediate spectra are removed for clarity.
Inset shows a plot of maximal absorbance changes at 417 nm against the corresponding
potential measurement corrected against the NHE. The data are fitted to Equation 4 (1-

electron Nernst equation), yielding a mid-point reduction potential of -416 £ 8 mV.
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Substrate free Arachidonic acid bound
P450BM3 -388 £ 2 mV -249 + 3 mV

-392 [248] -283

-370 [54] -235
BM3F87G -416 + 8 mV SEM (n=2) -187 + 16 mV SEM (n=2)

Table 4.2. Mid-point redox potential of heme-domain P450 BM3 and the F87G mutant
with and without arachidonic acid bound.

Potentiometric titrations were performed under anaerobic conditions on the heme-domains of
P450 BM3 and its mutant F87G in the presence and absence of the strongly binding substrate
arachidonic acid. Enzymes were incrementally reduced using sodium dithionite to full
reduction then re-oxidised using potassium ferricyanide as described in Methods. Mid-point
reduction potentials were calculated as described in Figure 4.30. For P450 BM3, errors
shown are the estimates from graphing software (Origin; OriginLab, Massachusetts) of the fit
of the data to the 1-electron Nernst equation (Equation 4) from a single potentiometric
titration. For the F87G mutant, two reductive titrations were performed on the same enzyme
preparation and an average of the two mid-point potentials was calculated, along with an

SEM. Previously published data on the wild type enzyme are also stated for comparison.
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4.9.8 Steady-state kinetics

Since binding studies indicated an interaction between the P450 BM3gg;¢ and some of
the non-fatty acid substrates, substrate-dependent NADPH-oxidation was examined.
Either full-length P450 BM3 or full-length P450 BM3gg7;c was mixed with the
substrates at increasing concentrations whilst monitoring the rate of NADPH
oxidation at 340 nm as described in Methods. In the case of the non fatty-acid
substrates, it was necessary to increase the amount of enzyme in the reaction mixture
(from ~ 50 nM to ~200 nM) to obtain an accurately measurable rate within a
reasonable assay time (typically 30 sec). It should be noted that the alkene and
styrene substrates are less than 1% soluble in water [249]. To ensure the maximum
solubilisation of these substrates, reaction mixtures were mixed by vigorous shaking
prior to addition of NADPH to begin the reaction. The data followed a standard
rectangular hyperbola and were fit to the Michaelis-Menten (Equation 5) to calculate

an apparent kea and Ky, (Figure 4.34).

As expected, the wild-type enzyme showed very high NADPH oxidation activity with
arachidonic acid, reaching a maximal rate of over 13000 min™ whereas the maximal
rate observed for the F87G mutant was 7.5 fold lower at 1752 min™. Therefore,
although there was little difference in the Ky, values (11 uM and 17 uM for wild-type
and the mutant respectively) the net effect of this mutation on arachidonic acid-
dependent NADPH oxidation was an 11.7 fold reduction in the catalytic efficiency
(Keat/ Kin)-

Each of the non-fatty-acid substrates tested, with the exception of decene, resulted in
substrate concentration-dependent NADPH oxidation in both the wild-type and the

mutant enzymes. The Kinetic parameters are presented in Table 4.3.
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Figure 4.34. Substrate-dependent NADPH oxidation by P450 BM3 and the F87G

mutant.

The steady-state kinetics of the enzyme and its mutant were studied by monitoring the
oxidation of NADPH by the enzyme at 340 nm in the presence of substrate at various
concentrations as described in Methods. Substrates used were the same as those used in the
binding studies. Initial rates, expressed as moles of NADPH oxidised per mole of BM3 per
minute, were plotted against the corresponding substrate concentration for the full-length
P450 BM3 (M) and the F87G mutant (A). These data were fit to the Michaelis-Menten
equation (equation 5) using Origin to calculate the Kinetic parameters. Error bars show the
mean * standard error between duplicate measurements. Steady-state Kinetic parameters

calculated from these data are summarised in Table ??
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P450 BM3

F87G mutant

Substrate ke (MIN?) Ky (MM) Kl K ke (M) Ky (MM) Kear! K
Arachidonic | 13196 + 0.011+0.002 12x10° [1752+149 0.017+0.005 0.1 X
acid 498 10°
1(n) Hexene | 570 + 62 13.9+3.78 41 306 +57 0.52 +£0.63 588.5
Trans-2- 508 + 25 14.20 £ 2.29 35.8 1251 +188 8.92+2.91 140.2
hexene

Trans-3- 666 + 40 2.6 £0.50 256.2 1145+134 3+14 381.7
hexene

1(n) octene 202 +£12 8.5+ 2.04 23.8 579 + 34 1.03+0.30 562.1
Trans-2- 877 +34 15+1.15 58.5 597 + 40 1.4+0.36 426.4
octene

Trans-3- 1041 + 66 45+1.05 231.3 1366 + 159 6.23+1.77 219.3
octene

Trans-4- 160+ 8.7 1.4+044 114.3 1710+ 125 7.1+181 240.8
octene

Decene T + T T

Styrene 624 + 35 0.8+0.18 780 1382 +126 1.4+0.44 987.1

Table 4.3. The steady-state kinetic parameters of the interaction of P450 BM3 and the

F87G mutant with fatty-acid and alkene substrates.

Apparent Ky, ke and Keo/Ky for the substrate dependant oxidation of NADPH in the presence

of fatty-acid and alkene substrates for wild-type and the F87G mutant are shown.

All

measurements were made with [enzyme] constant at ~ 100 nM, using 200 uM NADPH in 20

mM MOPS, 100 mM KCI, pH 7.4 as described in Methods.

The errors shown are the

estimates from Origin of the fit of the data to Equation 5 (Michaelis-Menten equation)

calculated from duplicate measurements on the same enzyme preparation.

Rates are

expressed as moles of NADPH oxidised per mole of BM3 per minute. § Activity above the

background rate could not be detected.
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4.9.9 Product analysis

To establish whether the observed substrate-dependent NADPH oxidation activity
was linked to modification of substrates, enzyme (either full-length P450 BM3 or full-
length P450 BM3gg7c) was incubated overnight at room temperature with each of the
non-fatty acid substrates and NADPH; any resulting products and remaining
substrate, analytes, were extracted into solvent and analysed by gas chromatography
and mass spectroscopy (GC/MS) as described in Methods. All turn-over reactions,
extractions and analysis was performed in the laboratories at Avecia under the

supervision of Dr Robert Holt.

Identification of analytes in the extracts was achieved by matching their column
retention times (RT) and mass spectra with those of standardised substrates and
products. The product standards used for comparison were either commercially
available hydroxylated alkenes or alkene oxides (epoxides) manufactured in the lab
using standard epoxidation chemistry as described in Methods. In the case of styrene;
analytes were additionally subject to chiral column chromatography in order to

analyse the enantiomeric ratio of the R- and S-styrene oxide products.

Figure 4.35 shows the gas chromatograms of the analytes extracted from P450 BM3
and P450 BM3gg7;c When incubated with styrene and equimolar ratios of NADPH.
The profiles for both enzymes were similar, showing three large peaks with retention
times of 8.0, 10.2 and 10.3 min. When compared with the retention times of styrene,
a racemic mixture of styrene oxide and a sample of pure R-styrene oxide, these peaks
can be identified as the starting material, styrene, R-styrene oxide and S- styrene oxide
respectively. Calculation of the area under each peak showed that of the analytes
extracted from the wild-type enzyme, 57% was styrene. The remaining 43% had been
converted to styrene oxide with the R-sterecisomer in 20% enantiomeric excess (e.e.).
The same calculation of peak area for the extracts from P450 BM3gg;c Yielded an
89% conversion to product with the R-stereoisomer in 64% e.e.; a two fold increase in
conversion to product and a three-fold increase in e.e. for R-styrene oxide.

Figure 4.36 shows the gas chromatogram of the analytes extracted from P450
BM3rs76 When incubated with trans-2-octene and equimolar ratios of NADPH. Here

the RT of two of the peaks matched those of the substrate and epoxide standards that
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were chemically manufactured in the laboratory (Methods). The third, much smaller
peak could only be identified using the mass spectra by matching the molecular
weight and fragmentation pattern with a GC/MS library and was identified as 2-
octene-4-ol. Calculation of the area under each peak shows 52% of the substrate was
converted to product in a 9:1 ratio in favour of the epoxide. In comparison, only two
peaks were extracted from the P450 BM3 reaction; 38% being substrate and 62% was

positively identified as the epoxide product.

Figure 4.37 illustrates the structures of the non-fatty acid substrates tested and their
oxidised products as identified by GC/MS. P450 BM3 appears to produce only a
single hydroxide or epoxide species, with regio-specificity for the w-2 carbon
position. In contrast, the F87G mutant generates several product species from a single
substrate, displaying less regio-selectivity and attacking the substrate at either -1, -2
or -3 position. The percentage of substrate converted to product, as estimated by the
area under the curve, calculated from the peaks on the chromatogram, are presented in
Table 4.4.
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Figure 4.35. Analysis of reaction products from P450BM3 and the mutant F87G using

styrene as a substrate.

The enzyme was incubated at room temperature, with agitation, for a minimum of 8 h in the
presence of equimolar amounts of styrene and NADPH. Reaction products and any
remaining substrate were extracted into dichloromethane and analysed by gas
chromatography using a chiral column as described in Methods. The retention times of the
constituents of the extracts obtained from (a) P450 BM3 and (b) the F87G mutant were
matched against those obtained for the standards (c) styrene, (d) racemic mixture of S- and R-

styrene oxide (e) R-styrene oxide (continued over leaf).
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Figure 4.36. Analysis of reaction products from P450BM3 F87G and trans-2-octene in
the presence of NADPH.

The enzyme was incubated with trans-2-octene and the products extracted as described
previously (Figure 4.33). Extracts were analysed by Gas chromatography and Mass

Spectrometry.  Panel a) shows the retention times of the analytes separated by gas
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chromatography and inset, the retention times of the standards trans-2-octene (4.31) and 2, 3-
octene-oxide (7.58). The mass spectra of the GC separated analytes were also compared to
the equipments internal library of compounds. Analytes were identified by matching to mass
spectra of standard in the compound library; the difference spectra of the library compound
subtracted from the unknown is shaded in blue in each case. The best match for the mass

spectra of the peak at 8.12 min (b) identified the compound as 2-octene-4-ol.

162



Products Products

s
P450BM3 <«—— Substrates BM3FES7G
OH o)
NN \/\/A
\/u
1-hexene-3-ol n-hexene 1-hexene oxide
0] @)
e VUl
2-hexene oxide trans-2-hexene 2-hexene oxide
(@) O
3-hexene oxide trans-3-hexene hexene oxide
OH (e}
\)\/\/\ /\/\/\/
1-octene-3-ol n-octene OH 1 _octene oxide
\)\/\/\
1-octene-3-ol
(@]
o \_\_)%
P Y g 2-octene oxide
trans-2-octene OH
2-octene oxide
X
2-octene-4-ol
\/\/&\/
N oxide
O
O 3-octene-2-one
/\/\/\/
3-octene oxide trans-3-octene
3-octanone
@)
o OH 3-octene oxide
/\/\/\/ \)\/\/\
3-octene oxide trans-4-octene 1-octene-3-ol
O
\)K/\/\
4-octen-3-one
styrene oxide R 20%e.e. styrene styrene oxide R 64%e.e.

Figure 4.37. Structures of the substrates and their products from P450BM3 (left) and
the F87G mutant (right) as identified by GC/MS.
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% converted to product

Substrate Product BM3 F87G
1(n)-hexene 1,2-hexene oxide * *
Trans-2-hexene 2,3-hexene oxide * *
Trans-3-hexene 3,4-hexene oxide * *
1(n)-octene 1-octene-3-olf 14 6

1,2-octene oxide n.d. 6
Trans-2-octene 2,3-octene oxide 62 47

2-octene-4-olt n.d. 5
Trans-3-octene 3,4-octene oxide 79 7

3 octanonet n.d. 16

4 octanonet n.d. 7

3-octene-2-onet n.d. 3
Trans-4-octene 3,4-octene oxide * 80 16

1-octene-3-olf n.d. 22

4-octen-3-onet n.d. 7
Decene n.d. n.d. n.d.
Styrene Styrene oxide 43 (R- 20% ee) 89 (R-64%e.e.)

Table 4.4. Products identified from extractions.

* % converted could not be calculated, fproducts identified from GC/MS library only,

n.d. no peak detected.
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4.9.10 NADPH recycling using glucose dehydrogenase

Cofactor regeneration experiments were performed to establish whether an enzyme
driven NADPH regeneration system could be used to drive the P450 reaction.
Glucose dehydrogenase from Cryptococcus uniguttulatus (Sigma), in conjunction
with its substrate glucose, was incubated overnight with the wild-type P450BM,
NADPH (600 uM) and substrate (n-hexene, trans-2-hexene, trans-3-octene or styrene)
as described in Methods. Any resulting products and remaining substrate were
extracted into solvent and analysed by gas chromatography and mass spectroscopy
(GC/MS) also as described (Methods).

Identification of analytes in the extracts was achieved by matching their column
retention times (RT) and mass spectra with those of standardised substrates and
products as well as the RT for the NADPH driven reaction (Figure 4.38). As
described previously (section 4.9.9), the product standards used for comparison were
either commercially available hydroxylated alkenes or alkene oxides (epoxides)
manufactured in the lab using standard epoxidation chemistry as described in
Methods.

The retention times for products identified from P450BM3 using the cofactor
regeneration system were identical to those identified where NADPH only was used
(summarised in Table 4.5).
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Table 4.5 Retention times (RT) of products extracted from NADPH driven and Glucose

dehydrogenase driven P450 monooxidations using P450BM3.

NADPH Glucose dehydrogenase
substrate RT Product RT Product
n-hexene 3.26 1-hexen-3-ol 3.26  1-hexen-3-ol
trans-2- 3 2-hexene oxide 3 2-hexene oxide
hexene
trans-3-octene | 5.1 3,4-octene oxide 51 3,4-octene oxide
styrene 6.25 styrene oxide 6.26  styrene oxide
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Figure 4.38 Gas chromatograms of products extracted from NADPH driven and

Glucose dehydrogenase driven P450 monooxidations using P450BM3.

The retention times of the constituents of the extracts obtained from NADPH driven P450
monooxidation of a) styrene and c) trans-3-octene were matched against those obtained for

Glucose dehyrogenase driven P450 monooxidation of b) styrene and d) trans-3-octene.
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4.10 Discussion

Potential biotechnological applications for P450 BM3 already reported include,
engineering the enzyme’s activity towards shorter chain fatty acids (C4-C10) [61],
toxic polyaromatic hydrocarbons [250] and short-chain alkanes [251]. The
preliminary goal in this work, for development of P450 BM3 as a biocatalyst, was to
investigate the enzymes latent potential to catalyse the epoxidation of short-chain
alkenes and styrene and explore the effect of the active site mutant, F87G, on this

activity.

The full-length and heme-domains of both wild-type and the F87G mutant were
isolated and their interactions with alkenes and styrene as substrates examined.
Comparison of the UV/visible spectra of the wild-type and the F87G mutant in
various oxidation states show little difference in the key spectral features, i.e. the
location of the Soret peak and a and B bands are the same for both wild-type and
mutant (section 4.9.5). This suggests that the mutation has had no effect on either the
oxidation state of the enzyme or the local electrical environment of the heme.
However, inspection of the near UV end of the oxidised spectrum of F87G reveals a
very high total protein/heme ratio despite the relative purity of the sample as judged
by SDS-PAGE (Figure 4.18). This would suggest the mutation has effected
incorporation and/or stabilisation of the heme within the enzyme and would correlate
with observations made by Oliver et al on the related mutant BM3 F87A [252].
Purified samples of full-length and heme-domain BM3 F87A contained mixed
populations of apo- and holo-enzyme with the primary loss of heme thought to occur
during purification. Subsequent enzyme preparations used the addition of imidazole
to buffers to stabilise the heme and secure a full complement of holo-enzyme. Heme
deficiency was only observed in the full-length preparations of BM3gs7g mutant, with
low heme signals appearing from the outset of the purification scheme. Samples of
heme-domain preparations of BM3gg7g appeared to contain holo-enzyme only with no
loss of heme signal during purification. It was therefore concluded that the mutation
itself was not the probable cause of the loss of heme loss. An alternative explanation
could be that the difference is an artefact resulting from the cell type and/or
expression construct used. Expression of the BM3gg7c full-length mutant is under the

control of the T7 promoter and expressed in E. coli strain BL21(DE3)pLysS over a
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period of less than 4 hours. The full-length and heme-domain of P450 BM3, and the
heme-domain of BM3gg;c are all under the control of the native promoter and
expressed in E. coli TG1 over a period of 24-30 hours. It may be that the combination
of the T7 vector and BL21(DE3)pLysS cells are less able to synthesise heme at the
rate necessary for full heme incorporation. A lower IPTG concentration over a longer
induction period could slow protein expression sufficiently to allow the cells time to
synthesise enough heme for a preparation with a full heme complement. Addition of
iron to the growth medium and/or addition of the heme precursor delta-aminolevulinic
acid (3-ALA) have also been shown to promote the synthesis of holo-enzyme in

expression systems where this appears a problem [253, 254].

As these alterations to the protein preparation would increase cost and complexity in
industrial scale-up a simpler alternative would be to recreate the full-length BM3gs7c
using site-directed mutagenesis and pBM23 (wild-type, full-length construct) as the
template. Considering the fact that protein concentration is measured using the heme
content and therefore based on active holo-enzyme, it was considered reasonable to
continue with activity and product analysis in order to proceed in a timely manner.
The time taken to create a second construct for expression of full-length BM3gg7c
would have prevented an opportunity to perform product analysis using GC/MS at

Avecia.

A comparison of the reduced/CO spectra of the mutant and wild-type reveal a
significant difference in the enzyme’s ability to bind CO. In the wild-type, as with
most P450’s, the reduced heme will reliably bind CO causing a spectral perturbation
characterised by a shift of the Soret peak to ~450 nm and fusion of the a and B bands,
indicative of thiolate-coordinated (cysteinate) heme iron. The reduced/CO spectra of
both the full-length and heme-domain of the F87G mutant shows incomplete
conversion to the high-spin form and proved to be unstable as it collapses back to the
low-spin form over approximately 2 hr. Formation of the P420 form is the result of
protonation to form a neutral cysteine resulting in thiol-co-ordination of the heme iron
[245]. It is essential for the cysteine to be de-protonated throughout the catalytic
cycle and is required for oxygen activation [156, 163, 255]. The failure of BM3gg7g to

form a stable CO adduct may indicate that this mutant is more prone to cysteinate
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protonation and may impact upon its catalytic activity. However, the rapid collapse of

the ferrous heme back to 419 nm indicates this inactivation is reversible.

As mentioned earlier (section 4.9.6) the spectral perturbation observed upon substrate
binding is a visual indicator of the alteration of the enzyme’s spin state. Upon
substrate docking, the axial water ligand is displaced, altering the spin-state
equilibrium of the heme from predominantly low-spin d-electron configuration
(S.1/2) to a primarily high-spin configuration (S.5/2) [192]. This perturbation is
characterised by a Soret peak located at approximately 395 nm and a trough at 420
nm, the magnitude of the absorbance change indicating the strength or affinity of the
substrate/enzyme complex [256].  Structural studies on CYP101 (P450cam)
demonstrate that loosely fitting substrates are less able to displace the axial ligand
(water) and thus the spin-state equilibrium remains in the low-spin configuration
[193]. As expected wild-type showed very tight binding to arachidonic acid but no
spectral perturbation was seen with alkene substrates, reflecting the wild-types known
preference for mid- to long-chain fatty acids and demonstrating the alkanes inability
to displace the axial ligand. Interestingly the F87G mutant displayed an approximate
3 fold reduction in affinity for the fatty acid and showed increased affinity to the
imidazole inhibitor. The non-natural substrates, styrene and the alkenes containing
sub-terminal carbon-carbon double bonds, induced measurable spectral perturbations
which enabling calculation of an apparent Kd, albeit in the mM range. The Phenyl
ring of F87 projects into the base of the active site and lies almost perpendicular to the
plane of the heme in the oxidized substrate-free from of the enzyme. The binding
data presented here implies that the removal of the bulky phenylalanine from the base
of the substrate access channel allows bulkier substrates (styrene and 4-phenylalanine)
better access to the active site permitting tighter binding.  Work on another F87
mutant, F87A, which used NMR to monitor substrate motion upon binding and
reduction, indicated that the methyl terminal of the substrate moved past the position
it usually holds in the wild type, ending up approximately 2 A closer to the heme [59].
This may also be true for the BM3gg;c and account for the short-chain alkene

substrates apparent increase in affinity.

As previously described, reduction of the mid-point potential (i.e. less negative) is a

prerequisite for the binding and subsequent activation of dioxygen (Section 4.6). The
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glycine substitution at F87 appears to have increased the redox potential of the
enzyme in its resting state, making it more negative and thus providing an even larger
barrier to futile electron transfer from FMN to heme in the absence of substrate.
However, when fatty acid is bound, the mid-point potential is more than 150 mV less
negative than the wild-type. Whilst this provides complete removal of the electro
negative barrier, it may have implications for catalytic activity, perhaps removing a
level of control over the timing of electron transfer and causing some electrons to be

lost, thus reducing the efficiency of the reaction.

Comparison of the stead-state kinetic parameters for the wild-type and F87G mutant
reveal an alteration in the enzymes substrate specificity (Table 4.3). Replacement of
F87 with glycine has reduced the k. for arachidonic acid by a factor of 8 and whilst
the Km has remained in the same order of magnitude the catalytic efficiency, as
measured by Kcat/Km, is reduced by a factor of 12 overall. The glycine substitution
has also affected the enzyme activity with the alkene substrates. Whilst in the
majority of cases the ke for F87G with the alkene substrates is increased by a factor
of 1.5 - 3 there are more marked differences in the Km which increases the catalytic
efficiency by much more. For example the ke/Km for F87G with n-hexene and n-
octene is 15 and 24 fold higher respectively than that for the wild type. It is
interesting the note that as the location of the double bond moves further away from
o- terminal the overall improvement in catalytic efficiency seen with the F87G
mutant and the alkene substrates becomes markedly reduced. It is clear from the
Kinetic data (Table 4.3) that both the wild type and F87G mutant enzymes are active
with styrene and these alkene substrates, at least in the sense that they are oxidising
NADPH and cycling electrons. The F87G mutant exhibits broadened substrate
specificity in favour of the shorter chain hydrocarbons and styrene, with as much as
24-fold increase in catalytic efficiency for n-octane. Although the rates recorded are
several-fold slower than those with arachidonic acid, they are substantially faster than
rates typically reported for most eukaryotic P450s and their favoured substrates [257].
This may relate to the efficiency of the P450 BM3 redox system, i.e. FMN-to-heme
electron transfer is rapid in BM3 compared to other class Il P450 systems. Thus,

electron transferase activity is rapid, even with poorer non-lipid substrates.
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Due to circumstances beyond my control the time available for completion of
experimental work was cut short by a total of 10 weeks during the latter half of the
project. As previous analysis of BM3gg7c revealed less than 10% uncoupling of
NADPH oxidation from fatty acid oxidation a strategic decision was taken to
prioritise the analysis of reaction products ahead of measuring reaction efficiency.
Analysis of products generated by the enzymes confirmed that not only are the wild
type and mutant enzymes oxidising NADPH but that they are generating specific
products which are different from one another. These data clearly demonstrate that, in
the case of the wild-type, where a double bond is located at the terminal position or at
position 4 (in the case of trans-4-octene), P450 BM3 hydroxylates the alkene at the
third carbon (®-2), when the double bond is located at position 2 or 3 the wild-type
enzyme performs an epoxidation reaction, yielding a single product from each
substrate. This is in agreement with its know function as a sub-terminal fatty acid
mono-oxygenase [223]. The F87G mutant on the other hand appears to have lost
some regio-selectivity, yielding a much wider range of products from a single
substrate, performing a hydroxylation or epoxidation reaction at ®-1, ®-2 or ®-3.
This is consistent with the known effects of other F87 mutants (F87A/V) which
exhibit similar loss in regio-selectivity [251]. This would indicate that whilst the
removal of the phenylalanine ring allows the alkene substrates to approach closer to
the heme, the substrate is now less restricted within the active site, thus allowing
presentation of alternate activation sites to the oxygenated heme. In both cases the
enzymes demonstrate a preference for oxidation at the end closest to the location of
the double bond. This would indicate that the substrates proceed into the active site
with the double bond end leading first.

Possibly the most interesting result is the effect this mutation has on the affinity for
and activity towards styrene. Not only does styrene cause detectable perturbation of
the UV/visible spectra and show some increased catalytic activity in BM3gg7g (2 2
fold increase in k) but the product analysis shows this mutation increases the
percentage of substrate converted to product from 43% to 89% and significantly
increases the amount of R-styrene oxide from just 20% ee to 64% ee. These data
compare well with documented findings that this mutation increases the stereo-
selectivity to a similar compound, 3-chlorostyrene, as well as increasing catalytic

activity towards this substrate [241]. This is economically significant as
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enantiomerically pure R-styrene oxide is difficult to obtain in large quantities and is,
therefore, more expensive than pure S-styrene. A biocatalyst that can transform
styrene into R-styrene oxide in high enantiomeric excess would be extremely useful in

chiral synthesis.
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4.11Conclusion

The results reported here show that BM3gg7g does indeed alter substrate specificity
and regio- and stereo-selectivity of olefin oxidation. As the kinetic and analytical data
demonstrate, despite P450 BM3 showing no spectral perturbations when incubated
with the alkenes, these substrates clearly interact with the enzyme and are transformed
by it. To assess the strength of the interaction, competitive binding experiments could
be performed in the presence of the strongly binding arachidonic acid to establish a
value for the dissociation constant for each of the non-fatty acid substrates. In
addition, fluorescence measurements to monitor the effects of binding on tryptophan
residues in the active site could also provide information regarding the nature and

strength of the interactions.

Any consideration of further work on this mutant should include an analysis of the
reaction efficiency, to measure to what extent electron transfer is being coupled to
product formation. As discussed earlier (Section 4.6) it is possible for electron
transfer to become uncoupled from substrate oxidation during the P450 cycle, causing
the release of reactive oxygen species or water instead of oxygenated product. The
extent of electron transfer coupling is typically measured by colorimetric or
fluorimetric assays using horse radish peroxidase to detect peroxide [258-260].
However, this would only measure the amount of peroxide formed and would not
provide information regarding electrons lost in the form of reactive oxygen species or
water. A more indirect but inclusive approach would be to quantify the products

formed from the reactions, discussed below.

The product analysis results reported here are primarily qualitative, at best providing
an indication of the ratio of product to remaining substrate. Quantification of product
requires the use of either an internal standard or a calibration curve. Extraction
procedures are not 100% efficient and depend on the combination of the solvent and
its volume and the number of times the extraction procedure is applied [261]. The use
of an internal standard (introduced prior to extraction) would enabled quantification of
substrate/product within the sample and provided an assessment of the extraction
procedure efficiency. Additional data regarding reaction rates could also be gained by

performing these extractions at timed intervals to determine definitive product
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formation rates. Any continuation of work on this mutant should tackle should

include determination of the efficiency of the reaction.

It should be noted that the aqueous solubility of the alkene substrates and styrene is
very poor, less than half a gram per Litre in all cases [249]. Despite this low
solubility the reaction velocities still apparently increased with increasing alkene and
styrene concentrations, beyond the limit of their solubility’s. If the enzyme were only
interacting with the substrate dissolved in the aqueous phase, one would expect the
reaction velocity to level off at the same concentration at which the aqueous solubility
of the substrate is reached i.e. 0.7 mM for hexene and 0.03 mM for Octene. The Km
values reported are significantly higher e.g. between 1.4 -15 mM for the octenes,
which would imply that the enzyme is interacting with the substrate in the organic
phase. It may be worth investigating whether P450 BM3 and its mutants could
perform catalysis in biphasic media and observing the effects on reaction rates and
products.  Successful in-vitro experiments using Beyer villager mono-oxidises
(BVMO) in a two-liquid-phase system (aqueous phase and water —immiscible solvent
phase) have been performed using a thermostable alcohol dehydrogenase to recycle
NADPH [2]. The solvent acts as a substrate reservoir and product sink, holding the
bulk of the hydrophobic substrate and product away from the enzyme. Extraction of
the product is made easier from the organic phase and the solvent can be recycled
which combine to reduce production costs [122].

It may also be possible for BM3 (or mutants thereof) to perform biotransformations
solely in organic solvents i.e. total removal of the aqueous phase. Solvents have been
shown to enhance reaction rates [262, 263], improve enzymes stability [264] and most
interestingly alter the substrate specificities of enzymes [265] when water has been
removed. As de-hydration of the biocatalyst is a necessity in solvent based reaction,
the effect of the removal of water as the 6™ axial ligand on the redox potential and
catalytic control of P450 BM3 would need to be taken into consideration but could

potentially yield interesting and informative results.

In order to extend and explore the potential of P450 BM3 as biocatalyst, it would be
beneficial to combine this mutant with others known to modify the enzymes
specificity in combination that have not been explored previously. For example, the
active site mutant BM3AB82F has recently been described [234]. Binding studies and
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structural data on this mutant demonstrate it has an altered substrate binding mode
promoting increased affinity for fatty-acid substrate and increased spin-state shift to
high-spin upon substrate binding. The mutant also demonstrates improved catalysis
of indole hydroxylation suggesting increase activity toward smaller aromatic
substrates. The residue at position 82 lies over F87 in the active site if and the crystal
structure of BM3A82F shows F82 to lie between F81 and F87. It is conceivable that
a double mutant containing F87G and A82F could substantially alter the activity of
P450 BM3 toward small, cyclic and aromatic compounds such as styrene and indole
and as such would be worth investigating as a next step in engineering BM3 as a

biocatalyst for industrial biotransformation.
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5 Modification of P450 BM3 heme domain

to allow photo-induced electron transfer
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5.1 Outline

A major obstacle to the economical use of cytochromes P450 as biocatalysts is the
requirement for stoichiometric amounts of the cofactor NAD(P)H, which is expensive
to produce and liable to decompose over time. In the case of P450 BM3 this is
confounded by the fact that the enzyme is known to be inhibited by NADPH in the
absence of substrate. In an effort to circumvent the necessity for NADPH during in
vitro catalysis, a structure-guided approach was taken to develop the heme-domain of
P450 BM3 for photo-induced electron transfer. A number of non-conserved amino
acids were mutated to cysteines in preparation for the attachment of photo-sensitive
chemical agents that may allow photo-induced electron transfer to the heme and thus
negate the requirement for not only NADPH but also the labile reductase domain.
These mutant heme-domains were analysed to assess the impact on the
enzyme/substrate functional relationship and to determine whether the mutated

residues were accessible to thiol-modifying agents.
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5.2 Introduction

As discussed previously in Chapter 4 (section 4.2) the interest in using cytochromes
P450 as biocatalysts arises from their ability to catalyse mono-oxygenation reactions
on a diverse array of substrates, performing addition of functional groups to inactive
hydrocarbon compounds in a stereo- and regio-specific manner. This capacity can
and has been utilised in the synthesis of fine chemicals and the detection and
detoxification of environmental contamination [3, 5, 266]. One major obstacle to the
economical use of cytochromes P450 as biocatalysts is the requirement for
stoichiometric amounts of cofactors (e.g. NADPH) which are expensive and prone to
time-dependant decomposition. Various methods have been explored in the search
for solutions to this problem, encompassing cofactor regeneration and direct or

mediated electrochemistry.

By performing biotransformations in vivo with microbial cells expressing the
recombinant biocatalyst, the cofactors are regenerated by the organisms’ metabolism.
An additional advantage of whole cell systems is the stabilisation it provides for
multi-component systems and membrane bound monooxygenase such as AIkB.
Whilst whole cell biocatalysts are in common use [267-269] they are not without their
limitations. Stability and efficiency of the cofactor regeneration system requires the
use of metabolically active cells [2, 270] and the associated additional nutrient
requirements. Reaction products are often toxic to the host organism and there may
be significant transport limitations of substrate and/or product across the cell
membrane. Further problems are associated with the recovery of the reaction
products from fermentation broth and the propensity of further degradation of the
reactions products. It has also been shown that, in some cases, the kg, Of a biocatalyst
expressed in a recombinant system is lower than in the native host, as in the case of
membrane bound AIkB [106] and xylene monooxygenase [271] from strains of P.

putida.

In cell-free biocatalysis, cofactors are regenerated by purified enzymes. For example,
formate dehydrogenase which catalyses the oxidation of formate anions to carbon
dioxide has been successfully used to recycle NADPH for immobilised P450 BM3 on

a small scale [272]. As in vitro cofactor recycling protocols require additional
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protein(s) ‘self-sufficient’ enzymes like BM3 are ideal as this limits the number of
purified proteins required. Recycling of NAD(P)H using indirect electrochemical

regeneration of NAD(P)H has also been explored [273].

An alternative approach to reducing the costs associated with using NADPH as
cofactor is engineering the NADPH dependant reductase to accept electrons from
NADH instead. NADH is significantly cheaper than NADPH, it is more stable and
there are a wider variety of cheaper cofactor regeneration enzymes commercially
available [274]. Recent developments in switching the preference of human
cytochrome P450 reductase and the reductase domain of P450 BM3 enzymes towards
NADH have focussed on mutation of a key tryptophan residue,W676 and W1046 in
each enzyme respectively, which is conserved across the ferredoxin/ferredoxin
reductase family as well as the diflavin reductases, [275, 276]. Whilst the results of
these studies are promising, the switch to using NADH is not yet sufficient to find

application in industrial biocatalysis.

Although significant advances in cofactor regeneration have been made there are
obvious advantages to pursue the development of cofactor independent biocatalysts.
A number of P450s are capable of utilising peroxide as a source of oxygen,
employing the peroxide shunt pathway; sidestepping the requirement for cofactor
(section 4.6) [9, 10]. However, with the exception of CYP152A1, a peroxygenase
from B. subtilis, the enzymes are quickly inactivated by oxidative damage to the heme
[184]. Various attempts have been made to engineer peroxygenase activity into other
P450s. For example, the F87A and F88A mutants of P450 BM3 and its B. subtilis
homologue CYP102A2 respectively improve the initial activity of peroxide driven
reaction but activity is quickly depleted by inactivation [201][13, 14]. Successive
rounds of directed mutation on P450 BM3 have produced a mutant with almost 20
fold higher activity than F87A, whilst still retaining the same product profile as those
of the NADPH driven reactions [243]. Further developments in this area also include
the global incorporation of norleucine in place of methionine. Whilst this increased
peroxygenase activity, it also reduced thermal stability [277]. Subsequent engineering
to improve the thermal stability only reversed the beneficial increase in peroxidase
activity [278].
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Methods used to drive NADPH independent P450 catalysis have included mediated
and direct electrode-driven catalysis. Successful mediated electro-catalysis (e.g.
cobalt(l11) sepulchrate or cobaltocene) using P450cam and CYP4A1 (rat) have both
demonstrated hydroxylation initial rates comparable to those achieved with NADPH
[279-281]. However, the propensity for the mediators to reduce molecular oxygen at
the electrode surface causes formation of peroxide, resulting in heme degeneration
and quickly reducing the activity by 90% over 30 minutes [281]. The inclusion of
catalase to mop up H,O; reduces the loss of activity to just 30% over 30 min. A
degree of success has also been achieved by incorporating P450cam into thin lipid
films [282] and polyion layers [66]. The direct electron transfer from electrode to
heme needs neither mediator nor redox partner. However, the distance between the
proteins and electrode is critical with only those layers closest to the electrode capable
of full electro-activity and electron transfer rates are disappointingly (<0.01s™) [66,
282]. The electron transfer rate can be improved by adsorbing the enzyme onto clay
coated electrodes, effectively forming a clay-bridge between the electrode and
P450cam [68].

The work presented here explores the potential of photo-sensitive chemo-reductants to
drive electron transfer as an alternative to cofactor regeneration or direct electro-
chemistry. Photosynthetic proteins are able to harness light directly to drive electron-
transfer reactions. Modifying non-photosynthetic systems to harness light energy in
order to drive biocatalysis could have significant economical benefits in the field. A
useful consequence of direct photo-induced electron transfer in photosynthetic
systems is the relative ease with which time-resolved intra- and inter-protein electron
transfer can be monitored. Traditional measurement of non-photosynthetic biological
electron transfer is limited by the time taken to mix reactants, typically 100-500
microseconds for methods like stopped-flow. As electron transfer typically occurs in
the in femto- to milli-second time scale these methods hinder time-resolved
measurement of electron transfer. The last twenty years has seen improvements in the
methodology used to measure electron transfer in non-photosynthetic systems. A
variety of external photosensitive agents have been used to initiate electron transfer in
these systems including: flavins [283], ruthenium complexes [284-286], zinc
substituted porphyrins [287, 288] and more recently the sulfo-aromatic compound
thiouredopyrene-3,6,8-trisulfonate (TUPS) [289-292]. It may be possible to adapt the

181



methodologies used to study electron transfer to drive catalysis by photo-induced

electron transfer.

Of the photo-sensitive agents used to study electron-transfer, the use of ruthenium
complexes is probably the most common in the literature, particularly in the study of
cytochrome ¢ and its interaction with redox partners [285, 293-295]. Ruthenium
(Ru(ll), in organometallic complexes, can easily be excited by exposure to visible
light. In its excited state is acts a strong reducing agent and can be used as a photo-
reductant either free in solution or by using Ru(ll)-protein derivatives [284, 295, 296].
Modifying proteins in this way, by covalent attachment of the Ru(ll) complex to a
histidine residue has the benefit of maintaining fixed distances between electron
transfer centres. This allows for investigation of distance dependence on electron
transfer and eliminates the effect that random interaction in solution may have on

electron transfer rates.

More recently, the sulfo-aromatic compound TUPS has been used as an alternative.
TUPS is the thioredo adduct form of 1-isothiocyanatopyrene-3,6,8-trisulphonate
(IPTS), which is formed when the dye conjugates to an amino acid. Amino acid
conjugation to IPTS causes a reduction in the compound’s fluorescence intensity and
a concomitant rise in phosphorescence. A single photon is able to convert it to its
triplet state TUPS* which is an efficient initiator of electron transfer. The efficiency
of the reaction is due to the high yield of the triplet state (30% quantum efficiency), its
long lifetime (~0.5 ms) and low redox potential [289]. Photo-excitation of TUPS-
modified cytochrome ¢ has been shown to be far more efficient than that of ruthenated
cytochrome ¢ [291, 293, 294]. The TUPS molecule is also smaller than ruthenium
complexes at ~ 7A in diameter which supports better access to partially buried

reaction centres.

Laser driven photo-excitation has been successfully observed in TUPS-modified
cytochrome ¢ [297] and azurin [290, 298] as well as between TUPS-modified
cytochrome ¢ and cytochrome c¢ oxidase [291]. Photo-excitation of TUPS can be
achieved using a short, low energy (2 ns, 3 mJ/pulse) laser pulse. The protein is not
damaged by this exposure and it is, therefore, possible to repeat the redox cycle

several hundred times without altering the observable electron transfer rates [290]
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The proximal face of the heme is the side closest to the protein surface and has been
proposed to be the P450 redox partner docking site [211, 299]. The crystallographic
data on a complex between the heme and FMN domain of P450 BM3 supports this
hypothesis (Figure 5.1). A 967 A? area of the proximal side of the heme domain is
shown to interact with the FMN domain, bringing the 7-methyl group of the flavin to
within 20 A of the heme and makes close contact (~4 A) with 1385 and Q387. The
interaction appears to be specific but not particularly strong owing to the precise
positioning of the FMN molecule and the limited direct contacts between the
domains: a salt bridge, two hydrogen bonds and a few water mediated contacts [300].
It is likely that attachment of any photosensitive chemo-reductants should occur at
this site. Previous work using a ruthenium complex has demonstrated that this is
possible and shows a strong electronic coupling between residue 387 and the iron
[301].

The aim of the work presented in this chapter was to engineer a number of sulfhydryl
groups onto the proximal surface of the heme domain of P450 BM3 so as to facilitate
attachment of thiol modifying, photo-sensitive agents, e.g. TUPS. The ultimate goal
being, to explore the potential for photo-induced electron transfer and light driven

biocatalysis.
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Figure 5.1 Atomic structure of the heme-FMN domain complex of P450 BM3.

Showing the FMN domain (yellow) interfacing with the proximal side of the heme domain
(blue) (PDB-ID 1BVY [300]). The heme and FMN are represented as red and yellow sticks
respectively. Image rendered using PyMOL [209].
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5.3 Results

5.3.1 Design of the P450 BM3 heme-domain mutants

Electron transfer between complexes is mediated by small diffusible molecules like
quinones or small electron transfer proteins like cytochrome ¢ [302]. The majority of
electron transfer events in biological systems occurs via outer sphere or non-bonded
means where electrons hop through space rather than proceed via covalent linkage
between redox partners due to the steric hindrance imposed by protein structure on the
redox centres. Although the optimum separation distance for redox partners has been
calculated to be 6 A, inter- and intra-protein electron transfer tends to be long-range,
occurring over distances greater than 10 A and in some cases over 30 A [303].
Therefore, distance must be taken into consideration when choosing the location of
any electron donor attachment.

The amino acid cysteine provides an appropriate sulfhydryl group suitable for
covalent attachment of TUPS. The sequence of native BM3 contains only three
cysteines, one being the invariant heme-ligating cysteine (C400). The other cysteines,
C62 and C156, are both solvent accessible, but only C62 is close enough to the heme
(well within 20 A) to potentially support electron transfer. Additional sites chosen for
mutation to cysteines were selected on the following criteria: they should not be
conserved nor known to be essential for activity; they should be solvent accessible to
allow covalent attachment of thiol modifying agent; they should be within a 20 A

sphere of the heme to allow electron transfer.

According to the amino acid sequence (Figure 5.2) and crystal structure of the heme-
domain (Figure 5.3), a number of non-conserved residues within the heme-binding
loop approach close enough to the heme in the three-dimensional structure, 387, 397,
403 and 404. The distances from the heme iron to the a—carbon of each of the
residues ranges from 5.8 A to 18.6 A and coincidentally, all the chosen residues are

glutamine residues in the native enzyme.
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B.megaterium 370 DDVEEERR --MPSAIRQ- - - Q VLG DFEDH 427
B.cereus 374 DNVEERQ --ELDKYEH- - - Q WG L EF DY 431
B.anthracis 374 DNVEERQ - -ELDKVPH- - - Q WG L EF 1DY 431
B.licheniformis 372 EDAEAERR --QMDS 1 PA- - - Q VLG | DLEDH 429
B.subtifis1 372 KDAEEER - -HADAYRH- - - Q VLG | TLIDH 429
B.subtilis2 372 PDAEDER --DPSSIPH- - - Q TWWLGLY ELIMNH 429
B japonicum 380 PNPDARDRENFSREAEAKRE | - - - Q ARALGHM I KL I1DH 439
R.palustris V9 PNPDAREDCEEMNFSREAESKRPA- - - Q AEALGH I QL IDH 438
R.metallidurans 378 - NPERED | DRF LFENEAKLEA- - - ERAS IEA LA LM AFQDP 436
S.avermitilis 379 - RPEE LPENRWNHHP - - - VR ALALY IKEADT 437
Aoryzaed 379 SDADE WMSDEHFQKLPA- - I LW ILALI SLNLY 438
M.griseat 420 DDAGQE MLDGOFERRNREFPMNS Ll LEI TAML MEWVMH 482
N.crasss 376 DTAND) MLDEMFERLMKEFFPD I LEVIMAYC MEMPE 438
M.grisea2 376 KDADE WMLDEMFER I TKEFPMNS I LIEV AL MEWVLA 438
F.oxysporum 371 NDADK WMLDDEFARLNKEYPM i S LEAMYYLFANEMETMT 433
Aoryzae2 382 PDAEE WMLDEHFMNELEK- - - HA L L VIAMLIQN MEGQMD 441
* * **

Figure 5.2 Sequence alignment of P450 BM3 with homologous proteins found in other

organisms.

The alignment shows the section either side of the heme-ligated cysteine (C400 in BM3).
Sequence conservation is indicated by shades of blue with dark blue for completely conserved
to white for non-conserved residues. The conserved cysteine (C400 in BM3) is shaded blue
with white text. Stars (*) indicate the location of the non-conserved residues within 14 A of
the heme. Sequences are ordered according to pairwise alignment to P450 BM3 from B.
megaterium. The sources of the data are as follows; Bacillus megaterium [25], Bacillus cereus
[26], Bacillus anthracis ames [27], Bacillus licheniformis (strain DSM 13 / ATCC 14580)
[28], Bacillus subtilis [29], Bradyrhizobium japonicum[304], Rhodopseudomonas palustris
(strain BisB5) [305], Ralstonia metallidurans (strain CH34) [305], Streptomyces avermitilis
[306], Aspergillus oryzae, Neurospora crassa [307], Magnaporthe grisea (Rice blast fungus)
[308], Fusarium oxysporum [173]. Sequences aligned using ClustalW2 [78], image produced
using Jalview [309].
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Figure 5.3 Structure of the heme domain of P450 BM3 showing location of the proposed

sites for incorporation of sulfhydryl groups.

GRASP diagram (Graphical Representation and Analysis of Surface Properties) from the
proximal side of the heme (A) and view along the plane of the heme (B) showing the position
of C62 and the four non-conserved glutamine residues within 20 A of the heme. Heme is
shown as red sticks with the iron as a sphere; heme ligated cysteine (C400) is shown as
yellow sticks; C62 and the four glutamine residues (Q387, Q397, Q403 and Q404) are shown
as orange and cyan coloured sticks respectively. Distances of heme—iron to a-carbon: Q403 =
5.8 A, Q404 = 9.4 A Q387 = 18.6 A, Q397 = 12.4 A, C62 = 16.9 A. Image rendered in
PyMOL [209] using PDB-ID 1FAG [230].
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5.3.2 Site-directed mutagenesis

The amino acid sequence [62] for the heme domain was used to locate the codons for
the four glutamine residues Q387, Q397, Q403 and Q404 that would be mutated to
cysteines. For the purposes of stability during the annealing process a minimum of 9
base pairs were selected either side of each of the four codons and all primers were
designed to end in GC. As a result of these requirements, the incorporation of a silent
mutation to engineer a unique restriction site to enable a simple verification step based
on restriction analysis was not possible. A sequencing primer (TUPSeq), which
matched the sequence immediately preceding the mutated sections, was therefore
designed to allow sequencing verification of the mutation. The oligonucleotide
primers are described in Table 5.1.
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Mutation Primer Primer Sequence ( 5°— 3')
Name
BM3qss7c Q387CF CCAAGTGCGATTCCGTGTCATGCGTTTAAACCG
Q387CR CGGTTTAAACGCATGACACGGAATEGEACTTGG
BM3qs97c Q397CF GCGTTTAAACCGTTTGGAAACGGTTGTCGTGCGTGTAT
CGG
Q397CR CCGATACACGCACGACAACCGTTTCCACCAGGTTTAAA
CGC
BM3g403c Q403CF GCGTGCGTGTATCGGTTGTCAGTTCGCTC
Q403CR GCGAACTGACAACCGATACACGCACG
BM3g404c Q404CF GCGTGTATCGGTCAGTGTTTCGCTCTTCATGAAGCAAC
GC
Q404CR GCGTTGCTTCATGGAGAGCGAAACACTGACCGATACAC
GC
Sequencing | TUPSeq GCGTTTAAACCGTTTGGAAACGGTTGTCGTGCGTGTATC
GG

Table 5.1 Oligonucleotide primers for site-directed mutagenesis. Codon mismatches are

shown in bold.
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Mutagenesis was performed on pBM20 using the ‘QuickChange’ Site-directed
Mutagenesis Kit (Stratagene) to construct a total of four, single-point glutamine to
cysteine mutants, Q387C, Q397C, Q403C and Q404C. QuickChange allows for site
specific mutation without the need for sub-cloning. The plasmid pBM20 was
incubated with the relevant primers under the conditions described in Methods. The
resultant samples were subject to digestion with Dpnl and analysed by agarose gel
electrophoresis as described in Methods. In the case of Q397C and Q404C it was
necessary to increase the number of PCR cycles from 16 to 18 to achieve sufficient
amplification.  Agarose gel electrophoresis of the products of QuickChange
mutagenesis showed plasmids of the correct size after digestion with Dpnl (Figure
5.43).

The plasmids, now termed pBM20qss7c, pPBM20gs97c, PBM20g403c and pBM20qa404c,
were then used to transform E. coli NOVABIue cells and DNA preparations were
made from a selection of single colonies. Each DNA preparation was then subject to
agarose gel electrophoresis and. The plasmid preparations from several colonies
transformed with pBM20qsg7c Were subject to electrophoresis and visualised under
UV light (Figure 5.4b). The presence of 5 bands of DNA at approximately 2.3 kbp
was as expected for a circular plasmid of almost 4.6 kbp. Similar results were
obtained from the transformants of pPBM20qss7c, PBM20q403c and pBM20qa404c (data

not shown).

A minimum of two DNA preparations for each of the mutations were sent for
sequencing to confirm the presence of the mutation at the correct position. Plasmid
preparation samples (2-3 of each mutant) were sent for sequencing using the
sequencing primer TUPSeq to identify samples containing the correct mutation.
Samples containing the correct mutation were then sent for full sequencing using the
following primers which span the entire plasmid sequence of pBMZ20;
TACCGGAAGACATGACACG (starting at nucleotide 447);
TCCTGCGTTTTCCCTATAT (starting at nucleotide 1009);
TTCACACAGGAAACAGCTAT (starting at nucleotide 4553); (Dr Hazel Girvan,
Dept. of Biochemistry, University of Leicester). Sequencing results were analysed by
alignment with the known DNA sequence of pBM20 to confirm the absence of any
unplanned mutations (Figure 5.5).
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Figure 5.4 Analysis of mutagenic PCR performed on pBM20 to replace glutamine
residues Q387, Q397, Q403 and Q404 with a cysteine.

Panel a) The plasmid pBM3 was incubated with the mutagenic primers under the condition
described in Methods. The resultant PCR products were subject to digestion with Dpnl
restriction endonuclease as per the manufacturer’s instructions. A 5 pl aliquot of each was
loaded onto a 0.8% agarose gel alongside a 1 kb DNA ladder marker (M) and subject to 150
V for approximately 30 min. Lanes: 1) PCR product from Q403C; 2) PCR product from
Q404C; 3) PCR product from Q397C; 4) PCR product from Q387C. Panel b) The plasmid
product PCR using primer Q397CF/R, pBM20Q397C was used to transform E. coli NOVA
Blue, plated out onto agar plates containing ampicillin (100 pg/ml) and 6 single transformant
colonies, lanes 1-5 (only 5 shown), were used to prepare DNA ready for sequencing as
described in Methods. Samples of each DNA preparation were analysed by agarose gel
electrophoresis as described previously (Figure 3.5) to confirm the presence of the plasmid at
the expected size (4.6 kb) and to estimate DNA concentration. Each of the mutant plasmids
pBM20Q387C, pBM20Q403C and pBM20Q404C were treated in the same way prior to

sequencing.
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CGCAGCATGCGTTTAAACCGTTTGGAAACGGTTGTCGTGCGTGTATCGGTCAGCAGTTCG -
-------- GCGTTTAAACCGT TTGGAAACGETTATCATGCATGTATCEG === === ===~ ¢
CGCAGCATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTGTATCGGTCAGCAGTTCG .

W whe ha la w w wh wle  wh wha al al ah wh al ol e whe e ol el ohe T T L P TR T AP P T AN
Lo i i e e i i e e S e e e e e e e L i i e i i i

Figure 5.5 DNA sequence analysis of the P450 BM3 heme-domain mutant Q397C.

Samples (0.6 pg) from three of the mutagenic PCR DNA products purified from the
transformations were selected for sequencing to screen for insertion of the correct mutation.
The sequence alignment of pBM20qgse7c (top), Q397CF/R primer (middle) and pBM20
(bottom) with the conserved residues denoted by *. Once the presence of the correct mutation
was confirmed, the entire gene was sequenced to ensure no other mutation had occurred.
Each of the mutant plasmids pBM20qg3s7c, PBM20g40sc and pBM20q404c Were sequenced
following the same protocol to confirm the presence of only the intended mutation. All

sequence alignments were performed using ClustalW [78].
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5.3.3 Protein purification

The heme-domains of the four cysteine mutants were successfully over-expressed in
E. coli TG1 as previously described for the wild-type construct (Figure 4.15). As
with the wild-type, frozen cell pellets prior to purification were deep red/brown in
colour for BM3g3gzc, BM3gsg7¢c and BM3ga0ac. However, the cell pellet for BM3ga403c
remained a pale buff colour and the cell-free lysate was noticeably less red.

Proteins were purified following the same protocol as for the wild-type heme-domain
as described previously (section 2.3.4.2). Samples from each stage of purification
were analysed by 10% SDS-PAGE. Purification of the three mutants, BM3qgssrc,
BM3q3g7c and BM3qa04c showed a large dominant band at 54 kDa with a few minor

contaminants (Figure 2.6).

During purification of the mutant BM3ga03c, Some notable differences were observed.
The cell-free lysate appeared markedly paler in colour than either wild-type or the
other mutants. The traditional purification methods appeared to be less effective at
separating the enzyme from contaminants, in particular, the strong anion exchange
step, Q Sepharose. SDS-PAGE analysis of samples from purification showed the
presence of significant amounts of contaminants in the sample even after an additional
anion exchange step at an increased pH (pH8) and an additional hydrophobic
interaction step Figure 5.7. Due to time constraints, the purification for this mutant

was discontinued and no further analysis was performed.
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Figure 5.6 SDS-PAGE analysis of P450 BM3 heme-domain mutants Q387C, Q397C and

QBM3q404c at each purification stage.

Cell lysate from E. coli TG1 cells transformed with either pBM20q3s7:c pPBM20q397c, OF
PBM20q404c Were subject to the same purification protocol as described for the heme-domain
P450 BM3 (section 2.3.4.2). Samples taken at each purification step were analysed by SDS-
PAGE as described previously (Figure 4.17). Lanes: M) protein size marker; 1) soluble
fraction of lysate from transformed E. coli TGL1 cells; 2) post DEAE Sepharose; 3) post
hydroxyapatite; 4) post Q Sepharose.
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Figure 5.7. SDS-PAGE analysis of P450 BM3 heme-domain mutant P450 BM3q4osc.

Cell lysate from E. coli TG1 cells transformed with pBM20q403c Were subject to the same
purification protocol as described for the heme-domain P450 BM3 (Figure 4.17). Samples
taken at each purification step were analysed by SDS-PAGE as described previously (Figure
4.17). Lanes: M) protein size marker; 1) cell lysate; 2) post-DEAE; 3) post-hydroxyapatite;
4) post-Q-Sepharose at pH 7.2; 5) post-Q-Sepharose at pH 8; 6) post-phenyl Sepharose.
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5.3.4 UVlvisible spectroscopy

Samples (4-8 uM) of each of the heme-domain mutants, BM3qss7c, BM3qsg7¢c and
BM3qa04c Were analysed by UV/visible spectroscopy and compared to the wild-type
heme-domain. All three mutants displayed identical spectral characteristics to the
wild-type in both the oxidised and reduced forms. For example, the oxidised spectra
of BM3gss7c showed the Soret peak at 419 nm with the a and B bands at 538 nm and
569 nm respectively. Reduction with sodium dithionite had no effect on the Soret
wavelength and caused only minor increase in absorbance of the a and  bands. The
spectrum of the reduced/CO bound enzyme displayed a stable shift of the Soret peak
to 449 nm and fusion of the a and B bands to form a peak and 549 nm. Spectral
analysis of BM3gsg7c and BM3ga0ac Were also indistinguishable from the wild-type
indicating that all three mutants had no effect on the spin state of the heme-iron (data

not shown).
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Figure 5.8. Oxidised (black), dithionite reduced (red) and reduced/CO adduct (blue)
forms of P450 BM3 and the cysteine mutants.

Samples of purified protein were mixed with assay buffer to give a final concentration of 4-8
UM and absorbance measurements were taken over the wavelength range 250-750 nm. The
samples were then reduced by the addition of a few grains of solid sodium dithionite and the
absorbance measurements repeated immediately. Carbon monoxide (CO) was then bubbled
gently through the sample for 1 minute and the absorbance measurements repeated. Panels are

a) P450BM3 b) BM3gss7c €) BM3g404c d) BM3gserc.
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5.3.5 Binding studies

To determine the effect of these mutations on the heme environment, substrate and
inhibitor binding was investigated and the results compared to that of the wild-type
construct.  As mentioned previously (section 4.8) the unsaturated fatty acid
arachidonic acid (C20) and the inhibitor 4-phenylimidazole are known to bind tightly
to P450 BM3 and induce large spectral changes in Soret region. As described
previously (Section 4.9.6), spectra were recorded over the wavelength range 250-750
nm after each successive addition of either the fatty acid or inhibitor to the sample and
the results were analysed to determine the dissociation constant (Kq value). Spectral

shifts and Kq4 values obtained were compared with those of the wild-type.

In all cases, titration of arachidonic acid with the mutants induced a type-I spectral
shift with the Soret peak shifting from 419 nm to 395 nm = 1 nm indicating a shift in
spin-state equilibrium to high spin. In the case of BM3g397¢c and BM3ga4osc the o and
B bands dissolved and were replaced by an increase in absorbance at 515 nm and ~
650 nm, matching the spectra of the wild-type. The mutant BM3qss7c displayed only
a minor alteration of the wavelength with increases at 518 nm and 645 nm which may

imply a slight change in the heme environment.

The tight binding of arachidonic acid was also retained by all three mutants with
calculated Ky values of 0.3 £ 0.05, 0.2 £ 0.02 and 0.61 = 0.1 pM for BM3qgssrc,
BM3gs97c and BM3qaoac respectively with compares well with the Kq value of 0.27
0.04 uM obtained for the wild-type (Table 5.2).

Spectral titrations using 4-phenylimidazole induced a type-I1 shift in all three mutants
shifting the Soret peak from 419 nm to 425 nm and increasing absorbance at 360 nm
and 545 nm. These values were indistinguishable from that observed for the wild-
type (Figure 5.11 and Figure 5.12). The Kq values calculated from the titrations were

also very similar to that obtained for the wild-type (Table 5.2).
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Figure 5.9 Spectral changes induced in the heme-domain of P450 BM3 and the cysteine

mutants on sequential addition of increasing concentrations of arachidonic acid.

Arachidonic acid (stock solution, 33 mM in ethanol) was titrated against each of the
heme-domains of P450 (BM3, BM3Q3870, BM3Q397C and BM3QBM3Q404C) as described
in Methods. The starting spectra (solid lines) show the enzymes in 25 mM MOPS

(pH 7.4) 100 mM KCI at a concentration of between 5 — 8 uM. The final spectra

(dashed lines) show the enzyme following the addition of arachidonic acid to a final

concentration of between 20 and 30 uM
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acid for a) BM3Q397c, b) BM3Q387C and C) BM3Q404c.

The wavelength with the largest increase in absorbance was subtracted from the wavelength
with the largest decrease in absorbance, 389 nm and 421 nm respectively, derived from the
difference spectra described in Figure 2.9. This maximal change in absorbance was plotted
against the concentration of arachidonic acid.

(quadratic equation) to yield the dissociation constant, Ky, summarised in Table 5.1.
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The plot was then fitted to Equation 2
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Figure 5.11 Spectral changes induced in P450 BM3qgssc ON sequential addition of

increasing concentrations of 4-phenylimidazole.

The solid line shows 7 uM of low-spin P450 BM3q397¢c heme-domain before addition of 4-
phenylimidazole, the dotted spectrum shows the enzyme following the addition of 4-
phenylimidazole (stock solution 2.5 mM in assay buffer) to a final concentration of 120 puM.
Intermediate spectra have been removed for clarity. Inset is the plot of maximal absorbance
change against the corresponding 4-phenylimidazole concentration. The data have been fitted
to the quadratic equation n yielding an Apax of 0.059 units per uM P450 and a K4 of 4.14 £
0.1 uM.
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Figure 5.12 Spectral changes induced in P450 BM3qsc ON sequential addition of

increasing concentrations of 4-phenylimidazole.

The solid line shows 7.3 uM of low-spin P450 BM3q404c heme-domain before addition of 4-
pheylimidazole; the dotted spectrum shows the enzyme following the addition of 4-
phenylimidazole (stock solution 2.5 mM in assay buffer) to a final concentration of 50 puM.
Intermediate spectra have been removed for clarity. Inset is the plot of maximal absorbance
change against the corresponding 4-phenylimidazole concentration. The data have been fitted
to Equation 2 yielding an Apax of 0.056 units per uM P450 and a K4 of 3.59 uyM £+ 0.2
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Ka (LM)

P450 BM3
BM3qasrc
BM3q397c

BM3os04c

Table 5.2 Dissociation constants calculated for substrate binding to the heme-domain of
P450 BM3 and the cysteine mutants using the method described in Figure 5.9 to Figure

5.13.

Arachidonic acid

0.27+£0.04

0.30+0.05

0.20+0.02

0.61+0.1
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4-phenylimidazole
2.95+0.13
3.34+0.2
414+0.1

3.59+0.2



5.3.6 Redox potentiometry

The reduction of P450 BM3 in the substrate free and substrate bound forms and
calculation their mid-point redox potentials are shown in Figure 4.27 and Figure 4.30
(section 4.9.7) and discussed therein. The reduction of each of the mutants is

described below.

Reductive titrations were performed under anaerobic conditions on both substrate-free
and arachidonic acid-bound heme-domains of BM3qss7c, BM3gsg7c and BM3gaoac as
described in Methods to establish their mid-point redox potential. Figure 5.13, for
example, shows the spectral changes observed when BM3qs04c Was reduced in the
substrate-free form. When fully oxidised, the enzyme’s heme iron appeared to be
high-spin as indicated by the absorption peak at 419 nm. Upon reduction, the sample
behaved in a similar manner to the wild-type, following a pattern of reduced
absorption at 419 with a concomitant rise at 394 nm. A plot of maximal absorbance
change versus the corresponding potential measurement yielded a mid-point redox
potential of -355 mV (Figure 5.13 inset).

Reductive titration of the arachidonic acid-bound form of BM3gaosc Yyielded a mid-
point redox potential of -215 + 3 mV, shifting the potential in the positive direction by
140 mV. Similarly, reductive titration of arachidonic acid-bound and substrate-free
BM3qsg7c yielded mid-point potentials of -390 mV and -226 mV respectively, a
decrease (positive shift) in redox potential of 164 mV. The mid-point reduction
potentials of BM3qsg7c were -361 mV and 156 mV for substrate free and arachidonic

acid bound respectively. These data are summarised in Table 5.3.
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Figure 5.13 Spectral changes in BM3g404c during reductive titration and calculation of

the mid-point potential.

The heme-domain of P450 BM3 was subject to reductive titration with the exclusion of any
substrate as described in (section 4.9.7). The starting spectrum (solid line) shows ~9 uM of
oxidised low-spin BM3. The final spectrum (dashed line) shows the enzyme following the
addition of sodium dithionite to full reduction. Intermediate spectra are removed for clarity.
Inset shows the plot of absorbance at 418 nm against the corresponding potential
measurement corrected against the NHE. These data were fitted to the 1-electron Nernst
equation (Equation 4) yielding a mid-point reduction potential of -355 + 2 mV. The error
shown is the estimate from graphing software (Origin; OriginLab, Massachusetts) of the fit of

the data to Equation 4 from a single potentiometric titration.
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Mid-point redox potential (mV vs NHE)
Substrate free Arachidonic acid bound
P450 BM3 -388 + 2 -240 £ 3
BM3oss7c -361+1 -156 + 3
BM3g397¢ -390+ 2 -226 £ 2
BM3q404ac -355+2 -215+3

Table 5.3 Mid-point redox potential of heme-domain P450 BM3 and the cysteine

mutants with and without arachidonic acid bound.

Potentiometric titrations were performed under anaerobic conditions on the heme-domains of
P450 BM3 and its mutants BM3gss7c BM3qse7c and BM3quq4c, in the presence and absence of
the strongly binding substrate arachidonic acid. Enzymes were incrementally reduced using
sodium dithionite to full reduction then re-oxidised using potassium ferricyanide as described
in Methods. Mid-point reduction potentials were calculated as described in section 4.9.7.
Errors shown are the estimates from graphing software (Origin; OriginLab, Massachusetts) of

the fit of the data to the 1-electron Nernst (Equation 4) a single potentiometric titration.
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5.3.7 Thiol quantification

The number of solvent accessible sulfhydryl groups was measured using 5, 5'-
dithiobis-(2-nitrobenzoic acid) (DTNB), more commonly known as Ellman’s reagent,
and a modified protocol of the standard assay using cystamine as a mediator as
described in Methods [88]. The reduction of DTNB is illustrated in (Figure 5.14).

DTNB COOH
HS O
0, s
NH,

HOOC

S 0O
0O, S O,N S/ w
+
NH,

HOOC HOOC

TNB mixed disulfide

Figure 5.14 Reduction of DTNB

DTNB reacts with a free sulfhydryl group to yield a mixed disulfide and 2-nitro-5-
thiobenzoic acid (TNB) which has high molar extinction coefficient in the visible range
(412 nm). Each of the heme-domains, P450 BM3 and the mutants BM3qss7c, BM3gss7c
and BM3q4sc, Were incubated with both DTNB and cystamine under the conditions
described in Methods and the resulting absorbance at 412 nm was measured. The
number of sulfhydryls per sample was calculated using Equation 6 then divided by the
protein concentration to obtain the number of sulfhydryl groups per mol of protein.
Experiments were repeated a minimum of three times for each protein sample. The

data are summarized in Table 5.4
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Table 5.4 Measurement of protein sulfhydryls in the heme domains of P450 BM3 and

SH groups per mole of P450

Theoretical | DTNB/cystamine
P450 BM3 2 05+0.11
BM3q3s7c 3 0.80+0.1
BM3g397c 3 2.46 0.4
BM3qa04c 3 1.09+0.1

the cysteine mutants using DTNB/cystamine assay.

Protein samples (typically 1-5 nmole) were incubated with DTNB/cystamine reagent for 5
min as described in Methods. The absorbance at 412 nm was measured alongside that of
protein without reagent and reagent without protein and the number of protein sulfhydryls
was determined using Equation 6. Experiments were repeated a minimum of three times for

each of the mutants and the wild-type, values given are mean + SEM n>3.
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Theoretically, the number of solvent accessible sulfhydryls in P450 BM3 is 2, C62
and C156. According to this method, the number of SH groups calculated for P450
BM3 is 0.5 £ 0.1.; in comparison, the available SH groups on the mutants were
measured between 0.8 and 2.5, an increase of between 2 and 5 fold that of the wild-

type.

The experiments performed here were specifically aimed at determining surface
accessible thiol groups or cysteines within the protein. To determine the total number
or cysteines, it would be necessary to denature the protein using chaotropic agents
such at urea (6-8 M) or guanidinium chloride (6 M). This would unfold the protein
and expose all possible cysteines, including the heme-ligating cysteine, to the DTNB
reaction. This would not, however, provide information about the solvent accessible
cysteines available for attachment of thiol-modifying agents to be attached to

catalytically active proteins in the future.
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5.3.8 EPR spectroscopy

As the determination of the number of solvent accessible sulfhydryl groups had been
inconclusive using the DTNB assay an alternative method, using a cysteine specific
spin-label reagent and EPR spectroscopy, was used determine whether the mutated

residues were accessible to thiol-modifying agents.

EPR is a valuable reporting tool for unpaired electrons e.g. radicals and paramagnetic
species such as iron, within a sample and provide information regarding the
immediate environment of the species. In heme-containing enzymes, such as P450,
the iron provides the paramagnetic ion and EPR on heme-containing enzymes can

provide vital clues to the ligation state of the iron.

EPR is annotated by the dimensionless g-factor or gyromagnetic ratio, which can be

defined by the following equation:

hv = g,pstpBres
Equation 7

Where: h = Planck’s constant (6.6261 x 10 J s), v = the operating microwave frequency of
the spectrometer (in Hz ), g = g-factor or gyromagnetic ratio, ug = electron Bohr magneton

(9.2740 x 10 J T™) and Bges = magnetic field strength (in Tesla) at which resonance occurs.

The attachment of nitroxide paramagnetic spin labels to proteins prior to EPR can
yield even more information about the protein and its environment such as mobility of
the side chain, the polarity index for its immediate environment and the distance
between the side chain and another paramagnetic centre. All three types of
information can be obtained by analysis of the line shape of the EPR spectra [139]. A
forth type of information which can be obtained using spin-labelling is the extent of
solvent accessibility of the side-chain (whether and how far a side-chain is buried
within membrane or protein) to which the label is attached. This latter type of
analysis requires the use of power saturation techniques in conjunction with
paramagnetic relaxation reagents such as oxygen and nickel or chromium compounds
[310]. The spin label used here, methanethiosufonate (MTSL), is specific to cysteine
residues (Figure 5.15).
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Figure 5.15 Chemical structure of the spin label reagent methanethiosufonate (MTSL),
and the reaction to form a disulfide bond with cysteine.

The spin-labelling was performed and EPR spectra were collected by Dr. Louise
Ottignon, Department of Chemistry, University of East Anglia using the protein
samples prepared as described previously (section 5.3.3). Samples of each of the
proteins, P450 BM3 and the three cysteine mutants were labelled using the nitroxide
spin-label MTSL according the protocol described in Methods. The room
temperature X-band continuous wave EPR spectrum of each protein was then
collected. The protein concentrations were determined spectrophotometrically at the
Soret band wavelength of 419 nm using the molar extinction coefficient £**° = 95,000
M™ cm™ [60]. The extent of spin label attachment was determined by comparing the
double integration of the EPR spectrum to that obtained for an MTSL solution of
known concentration. The possible number of cysteines accessible to MTSL in each
sample was calculated by dividing the EPR integration by the protein concentration in
pM.

EPR integration estimates a total of two cysteine residues accessible to MTSL in the
wild-type P450 BM3 and 3 in both BM3gss7c and BM3qaoac.  However, the
integration of the Q397C mutant estimates the total number of spin-labels to be 6 in
BM3qag7c, indicating a significant increase in solvent accessible sulfhydryl groups
(Table 5.5).
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2mT

Figure 5.16 Three-line nitroxide EPR spectrum.

Spin labels with the predominant **N isotope give rise to a three line EPR spectrum. The
nuclear spin of the nitrogen | = 1 interacts with the unpaired electron, splitting the signal into
21 +1. The lines in the spectrum are uniformly spaced with the same intensity showing free
rotation of the nitroxide radical [137, 138].

A nitroxide radical with spin quantum number S=1/2, as is the case here, would be
expected to give rise to a single derivative signal. However, the nuclear spin of the
nitrogen interacts with the electron spin and splits the derivative into three (Figure
5.16) and is generally described by the g-value of the central resonance and the size of
the splitting (in Gauss). Restricting the mobility of the nitroxide results in broadening
of the lines and decreases in their amplitude. The EPR spectra for all four of the
proteins show broad, low intensity lines which indicate the rotational motion of the

nitroxide is reasonably restricted (Figure 5.17).
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EPR integration P450 [uM] Integration/[uM] Estimated

SH groups
P450 BM3 | 219 133 1.6 2
BM3q3s7c 315 115 2.7 3
BM3gsg7c | 2050 345 5.9 6
BM3ga0sc | 370 115 3.2 3

Table 5.5 The number of cysteines accessible to MTSL label as determined by
continuous wave EPR spectroscopy.

The number of cysteines was calculated by dividing the EPR integration by the concentration
of P450 in the sample.

At room temperature the EPR spectra only captures the signals arising from the
nitroxide label(s) and not any signals for the paramagnetic heme iron, which are only
observed at low temperature (below 40K). In all the protein sample spectra, there
appears to be significant heterogeneity, shown best by the splitting of the outlying
resonances or g-tensor elements labelled at 2.019 and 1.98 (Figure 5.18). This
indicates that either the nitroxide is adopting different conformations (indicated by
differing rotational mobilities of the label) or there is more than one spin label (or
both). The spectra for each of the mutants and the wild-type showed the presence of
at least three different spin label environments, as indicated by the complicated line
shapes with a mixture of low intensity peaks. This is particularly noticeable in
BM3q40ac Where there is significantly more of the second species relative to the wild-
type or BM3qss7c.  This would suggest that the second species predominantly arises
from the label at that site specific mutation i.e. residue 404 (Figure 5.18).

The g-values calculated for each of the spectral features are centred about 2 (Table
5.6), the free electron value, which is as expected for a nitroxide radical. The g-value
of species 2 in BM3qaoac is noticeably different than that calculated for the other
proteins, additional evidence that this signal predominantly arises from the label on
residue C404.
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Figure 5.17 EPR spectra for MTSL labelled heme-domain BM3 and cysteine mutants.

Protein samples (~400 pumole) were treated with DTT to remove any disulphide bonds and

prevent further disulphide bond formation then labelled with the nitroxide spin label MTSL as

described in Methods. Continuous wave EPR spectra were collected at room temperature

under the following parameters: microwave power 2mW, X-band frequency 9.741 GHz.
Clockwise from top left: PAS0BMS3, BM3Q387c, BM3Q404C and BM3Q3g7c.
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Figure 5.18 EPR spectra of each of the BM3 proteins overlaid on the same scale.

All four proteins display some heterogeneity where the g-tensor elements are split, showing
the presence of three distinct species labelled 1, 2 and 3 here. The sample of BM3gq44c Shows
significantly more of species two suggesting the signal predominantly arises from the label at

residue position 404.
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g-values of the nitroxide radical signals

P450 BM3 2.0203 2.0156 2.0138 1.9891 1.9902 1.9817
BM3gss7c 2.0203 2.0156 2.0138 2.0034 * 1.9817
BM3gsg7c 2.0203 2.0156 2.0138 1.9942 1.9896 1.9828

BM3qa04c 2.0203 2.0167 2.0138 1.9948 1.9885 (~1.9800)

Table 5.6 The calculated g-values of the nitroxide radical signals seen in the spectra.

The g-values were calculated measuring the field strength (in Gauss) of the observed EPR
signal peaks and inserting the value into Equation 7. All appear to be centred at g= 2.0x,
close to the free electron value. Gaussian splitting were not determined as the positions of the

crossover points of the derivatives would require simulation of overlying nitroxide species.

* g-value could not be calculated with any degree of certainty due to diffuse peaks
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5.4 Discussion

In an effort to remove the requirement of the expensive cofactor NADPH for
biocatalysis performed by BM3, a number of single point mutations were introduced
to the heme domain to explore the potential for light induced electron transfer. Four
non-conserved residues were mutated to cysteine in preparation for attachment of
photo-sensitive chemical agents to allow for light induced electron transfer. Three of
the four Q-C mutants behaved similarly to the wild type during expression and
purification with high expression levels and well resolved purification protocols. The
Q403C mutant was distinctly more problematic to purify. As residue 403 is the
closest of the four under investigation at only 5.8 A from the heme and even closer to
the heme-ligating cysteine, it is possible that the introduction of a cysteine here has
caused the formation of a disulfide bridge with C400. This, in turn, would affect the
protein conformation and heme incorporation and may lead to the production of apo-
protein and/or incorporation into inclusion bodies. To investigate this further, it
would be necessary to establish to what level the protein was being expressed and
whether or not it was accumulating in inclusion bodies. Unfortunately, due to time
constraints, further investigation of this mutant was not possible without sacrificing

characterisation of the remaining mutants. Therefore, work on this mutant was halted.

Comparison of the observed UV/visible spectra of the remaining Q-C mutants show
all three display identical oxidised, reduced and CO/reduced spectral characteristics,
implying the mutations have not affected the immediate heme environment. The
binding data also confirms these mutations do not significantly affect fatty acid or
inhibitor binding suggesting that the mutants have not affected the enzyme’s ability to

catalyse fatty acid oxidation.

All three mutants show a high mid-point redox potential in the absence of substrate,
between -388 mV and -355 mV and, with the exception of BM3qsg7c, experience a
positive shift in of ~ 150 mV when fatty acid is present. These values are consistent
with wild-type BM3 and suggest that no major alteration to the electronic
environment of the heme has occurred. In the case of BM3qss7c, the positive shift is
larger at 205 mV. This may imply some electron rearrangement surrounding the

heme iron; however, as the substrate bound redox potential is lower (more positive)
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than that required for electron transfer it would suggest that will not be a hindrance to

electron transfer during catalysis.

Whilst the thiol quantification using DTNB shows BM3gszs7c and BM3gaoac to have
approximately twice the sulfhydryl concentration when compared to P450 BM3 it
estimates the concentration of sulfhydryl groups in BM3qsg7c to be almost 5 times that
of the wild-type. Whilst the EPR data provide more reasonable estimates of solvent
accessible cysteines, the integration of the spectrum of this mutant also estimates an
unexpectedly large number in BM3qsg7c. There are several possible explanations for
this observation. Firstly, the values obtained from integration of the EPR spectra may
be lower since a spin-coupled interaction between closely spaced spin-labels could
quench and therefore reduce the intensity of the signals in the spectra. This would
lower the concentration value in the integration and thus underestimate the number of
spin-labels. A second suggestion postulated that treatment with DTT prior to the spin
labelling had caused the C400-iron bond to break. However, neither of these two
explanations would explain the high number of sulfhydryls in the DTNB assay; and
had the DTT treatment caused the C400 ligation to break, one would expect the
UV/visible spectra to have changed. In this case, the MTSL treated and untreated

samples share identical UV/visible spectra.

A third and more plausible explanation is exogenous labelling of impurities within the
sample. Re-examination of the UV/visible spectra shows an Aggo/Asg ratio of 0.93
compared to 0.61 and 0.67 for the wild-type and other mutants respectively,
indicating contamination of some sort (Figure 5.19). Analysis of a heavily overloaded
SDS-PAGE does show other proteins in the sample (data not shown), which would
point to contamination as the source of these anomalous results rather than spin-

coupling or unintentional labelling of the iron-ligating cysteine.

The integrations of the EPR spectra indicate that MTSL has successfully labelled
C156 and C62 in the native enzyme as well as the engineered cysteine in the mutants,
which is to be expected. The line shape of the spectra differs from that of a free label
in solution (Figure 1.14). The complex line shapes indicate the presence of several
overlaying and partially immobilised nitroxide signals. Figure 1.16 shows that there
are at least 3 different types of nitroxide signal present in the mutant spectra as a
whole (these are shown clearly by on the outlying resonances and labelled 1,2 and 3
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in the spectrum and represent species with a resonance at a similar central g-value and
different Gaussian splitting). The shape of the signals, distorted from that of free

solution (Figure 1.14), indicate that the labels are partially immobilised.

These different types of nitroxide signal could arise from a single label with several
mobilities or conformations; or multiple labels in single environments; or these
signals may arise from a mixture of both. In this case, the latter is most likely as there
is more than one spin label present in each protein, three of which are within 20 A of

one another (Figure 5.20).
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Figure 5.19 UV/visible absorption spectrum after spin label addition.

The UV/visible spectra of each of the samples used for collection of the EPR spectra were
recorded to calculate the [P450] of the samples. The total protein/heme ratio for BM3Q397C

is almost one, indicating less than pure protein sample.
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The possibility of spin-quenching within the labelled samples which may reduce the
signal strength of their EPR spectra has already been mentioned. Each of the labels
on the mutated cysteines is likely to interact with that of C62. The distance between
the alpha-carbon of each residue relative that of C62 is less than 21 A (Figure 5.20).
In the case of the label attached to BM3gsgrc, the residue points inwards towards
C400 which could decrease the distance to C62 and the heme leading to more
pronounced quenching. Interaction between the nitroxide label on C156 could
probably be discounted as spatially it is over 12 A from the alpha-carbon of the
Q404C and even further from the others and in all cases is shielded by a ridge of
protein. If quenching were present it would then mean that the number of estimations
of the number of spin labels could have been underestimated. This could partly
explain why the integration for BM3qgsg7c estimated less than 3 labels (2.7) (Table
5.5).

Another source of spin-coupled quenching is the heme iron. Here, we are examining
proteins already containing a paramagnetic species, specifically low spin ferric heme
iron and it is possible that heme is affecting the nitroxide spin-label signals and
adding to the complexities of interpretation of these spectra. The heme iron signal
cannot be seen on these spectra at room temperature (iron is observed below 40K).
There is, however, the possibility that the spin of the heme iron and nitroxide labels
could still interact.

Repeating the experiment at W band (~95GHz) as opposed to X band (~9GHz) would
extend the accessible range of time scales and would allow better resolution of the g-
tensor components of the nitroxide spin label [311]. An example of where this has
been applied are W-band experiments performed by Steinhoff, W-band experiments
were able to differentiate motional restrictions of different nitroxide labels where in
X-band spectra these were indistinguishable [311]. Probably, in this case, it would be
better to first examine mutants that contain a single point for attachment of thiol-
modifying agents (removing the native cysteine residues 64 and 152). In addition,
perhaps reconstitution of the proteins with zinc-containing hemin to remove potential

interaction with a paramagnetic heme would also be of assistance.
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CY$:156

Figure 5.20 Atomic Structure of P450 BM3 proximal face of the protein.

Showing the attachment points for the nitroxide spin labels on relation to each other and the
heme-ligating cysteine (C400, yellow sticks). The protein back bone is represented as
cartoons, The native cysteines, C62 and C156 are shown as green sticks, the mutated
glutamines, Q387, Q397 and Q404 are shown in blue. Distance measurements are defined in
Angstroms and identified by black dashed lines (PDB-ID 1FAG). The heme and FMN are
represented as red and yellow sticks respectively. Image rendered using PyMOL [209].
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5.5 Conclusion

During this study, a number of non-conserved amino acids were mutated to cysteines
in preparation for the attachment of photo-sensitive chemical agents that may allow
photo-induced electron transfer to the heme and thus negate the requirement for not
only NADPH but also the labile reductase domain. These mutant heme-domains were
analysed using UV/visible spectroscopy, redox potentiometry and EPR spectroscopy
to assess the impact on the enzyme/substrate functional relationship and to determine

whether the mutated residues were accessible to thiol-modifying agents.

This study ended before any analysis of whether photo-reductive agents could be
attached or attempts made to induce electron transfer. However, the EPR data
gathered so far does show the feasibility of attachment of thiol-modifying agents to
P450 BM3. The proteins have been labelled and the labels are partially immobilised
but quantification of the number of labels is questionable as at least one of the
samples in not completely pure and there are at least two paramagnetic species in each

protein close enough together to spin-couple and quench each other.

In retrospect, mutating out the native cysteines on the proteins surface (C62 and
C156) would have prevented any spin-coupling and subsequent signal quenching that
may have been caused by the multiple nitroxide radicals. To eliminate the possibility
of unwanted spin-label interaction in any further EPR studies it would be beneficial to
construct a second set of mutants containing a single point for attachment of thiol-
modifying agents. Removal of the native cysteines would also negate any potential
for multiple attachment of photosensitive agents which might confound any future

electron transfer experiments.
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