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Abstract

Soluble methane monooxygenase (sMMO) is a multicomponent bacterial enzyme
that catalyzes the oxidation of methane to methanol, as well as oxidizing many other
adventitious substrates. A number of mutagenic studies were carried out on the
sMMO enzyme of Methylosinus trichosporium OB3b in order to gain insight into

sMMO and probe how structural aspects relate to function of the enzyme.

Leul110 within the hydroxylase a-subunit of SMMO has been proposed as a
possible gating residue, controlling access of substrate to the active site
(Rosenzweig et al. 1997). A range of site directed mutants were created at the 110
position and screened for activity with a number of aromatic substrates. All mutants
showed relaxed regioselectivity with all substrates assayed. However no evidence of
a gating residue was found, indicating that Leul110 is more important in determining

regioselectivity than substrate access to the active site.

Comparison to the highly similar butane monooxygenase led to the creation of
three site directed mutants: M184V F282L and C151T. M184V and C151T showed
small changes in regioselectivity and reduced activity with most substrates. The
M184V mutant showed relaxed regioselectivity and a novel oxidation product with
the substrate mesitylene which may have implications for substrate trafficking. The
F282L mutant produced a stable enzyme which had no activity with any of the

substrates tested, showing Phe282 is important for the enzyme function.

A random mutagenesis experiment was devised and a colorimetric screen for
the oxidation of triaromatic compounds was used to screen mutant libraries for
activity towards anthracene and phenanthrene. However no activity towards
triaromatic compounds was detected. In order to improve the cloning strategies and
to make creation of mutant libraries easier, a novel expression vector pT2ML was
created. The pT2ML vector reduces the number of cloning steps required to make
soluble methane monooxygenase mutants. This expression system was used to
make a site directed mutants F188Aand N116G in order to complement previous
site directed mutant studies, as well as a recombinant wild type mutant in order to
asses the activity of the new expression system which is comparible to the wild type

enzyme.

18



Chapter 1: Introduction

1.1 Methanotrophs and methane monooxygenase

1.1.1) Methanotrophic bacteria

Methanotrophs are aerobic Gram negative organisms that utilize methane as their
sole source of carbon and energy. These organisms oxidize methane via methanol
to formaldehyde, which is then assimilated into cellular biomass via one of two
distinct pathways (Fig. 1.1). Methanotrophic bacteria are highly prevalent in the
environment and have been isolated from numerous diverse sources including
wetlands, agricultural soils, marine sediments (Hanson and Hanson, 1996) as well
as more extreme environments such as hot springs (Bodrossy et al. 1995) and
alkaline soda lakes (Khmelenina et al. 1997). Symbiotic methanotrophs have also
been identified such as those living in the gills of deep sea mussels and gutless
tube-dwelling worms around hydrothermic vents (Cavanaugh et al. 1987,
Schmaljohan, 1991). Methanotrophic bacteria are broadly divided into two groups
based originally on the arrangement of their intracytoplasmic membranes (ICM)
(Table 1.1). Type | methanotrophs contain bundles of vesicle discs throughout the
cell and are grouped in the gamma proteobacteria subdivision. Type |
methanotrophs have paired peripheral layers of intracytoplasmic membranes and
are grouped in the alpha proteobacteria subdivision (Davies and Whittenbury 1970,
Whittenbury et al. 1970). The type | methanotrophs, including the genera
Methylomonas, Methylobacter, Methylomicrobium and Methylococcus assimilate
formaldehyde into cellular biomass via the ribulose monophosphate pathway (RuMP),
whereas the type Il methanotrophs, including the genera Methylosinus and
Methylocystis assimilate formaldehyde into cellular biomass via the serine pathway
(Anthony 1992; Hanson and Hanson, 1996) (Fig. 1.1) In recent years a number of
isolates have been discover that extend this initial classification of methanotrophs.
Filamentous bacteria of the Clonothrix and Crenothrix genera have been identified
as methanotrophs. These have been identified as ICM type | belonging to the y-
proteobacteria phylum and contain particulate methane monooxygenase (Stoeker et

al. 2006; Vigliotta et al. 2007). A number of methanotrophs of the acidophilic
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Methylocapsa genus have been isolated and appear to belong to a new intracellular
membrane classification type. The cells contain a well developed intracytoplasmic
membrane system packed in parallel on one side of the membrane and have been
termed type lll (Dedysh et al. 2003; Dunfield et al. 2010). Three separate
thermoacidophilic methanotrophs: Methyloacidiphilium, Acidimethylosilex and
Methyloacida belonging to the Verrucomicrobia phylum have been identified (Pol et
al. 2007; Hou et al. 2008; Islam et al. 2008; Khadem et al. 2010). These
methanotrophs do not appear to have distinct intracytoplasmic membranes however
the presence of polyhedral organelles in these organisms may represent a novel
ICM type IV. These organelles are similar in appearance to carboxysomes involved
in C02function. The presence of these organelles as well as the detection of genes
involved in the serine pathway, tetrahydrofolate pathway and Calvin cycle pathway
led Birkeland and co-workers to suggest these organisms may assimilate carbon

compounds via a uniqgue mechanism (Islam et al. 2008).

Type | Methanotrophs

RuMP Pathway
-

sMMO
CH. o CHoH  MPH HCHO  TPH HcooH oM co-

Serine Pathway

Type Il Methanotrophs

Fig. 1.1) Pathways for the oxidation of methane and assimilation of formaldehyde. Abbreviations:
sMMO soluble methane monooxygenase, pMMO particulate monooxygenase, MDH methanol
dehydrogenase, FADH formaldehyde dehydrogenase, FDH formate dehydrogenase (Anthony, 1992;
Hanson and Hanson, 1996).
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Table 1.1 Classification of methanotroph genera

Genus name

Methylobacter
Methylosoma
Methylomicrobium

Methylomonas

Methylosarcina
Methylosphaera

Methylococcus

Methylocaldum
Methylothermus
Methylohalobius
Methylocystis

Methylosinus

Methylocella
Methylocapsa
Methyloferula
Crenothrix
Clonotrix

Methylloacidiphilium;

Acidimethylosilex;
Methyloacida

ICM, intracellular membrane;

Phylogeny

y Proteobacteria
y Proteobacteria
y Proteobacteria

Y Proteobacteria

Y Proteobacteria
Y Proteobacteria

Y Proteobacteria

Y Proteobacteria
Y Proteobacteria
Y Proteobacteria
a Proteobacteria

Proteobacteria

o¥)

Proteobacteria

a

a Proteobacteria
a Proteobacteria
Y Proteobacteria
Y Proteobacteria
Verrucomicrobia
Verrucomicrobia
Verrucomicrobia

(adapted from Smith and Murrell, 2009)

MMO

type
pMMO
pMMO
pMMO +/-
sMMO
pMMO +/-
sMMO
pMMO
pMMO
pMMO +
sMMO
pMMO
pMMO
pMMO
pMMO +/-
sMMO
pMMO +
sMMO
sMMO

pMMO
sMMO
pMMO
pMMO
pMMO
pMMO
pMMO

PLFA, phospholipid fatty acid;

Ci
assimilation
RuMP

not known
RuMP

RuMP

RuMP
RuMP

RuMP/Serine

RuMP/Serine
RuMP
RuMP
Serine

Serine

Serine

Serine
Serine

Serine, RUMP?
Serine, RUMP?

ICM

typel

type
type
type

type

type
ND3

type

type
type
type
type

type

NA4
type
NA4
type
type
type
IvV?

ND, not determined;

n2
fixation
No

Yes

No

some

No
Yes

Yes

No
No
No
Yes

Yes
yes

Yes
Yes

No?

NA, not applicable because ICMs are very limited in this genus

G+C
(mol %)
49-54
49.9
49-60

51-59

54
43-46
59-66

57
62.5
58.7
62-67

63-67
60-61

63.1
56-58

Major
PLFA2
16:1

16:1

16:1

16:1

16:1
16:1
16:1

16:1
18:1/16:0
18:1
18:1

18:1
18:1

18:1
18:1

C18:0

Trophic niche

some psychrophilic

not extreme

Halotolerant; alkaliphilic

some psychrophilic

not extreme
psychrophilic
thermophilic

thermophilic
thermophilic
halophilic

some acidophilic

not extreme

acidophilic
acidophilic
acidophilic
not extreme
not extreme
acidophilic



1.1.2) Activity of methane monooxygenases

The methane monooxvgenases am anzymp?; whir.h rataJyse the first step ip the
methane metabolism pathway of methanotrophic bacteria. Methanotrophs oxidize
methane via methanol to formaldehyde, which is then assimilated into cellular
biomass (Hanson and Hanson, 1996). The methane monooxygenase enzymes

catalyse the first step in this reaction, the oxidation of methane to methanol:
CH4 + NAD(P)H + 2H++ 02 » CH30H + NAD(P)++ H2

The ability of methane monooxygenases to convert methane to methanol has made
them of great interest for several reasons. The ability to produce methanol with high
turnover at an ambient temperatures at 1 atm using dioxygen as the only oxidant
makes it attractive to industrial applications. The C-H bond of methane is very
unreactive requiring >100 kcal mol'lto abstract the first hydrogen. Presently the
chemical synthesis of methanol requires high temperatures and pressure as well as
expensive catalysts and multiple stages (Gesser et al. 1985). The ability to convert
methane gas into an easily transportable form of energy also makes this enzyme of
interest to industry. Another reason for such an interest in methane
monooxygenases and methanotrophs is the vital role that they play in the global
methane cycle (Reeburgh et al. 1993). In recent years the regulation of greenhouse
gasses has become a focus of much scientific research and methane has been
shown to be 25 times more effective as a greenhouse gas than C02. Although C02
is the most abundant greenhouse gas, methane is the most abundant organic gas in
the atmosphere and is a major factor in global warming (IPCC Fourth assessment

report: Climate Change 2007: 2.10.2).
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1.1.3) Copper dependent regulation of methane monooxygenases

Two forms of methane monnnyynenasp arp knnwn tn evict; a membrane associated
particulate monooxygenase (pMMO) and a soluble form (sMMO). The activity of
these enzymes is copper dependent with the copper-containing pMMO being active
at high copper-biomass ratios (>2.5 pmol g'lcell) and active sMMO only being
expressed during low copper to biomass ratios (Stanley et al. 1983). It has also been
shown that regulation of MMO expression by copper ions takes place at the at the
transcription level with the sMMO operon only being transcribed at low copper-
biomass concentrations (Nielsen et al. 1996, 1997). In comparison the pmoA gene of
particulate methane monooxygenase has been shown to be constiutively expressed
even in the absence of copper and that expression increases with increasing copper
concentrations (Choi et al. 2003). The genes important in the transcription of sMMO
were identified as mmoR (encoding o54transcriptional regulator: MMOR), mmoG
(encoding a GroEL like homologue: MmoG) and rpoN (encoding the transcription
initiation factor a54). Inactivation of any of these genes was shown to halt sMMO
transcription (Stafford et al. 2003.). Using a construct containing a green fluorescent
protein reporter gene found downstream of the start of mmoX it was shown that
deletions to the 417bp region between mmoG and mmoX containing the a%
promoter region also abolished transcription of the sMMO operon. Gel shift
experiments suggest that both MmoR and MmoG are required for effective binding of
MmoR to the promoter region (Scanlan et al. 2009). Although the exact mechanism
is unclear it is proposed that mmoR and mmoG are expressed under low copper
conditions and that MmoR facilitates transcription of sSMMO structural genes by
forming a complex with a54. It has also been suggested that in the presence of
copper, MmoR is inactivated so that it does not bind a54and so inhibits transcription
of the sMMO operon (Fig. 1.2). The requirement of MmoG for effective transcription
of SMMO and the evidence that MmoG is probably required for effective binding of
MmoR to the DNA activator sequence suggest that MmoG may be an MmoR specific
chaperone required for expression of functionally active MmoR. Although much less
is know about the genes controlling expression of pMMO, transcription is known to

start from a a0 (transcription initiation factor) dependant promotor in many
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methanotrophs and thought to be facilitated by a copper binding regulatory protein

(Gilbert et al. 2000, Stolyar et al. 2001, Ukaegbu et al. 2006)

mmoR mmoG mmoX mmoY mmoB mmoZ mmoD mmoC

mmoR mmoG mmoX mmoY mmoB mmoZ mmoD mmoC

Fig. 1.2) Proposed mechanism for the regulation of SMMO expression by copper. Under low copper conditions
(<0.89 pmol/g cell; Hanson and Hanson 1996) functionally inactive mmoR (yellow) is expressed and binds a%4to
form the functionally active MmoR (green). MmoG (blue) associates with the functionally active MmoR and
assists in binding to the a%4 promoter (P a%) and initiating transcription of SMMO structural genes (black). Under
high copper conditions MmoR cannot associate with a% and so functional MmoR cannot initiate expression of

sMMO

Many methanotrophs such as Methylomonas methanica and Methylomicrobium
album BG8 produce only the membrane bound pMMO. Others such as Methylosinus
trichosporium OB3b and Methylococcus capsulatus Bath produce the pMMO and
sMMO forms of the enzyme (Hanson and Hanson 1996). To date Methylocella and
Methyloferula are the only methanotroph genera isolated which possesses only the

soluble methane monooxygenase (Dunfield et al. 2003; Vorobev et al. 2010).
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1.1.4) Structure of particulate methane monooxygenase

Fig. 1.3) Structure of pMMO from M. capsulatus (Bath). The 49, 27 and 22 kDa subunits, encoded by pmoB,
A and C, are coloured lilac, yellow and green, respectively. Metal atoms in the protein are shown as spheres,
copper red and zinc orange, (a) (af3y)3enzyme complex with the predominantly alpha-helical presumed
membrane-spanning region uppermost; (b) view looking down on (a) from above; (c) one a(3y protomer
showing the mononuclear and dinuclear copper centres associated with each a (PmoB) subunit and the zinc
within the membrane-spanning region (mononuclear copper in M.trichosporium OB3b). (PDB accession code
1IYEWT

The crystal structure of pMMO for Methylococcus capsulatus (Bath) has been
determined, showing that the enzyme is a trimer with an a3 p3y3structure. The three
subunits are encoded by pmoABC with masses of 49 kDa, 27 kDa and 22 kDa
respectively (Leiberman and Rosenzweig, 2005; Fig. 1.3). Three separate metal
containing sites were also detected in this structure. A dinuclear and a mononuclear
copper centre were detected within the PMO a-subunit and a third zinc-containing
centre co-ordinated by both the p and y subunits. Metal analysis by inductively
coupled plasma atomic emission spectroscopy showed only 0.2 mol zinc per 100
kDa suggesting that zinc is probably taken up from the crystallisation buffer and so
this site is more likely to be occupied by copper or iron in the active enzyme
(Leiberman and Rosenzweig, 2005; Balasubmaranian et al. 2010). The crystal
structure of pMMO from Methylosinus trichosporium OB3B showed only two metal
containing sites (Hakemian et al. 2008). The dinuclear copper centre was detected in
the a-subunit however no mononuclear copper was detected. In the membrane
spanning region, the site occupied by zinc in pMMO of M. capsulatus Bath was

occupied by a mononuclear copper site adding further evidence to the hypothesis
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that this is a metal labile site. Oxidation of methane at the mononuclear site is
considered least likely due to the absence of this site in OB3b and the lack of
conservation among PMO sequences from other methanotrophs (Hakemian et al.
2007, 2008). A number of models have been proposed for tho oxidation of methane
at the other two metal containing sites. Rosenzweig and co-workers have proposed

a model for pMMO based on the crystal structures of Ms. trichosporium OB3B and M.
capsulatus Bath (Leiberman and Rosenzweig, 2005; Hakemian et al. 2008). In this
hypothesis the dinuclear copper centre is suggested as the site of methane oxidation,
although oxidation of methane has not been ruled out at the site containing zinc or
copper. The second functional model for pMMO is proposed by Chan and co-
workers and proposes the existence of 12 - 15 copper ions per 100 kDa protomer
arranged in trinuclear copper clusters based on electron parametric resonance (EPR)
data and inductively coupled plasma mass spectrometry (ICP-MS) analysis. These
trinuclear clusters although not seen in the crystal structures, have been proposed

as being involved in both oxidation (C-clusters) and electron transfer (E-clusters)
(Nguyen et al. 1994, 1998; Chan et al. 2004, 2007). The third functional model for
pMMO oxidation has been proposed by both the Dispirito group and the Dalton
group. In this model the presence of two copper ions and two iron ions per 100 kDa
protomer has been proposed based on ICP-MS metal analysis and EPR studies
(Zahn and Dispirito 1996; Basu et al. 2003; Choi et al. 2003; Kitmotto et al. 2005;
Myronova et al. 2006; Martinho et al. 2007) The presence of a diiron site in the metal
centre occupied by zinc/copper in the crystal structures, that is important in the
oxidation of methane has led to the suggestion that pMMO can be regarded as a
hydroxylase component of a larger 'supercomplex’. Dalton and coworkers have
suggested that the methanol dehydrogenase enzyme acts as a reductase

component in this supercomplex (Myronova et al. 2006). Whereas Dispirito and co-
workers have suggested that methane oxidation by pMMO is coupled to the
cytochrome bci complex possibly via ubiquinol. In this proposal the pMMO enzyme

is coordinated with copper bound binding protein methanobactin (Zahn and Dispirito,

1996; Choi et al 2005; Martinho et al. 2007).
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1.1.5) Structure of soluble methane monooxygenase

Fig. 1.4) Structure of the hydroxylase component of SMMO. The a,@and y subunits, encoded by the
mmoX, Y and Z genes, are coloured blue, green and yellow, respectively. The iron atoms of the
binuclear iron centres are shown as orange spheres. Figure was constructed using X-ray
crystallographic data (PDP accession code 1MMO).

The structure of the sMMO enzyme and the function of the active site has been

much more extensively categorized compared to that of pMMO. The sMMO enzyme
is comprised of three components, a 39 kDa NADH reductase component encoded
by mmoC, a 16 kDa effector protein component known as protein B encoded by
mmoB and a hydroxylase component with an a2 @@ Y2 structure encoded by mmoX,
mmoY and mmoZ with molecular masses of 61 kDa, 45 kDa and 20 kDa respectively
(Colby and Dalton, 1978; Green et al. 1985; Green and Dalton, 1985; Cardy et al.
1991; Buzy et al, 1998). Within the sMMO operon there are also genes mmoG and
mmoR encoding a GroEL homologue and a o54-dependant transcriptional regulator
as well as a protein of unknown function encoded by mmoD (Csaki et al. 2003;

Scanlan et al. 2009; Fig. 1.2). The a subunits of the hydroxylase component each
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contain a (j-(hydr)oxobridged binuclear iron active site which is co-ordinated by four
glutamate and three histidine residues within a four-helix bundle (Woodland et al.
1986; Ericson et al. 1988; DeWitt et al. 1991). From the crystal structures of the
sMMO hydroxylase component from both Methylococcus cansnlatn.c Rath and
Methylosinus trichosporium OB3b have shown that these subunits are predominantly
a-helical in shape with the diiron active site residing within a hydrophobic cavity
designated cavity 1 (Rosenzweig et al. 1997, Elango et al. 1997). A number of other
hydrophobic pockets have been identified and co-crystalization of the hydroxylase
component with substrate analogues have implicated these cavities in being involved

in access of substrate to the active site (Sazinsky et al. 2005; Fig. 1.5).

Fig. 1.5) The a-subunit of sSMMO Hydroxylase depicting the hydrophobic cavities. The diiron centre is
shown as orange spheres one of which is visible. Cavities 1-3 (purple, grey, turquoise respectively),
helices A, E, and F, and the N and C termini are labelled (Taken from Sazinsky et al. (2004).
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The use of mutagenic techniques in study of the relationship between the structure
and the function of enzymes and the complex chemistry involved in their catalytic
cycle is vital in understanding how these enzymes work. This chapter will focus on
what is currently known about the catalytic cycle of sSMMO and review mutagenic
studies of SMMO and related members of the soluble diron monooxygenase
(SDIMOQO) family (Table 1.2)
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Enzyme

soluble methane
monooxygenase

butane monooxygenase
to luene-4-mo no oxygenase
toluene-ortho-

monooxygenase

toluene / o-xylene
monooxygenase
toluene-3-rnono oxygenase
ribonucleotide reductase

deoxyhypusine hydroxylase

stearo ylI-ACP-d esaturase

Source
organism

Methyiosinus
trichosporium QB3b

Thauera butanivorans
Pseudomonas
mendocina KR1

Burkhoideria cepacia
G4

Pseudomonas stutzeri
0X1

Ralstonia pickettii
PKOI
Eschericia coii K-12

Homo sapien

Ricinis communis
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Table 1.2: Genetic organisation of soluble diiron monooxygenases and related diiron enzymes
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1.1.6) The catalytic cycle of soluble methane monooxygenase

The catalytic cycle of sSMMO (Fig. 1.6) has been well characterized using a variety of
spectroscopic techniques including UV/Vis, Mossbauer and EPR. In its resting state
the diiron centre is in its diferric (Fen®) form which is reduced to the diferrous (FeN)
form to bind dioxygen (Woodland et al. 1986, Liu et al. 1995). The two electrons
required for this reduction are provided by NAD(P)H via the FAD and Fe2-S2sites of
the reductase which acts as a transformase passing electrons singly to the active
site (Lund and Dalton 1985). The non-covalent bonding of dioxygen to the active site
is known as compound O, this is followed by compound P*where dioxygen is
covalently bound to the diiron site via an unprotonated peroxo bridge (Liu et al. 1995).
The diiron site of compound P* has been shown to be in a diferric (Fen®) state
(Brazeau and Lipscomb, 2000; Kopp and Lippard, 2002; Tinberg and Lippard, 2009).
The protonation of the peroxo-bridge forms compound P that decays spontaneously
cleaving the 0-0 bond. This leads to the formation of compound Q which is the
kinetically active form of the diiron site that reacts with methane to produce methanol
and has an Felv "diamond core" structure. The presence of product in the diiron site
has been shown with the chromogenic substrate nitrobenzene and the enzyme-
product complex has been termed compound T (Lee et al. 1993). The exact
mechanism of C-H bond breaking and substrate oxygenation are not fully
understood but three possible mechanisms have been put forward. Either cleavage
of the bond is homolytic and proceeds via a radical mechanism; cleavage is
heterolytic whereby the carbanion is stabilized by binding to the iron atoms or the
methane-Fe and oxygen species may react via a concerted mechanism of bond

breakage and formation.
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Fig. 1.6) Diagram showing the conformation of the diiron centre during the catalytic cycle of SMMO.
Intermediates Hox, Hred, O, P*, P, Q, Q* and T are labled. (adapted from: Smith and Dalton, 2004 to

include intermediate Q%)

In the absence of substrate, compound Q decays back to the resting diferric (Fen®)
via another intermediate termed compound Q* (Tinberg and Lippard, 2009).
Compound Q* was detected using stopped flow optical spectroscopy in the presence
of > 540nM methane to suppress the dominating absorbance signal due to
compound Q and showed an absorbance band at 420nm. The authors showed that
the rate of decay of Q* was not affected by the presence of methane and suggest
that the mechanism of Q decay in the absence of substrate arises from the
acquisition of two protons and two electrons either two stepwise electron transfer
event from proximal amino acids or by receiving electrons from a diiron (FeNp) centre
present in the neighbouring hydroxylase protomer. From analysis of the optical
spectra the authors suggest that Q* may be an FeniFelv centre and a protein based

radical or a combination of an FeMFemand an FeniFelv species.
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1.1.7) The substrate range of soluble methane monooxygenase

As well as oxidizing methane, sMMO has been shown to co-oxidize a range of
adventitious substrates; however the resultant oxidation products are unable to
provide a nutrient source for the methanotrophic bacteria (Colby et al. 1977; Burrows
et al. 1984; Green and Dalton, 1989). As well as aliphatic hydrocarbons such as
alkanes and alkenes, sMMO has also been shown to co-oxidize a wide range of
monoaromatic, diaromatic and halogenated compounds leading to much interest in
the use of soluble methane monooxygenase for biocatalysis and bioremediation
applications. In the majority of reactions between sMMO and multi-carbon substrates,
where a number of sites can be oxidised, a mixture of products is observed. Many
halogenated compounds such as trichloroethylene and chloroform are considered to
be major groundwater pollutants. These halogenated compounds do not seem to act
as carbon and energy sources for bacteria and persist as pollutants for many years
(Hanson and Hanson, 1996). Research has been carried out by a number of groups
into the oxidation of trichloroethylene by soluble methane monooxygenase and the
use of methanotrophs within consortia of bacteria able to metabolize the oxidation
products of trichloroethylene have been shown to completely degrade
trichloroethylene (Little ef al. 1988; Tsien ef al. 1989; Fox et al. 1990; Jahng ef al.
1996; Lee ef al. 2006; Hazen ef al. 2009) To investigate the affect of specific amino
acid changes on the substrate range and product distribution of sMMO has been one

of the principal areas of research pursued.
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1.1.8) Site directed mutagenesis of soluble methane monooxygenase

To date few site directed mutagenesis studies have been carried out on sMMO due
to the lack of an adequate expression system. The inability to produce functional
enzyme within Escherichia coli led to the development of a homologous expression
system within an sSsMMO negative host and allowed the first site directed
mutagenesis studies of SMMO (Smith et al. 2002). Two residues C151 and T213
were chosen as candidates for site directed mutagenesis due to the close proximity
of these protonated side chains to the active site. The C151 position within the active
site of SMMO is also analogous to the Y122 position within the R2 subunit of
ribonucleotide reductase, where the generation of a tyrosyl radical by a diiron site is
essential for initiating the ribonucleotide reductase catalytic cycle. The C151E mutant
showed slight activity towards the diaromatic substrate naphthalene strongly
suggesting that C151 was not involved in radical chemistry (Table 1.3). The activity
of T213A and T213S towards naphthalene showed that this residue was also not
essential for catalytic activity of SMMO. The instability of soluble cell extract
preparations of the T213A mutant and the stability and activity of T213S mutant led
to the suggestion of the importance of an OH group at this position for stability of the
enzyme. However the activity of the T213S mutant within soluble cell extract
preparation led to the first purification of a stable site directed mutant of SMMO

(Table 1.4).

activity with inhibition by
naphthalene acetylene
wild type ves ves Activity (nmol min'lmg'i;
C151E Yes Yes
MethaneA Propeneb Tolueneb
C151Y No N/A
T213A diminished Yes wild type 235 +22 244 +7 7.8 £+0.83
T213S Yes Yes T213S 169 £27 43 +3 5.6 + 0.49
Table 1.3: Properties of SMMO site directed mutants Table 1.4: Activity of T213S mutant towards
N/A = not applicable methane, propane and toluene.

A Derived from oxygen uptake measurements
BDerived from GC detection of oxidation products
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The soluble methane monooxygenase enzyme is part of the soluble diiron
monooxygenase (SDIMO) family of enzymes (Leahy et al. 2003). These enzymes
including butane monooxygenase (BMO), toluene-4-monooxygenase (T4MO),
toluene -ortho-monooxygenase (TOM) toluene / o-xylene monooxygenase (ToMO)
and deoxyhypusine hydroxylase (DOHH) are homologous to sMMO and all have a
diiron site with conserved His-Glu ligands (Table 1.2). The presence of similar iron
binding motifs are also found in other diiron containing enzymes such as acyl carrier
protein (ACP) desaturases (Shanklin and Somerville 1991) and the R2 subunit of
Class la ribonucleotide reductase from E. coli (Carleson et al. 1984). Below are
described a number of these SDIMOs and enzymes structurally related to soluble
methane monooxygenase along with examples of how creation and expression of
mutants has led to major breakthroughs and insights into the workings of these

complex proteins.
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1.2 Butane Monooxygenase

1.2.1) Structure of butane monooxygenase

The butane monooxygenase of Thauera butanivorans (formerly Pseudomonas
butanovora) is one of the most closely related enzymes to soluble methane
monooxygenase of Ms. trichosporium OB3b. This enzyme catalyses the conversion
of butane to 1-butanol and is the first step in the butane metabolic pathway of
T.butanivorans. The butane monooxygenase enzyme is made up of a 45 kDa
oxidoreductase component encoded by bmoC\ a 22 kDa regulatory protein encoded
by bmoB and a hydroxylase component (BMOH) made up of three subunits of 54, 43
and 25 kDa encoded by bmoXYZ. The hydroxylase component of BMO has an
azp2Y2 quaternary structure and like sMMO the non heme diiron active site is located
in the a subunit encoded by bmoX (Sluis et al. 2002; Table 1). Analysis of the
sequence of BmoX shows 63% sequence identity at the amino acid level to the a-
subunit of sSMMO. Comparison to the crystal structure of MmoH suggested the
presence of a 19 residue hydrophobic pocket adjacent to the active site of BMO
which may be involved in substrate binding. Fourteen of these putative substrate-
binding residues were found to be conserved between BMO and sMMO (Fig. 1.7,Fig.
1.8). The iron-binding residue of SMMO are perfectly conserved suggesting a very

similar diiron centre in both enzymes.
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Fig 1.7) sMMO Hydroxylase a-subunit showing residues corresponding to those chosen for mutation in
BMO by Halsey etal. (2006) The diiron centre is shown as orange spheres, residues are coloured as
follows: N116 (RED), C151 (green), L279 (yellow), K323 (Magenta) and Y324(cyan). Picture is compiled
from x-ray crystallography data of sSMMO hydroxylase (1MTY)

Fig 1.8) BMOH a-subunit with showing residues chosen for mutation by Halsey et al. (2006) Residues are
coloured as follows G113 (RED), T148 (green), L279 (yellow), Q320 (Magenta) and F321(cyan). Picture is
compiled from structural data and based upon x-ray crystal structure of SMMOH a chain (1IMTY)
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1.2.2) Site directed mutagenesis of butane monooxygenase active site

residues to the sMMO counterparts

The BMO enzyme has been shown to co-oxidize a number of alkanes and alkenes,
although its substrate profile is much narrower than that of sSMMO and it has very low
activity towards methane. A number of site directed mutagenesis studies have been
carried out on the BMOH a subuint by mutating specific amino acids to the
counterpart residues within the hydroxylase a-subunit of SMMO in order to probe the
differences in these two enzymes. Three distinct regions have been the focus of site
directed mutagenesis studies to study how the differences between these two
enzymes may give rise to the differences in their catalytic activity. These mutations
have been made in the hydrophobic region adjacent to the active site, a nearby
hydrophobic cavity termed cavity 2 and the putative binding site for the regulatory
BMOB protein (Halsey et al. 2006). Below are described a number of studies carried
out with these BMO mutants against some short chain alkane substrates, analysis of
inactivation of some of these mutants by propionate and analysis of the degradation

of a number of chloroethylenes.

1.2.3) Activity of butane monooxygenase site directed mutants against small

chain alkanes

Five BMO mutants were created: G113N, T148C near the active site, L279F in
hydrophobic cavity 2 and Q320K and F321Y at the BMOB binding site (Fig. 1.7, Fig.
1.8). It was found that all of these mutants had a reduced specific activity towards
butane. All mutant enzymes could support growth on butane, propane and ethane,
with the exception of the G113N mutant enzyme which could not support growth on
propane (Table 1.5). The G113N expressing cells had significantly longer generation
times of 9.1 h for growth on butane compared to 3.6 h for the wild type butane
monooxygenase and 13.1 hfor growth on ethane compared to 4.5h for the wild type.
Studies on the product distribution of these mutants identified the G113N and L279F

mutants as showing large changes in regiospecificity compared to the wild type
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enzyme. The L279F and G113N mutants showed a 5.5-fold and 278-fold increase in
the production of 2-butanol respectively (Table 1.6). Wild type butane
monooxygenase oxidizes alkanes almost exclusively at the terminal carbon and the
relaxation of regiospecificity seems to show a phenotype closer to methane
monooxygenase for these mutants. The G113N mutant also oxidized propane
exclusively at the sub terminal carbon to yield 2-propanol which is further oxidized to
acetone as a dead end product which cannot be utilized by the organism for growth
and so accumulates in the cell. Another MMO-like phenotype for the G113N mutant
was the reduced methanol inhibition during methane oxidation assays compared to
the wild-type enzyme and the other mutants. Further kinetic analysis using purified
protein showed that while the wild type enzyme had similar Kmvalues of 1100 pM for
methane and 1250 pM for methanol, the G113N mutant had a much lower Kmvalue
of 340 pM for methane compared to 750 pM methanol (Cooley et al. 2009) . This
indicates that methanol is a less effective competitive substrate for the G113N
mutant compared to the wild type, which explains the observation that methane
oxidation could continue for a longer period of time with G113N until the methanol

concentration reached a high enough level to inhibit the enzyme.

butane (h) propane (h) ethane (h)

WT 3.6 +0.2 4.0 £0.4 4.5 +0.3
T148C 4.4 +0.3 4.2 +0.4 7.0 £0.1
Q320K 4.1 +0.3 3.9 +0.1 5.9 +0.1
F321Y 3.4 £0.3 3.4 £0.2 3.8 +0.1
L279F 5.7 £0.1 4.5 +0.1 7.9 0.6
G113N 91 +0.4 NA 13.1 £0.5

Table 1.5: Generation times of butane monooxygenase mutants grown on short chain alkanes
Taken from Halsey et al. 2006.

1-butanol accumulation 2-butanol accumulation Ratio of 2-butanol
(nmol min"1mg protein'l) (nmol min'lmg protein'l)  to 1-butanol

WT 74.0 £3.9 2.7 £0.91 0.04

T148C 41.3+4.0 6.14 +£0.89 0.15

Q320K 50.4 £+7.8 10.3 £+0.53 0.2

F321Y 102.4 +5.7 ND NA

L279F 47.0 £7.1 10.45 +4.2 0.22

G113N 1.77 £0.06 19.67 +2.4 11.1

Table 1.6: Oxidation of butane by BMO mutants: product formation rates and product distribution
Taken from Halsey et al. 2006.
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1.2.4) Effect of mutations on inactivation of butane monooxygenase by

propionate

The mechanism of action of propionate, another BMO inhibitor, was studied using
these mutants. It was shown that both reversible inhibition and inactivation of BMO
occurred with propionate because some but not all activity could be recovered by
washing of the cells to remove the propionate (Doughty et al. 2007). Although
reversible inhibition was seen with all mutants tested, only those mutants close to the
active site had any effect on the irreversible inactivation of BMO by propionate. The
G113N mutant showed no inactivation by propionate treatment and the T148C
mutant showed an increased in propionate dependant inactivation of BMO. Because
the reversible inhibition by propionate remained unaffected in the G113N mutant, yet
there was no irreversible inactivation, this led the authors to conclude that reversible
inhibition and irreversible inactivation of BMO occured through separate mechanisms.
The authors proposed that irreversible inactivation of the BMO enzyme by
propionate may be via coordination of aliphatic tail of propionate to Fe ions at the
active site, resulting in the uncoupling of 0 2 activation from substrate oxidation and
leading to the formation of H202, which damages the enzyme. Interestingly, SMMO is
not inactivated by propionate and so this is another MMO-like phenotype displayed

by the G113N mutant (Doughty et al. 2007).
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1.2.5) Chloroethylene degradation by butane monooxygenase site directed

mutants

The oxidation of a number of chloroethylenes by G113N, L279F and F321Y mutants
of BMO was studied, and the rate of oxidation and amounts of chlorine released
during the complete degradation of 1,1-dichloroethylene, 1,2-c/s-dichloroethylene
and trichloroethylene was compared to the wild type enzyme (Halsey et al. 2007).
The wild type BMO enzyme was shown to release almost 100 % chlorine from each
substrate tested. The G113N mutant showed reduced oxidation rates and reduced
amounts of chlorine released for all substrates compared to the wild type enzyme.
The L279F mutant showed reduced rates for trichloroethylene degradation with
almost 100 % chlorine release and only 40 % of the chlorine released from 1,2-c/s-
dichloroethylene but at a rate comparable to the wild type enzyme. The F321Y
mutant showed comparable rates of degradation to the wild type for all three
substrates, however only 40 % of the chlorine was released from 1,2-c¢/s-DCE and
TCE. This shows that in both the L279F and F321Y mutants a proportion of the
chlorine from these substrates is not converted to free chloride. It was also shown
that the G113N mutant was the only isoform unable to degrade the product 1,2-c/s-
DCE epoxide. By monitoring lactate dependent 0 2 uptake of these cells during the
degradation of chloroethylene substrates it was shown that the turnover of these
substrates had toxic effects upon the cell with lactate dependent respiration dropping
to <10% for the wild type enzyme and most of the site directed mutants. However,
G113N was the only mutant that maintained >75 % of cellular respiration during
oxidation of the chloroethylenes. This led to the suggestion that by altering the
regioselectivity of the enzyme the G113N mutant was able to utilize a chloroethylene
oxidative pathway separate from the pathway used by the wild type enzyme. It was
proposed that this pathway could be utilized for more sustainable bioremediation of
CEs from the environment (Halsey et al. 2007). By utilizing a pathway which forms
oxidation products with reduced toxicity towards bacterial cells, these products could

then be further degraded by other bacteria more effectively.
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1.3 Toluene-4-moonooxygenase

1.3.1) Structure of toluene-4-monooxygenase

A number of toluene monooxygenases related to SMMO that oxidize their natural
substrate toluene at specific positions have been identified and studied extensively
using a variety of mutagenesis techniques. The toluene 4-monooxygenase (T4MO)
from Pseudomonas mendocina KR1 is a four component monooxygenase consisting
of a 33 kDa oxidoreductase component (encoded by tmoF), a 12.5 kDa Rieske-type
ferredoxin component (encoded by tmoC), an 11.6 kDa regulatory protein (encoded
by tmoD) and a diiron hydroxylase (encoded by tmoAEB) component with an a2P:Y:
quaternary structure (Yen etal. 1991; Yen and Karl, 1992). The coordination and
location of the active site is similar to that of SMMO; the diiron active site is found
within the T4AMOH a-subunit (encoded by tmoA) and x-ray crystallography has
shown that this is coordinated by four glutamate residues (G104, G134, G197, G231)
and two histidine ligands (H137, H234) within a four helix bundle (Bailey et al. 2008).

1.3.2) Site directed mutation of toluene-4-monooxygenase active site residues

to sMMO counterparts

The TAMO enzyme shows high degrees of regioselectivity catalysing the para-
hydroxylation of toluene to produce the oxidation product p-cresol. A number of
mutagenesis studies have been used to probe the mechanism of action for this
enzyme as well as to try and understand what role particular residues play in
controlling the regiospecificity. A number of mutants were created to study the
difference between T4AMO and sMMO (Pikus et al. 1997). Three mutants with
residue changes to their homologous counterparts within sMMO were created:
Q141C (C151 in SMMO), 1180F (F192 in SMMO) and F205I (1217 in SMMO). These
mutants were assayed for activity with the substrates toluene, m-xylene and p-xylene
(Table 1.7, Table 1.8). The greatest change in regioselectivity in comparison to the

wild type enzyme was seen with the Q141C and F205I mutants. The 1180F mutant
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showed very little change in regioselectivity with any of the substrates however both
the Q141C and F2051 mutants showed a shift away from the para-hydroxylation
when toluene was the substrate. There was a slight shift towards side chain
hydroxylation with m-xylene as the substrate and a major shift towards side chain
hydroxylation when p-xylene was the oxidation product. The detection of activity with
the Q141C and Q141V mutants led the authors to conclude that glutamine was not
an essential amino acid at this position. The large change in regioselectivity with the
Q141 and F205 mutants compared to the relatively small change in regioselectivity
of the 1180F mutant suggest a possible substrate binding site within this enzyme. By
using sequence alignments and comparison to the crystal structure of MMO
(Rosenzweig et al. 1995; Elango etal. 1997) the authors suggest that the Q141 and
F208 residues are on one side of the hydrophobic cavity close to the iron atom FeA
whereas the 1180 position is on the opposite side of the cavity closer to FeBatom.
This has since been confirmed by determination of the crystal structure of the T4AMO
hydroxylase (Bailey et al. 2008). These results implicate this region of the
hydrophobic cavity adjacent to the active site of T4MO in orientating substrate in a

manner which favours para-hydroxylation.

Toluene oxidation

Enzyme OH OH
a, 6“ (X®™
)
p-cresol (%) m-cresol (%) o-cresol (%) Benzyl alcohol (%)

WT 96 2.8 0.4 0.8

Qi41C 85 5 4 6

F205I 81 145 3.5 1

1180F 96.7 1.2 0.2 1.9

Table 1.7: Product distribution from the oxidation of toluene by TAMO site directed mutants
(Pikus et al. 1997).
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m-cresol oxidation (%) p-xylene oxidation (%)

Enzyme -OH
.OH
oH Rii
0 V on
X y (X ) CH3
3-methyl 4-methyl
3,5- 2,4- benzyl benzyl 2,5-
dimethylphenol dimethylphenol alcohol alcohol dimethylphenol
WT 0.3 97.4 2.2 82 18
Q141C 0.1 88.3 11.7 22 78
F205I 0.1 44 .4 11.6 42 58
1180F 0.6 90.6 8.8 89 11

Table 1.8: Product distribution from the oxidation of m-cresol and p-xylene by T4AMO site directed mutants
(Pikus et al. 1997).

1.3.3) Regioselectivity of toluene-4-monooxygenase site directed mutants

at positions T201 and G103

Fox and co-workers also adopted a saturation mutagenesis approach where all
possible amino acid mutations were made at position T201, to probe whether or not
this residue was essential for catalysis (Pikus et al. 2000). Comparisons of all
bacterial diiron monooxygenases show that they have a threonine at a position
equivalent to T201 in T4MO (T213 in sSMMO) that possibly acts as a proton donor
during 0 2 activation by the enzyme. However by creating 5 mutants at this site, all of
which had similar kcat and kmvalues, it was concluded that this site was not essential
for catalysis. These results did, however, highlight the importance of this residue in
the regioselectivity of the enzyme. The size of the sidechain dramatically affected the
product distribution with toluene and p-xylene as substrates. The greatest relaxation
of regioselectivity with toluene as substrate was seen with the T201F mutant with a
large increase in oxidation at the ortho position. When p-xylene was the substrate

the largest change in regioselectivity from sidechain to ring hydroxylation was seen
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with the T201G mutant. These large shifts in regioselectivity led the authors to
conclude that it was the size and volume of the sidechain that occupied this site that
led to the alterations in the regiospecificity of T4AMO. However it is notable that
mutation to the much smaller glycine residue had little effect on regioselecivity with
toluene as the substrate and similarly mutation to the much larger phenylalanine

residue had little effect on the regioselectivity when p-xylene was the substrate.

The G103L mutant of T4AMO was designed after sequence analysis of toluene
monooxygenase alongside related phenol hydroxylase and alkene monooxygenase
enzymes which have Leu at this position. The substitution of the tmoD effector
protein with the T3buV effector protein of a toluene 3-monooxygenase showed little
change in the regioselectivity of the enzyme and but did show a reduced turnover
rate with toluene as the substrate. However enhanced regioselectivity towards ortho
hydroxylation was seen with the mutant G103L for toluene, methoxybenzene and
chlorobenzene oxidation further highlighting the importance that these active site

residues have on regioselectivity (Mitchell et al. 2002).

1.3.4) ldentification of toluene-4-monooxygenase mutants for the increased

production of pharmaceutical precursors

The identification of G103 as an important residue for controlling regiospecificity of
T4MO led to this residue being chosen as one of the sites for saturation mutagenesis
studies (Tao et al. 2004). This site was chosen to investigate the synthesis of novel
compounds along with sites A107 and 1100. These sites were also identified as
being important in determining regioselectivity due to a previous study where a
directed evolution approach led to creation of mutants of toluene-ortho
monooxygenase with increased 1-naphthol synthesis activity (mentioned later in this
chapter). Wild type T4MO was shown to oxidize o-cresol to the dihydroxylated
product 3-methylcatechol and methylhydroquinone and to oxidize o-methoxyphenol
to 4-methoxyresorcinol, 3-methylcatechol and methoxyhydroquinone. Using o-cresol,
and o-methoxyphenol as substrates, mutants were screened for increased

production of 3-methoxycatechol, methoxyhydroquinone and methylhydroquinone all
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useful precursors for pharmaceuticals. A number of mutants were identified with
increased production of these precursors compared to the wild type enzyme as well
as a shift in the product distribution of these products, which led the authors of the
work to argue that this enzyme could be engineered using mutagenesis to optimise

the production of specific products by controlling regiospecificity (Tao et al. 2004).

1.3.5) Regiospecific oxidation of naphthalene by toluene-4-monooxygenase

mutants

The G103, A107 and 1100 saturation mutagenesis libraries mentioned above were
also screened for the production of 1-naphthol and 2-naphthol using naphthalene as
the substrate (Tao et al. 2004b). Wild type T4MO oxidized naphthalene at a rate of
7.7nmol/min/mg protein to almost eqimolar amounts of 1-naphthol (52%) and 2-
naphthol (48%). The mutants 1100A, 1100S and 1100G showed similar rates of
naphthalene oxidation to that of the wild type but with 88-95 % 2-naphthol as the
major oxidation product. The rates of naphthalene oxidation by mutants G103A and
G103S were only slightly less than the wild type enzyme (5.6 and 5.9 nmol/min/mg
respectively) but with 81 and 83 % 1-naphthol as the major oxidation product and a
double mutant G103S/A107G producing > 99 % 1-naphthol was also identified
(Table 1.9).

Naphthalene oxidation

Rate (nmol/min/mg) %1 naphthol %2 naphthol

WTT4MO 7.7 0.5 52 48
[100A 7.0 £0.5 8 92
1100S 55*1.6 5 95
100G 7.6 £0.5 12 88
100L 3.2+15 83 17
G103S/A107G 0.5 %0.1 99 1

G103A 56 15 81 19
G103S/A107G 5.9 %0.1 83 17

Table 1.9: Activity and product distribution from the oxidation of naphthalene by T4MO site

directed mutants (Tao et al. 2004b).
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1.3.6) Production of indigoid products by toluene-4-monooxygenase mutants

Using the same sites 1100 G103, A107 and another site F196, Steffan and co-
workers used site directed mutagenesis to create a number of mutants that produced
novel pigmented products from the oxidation of indole (Mcclay et al. 2005). These
authors suggest that the alteration of regiospecificity of this enzyme could lead to a
greener alternative to the formation of indigoid coloured products compared to
current industrial synthesis and highlight a number of applications of these products
in the textile industry as dyes as well as therapeutic applications of a number of
these compounds. However the commercial viability of this approach compared to

more well established chemical synthesis methods is unclear.
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1.4 Toluene oftfto-monooxygenase

1.4.1) Structure of toluene-orffro-monooxygenase

Similar mutagenesis experiments have been carried out with another
monooxygenase from the toluene monooxygenase family: toluene ortho-
monooxygenase (TOM) from Burkholderia cepacia G4. Like sMMO the toluene
ortho-monooxygenase consists of three components: a 40 kDa oxidoreductase
component (encoded by tomAS), a 10.4 kDa regulatory component (encoded by
tomA2) and a 211 kDa hydroxylase component with an o2~272 quaternary structure
(encoded by tomA1A3A4) where the diiron site is located within the hydroxylase a-
subunit encoded by tomA” (Shields et al. 1995).

1.4.2) Directed evolution of toluene-orffto-monooxygenase towards increased

naphthalene oxidation and chloroethylene degradation

The natural substrate for TOM is toluene and the enzyme shows a high degree of
regiospecificity for hydroxylation at the ortho position to form o-cresol almost
exclusively. One of the major successes in the mutagenesis studies of soluble diiron
monooxygenases utilized a directed evolution approach to identify a mutant with
increased naphthalene oxidation and increased chloroethylene degradation (Canada
et al.,, 2002). By using a DNA shuffling technique, a random mutant library was
screened for naphthalene oxidation using the colorimetric naphthalene oxidation test
and a mutant was identified with a six fold increase in activity towards naphthalene
with no change in regiospecificity. Sequencing of the mutant identified it as having a
mutation at the V106 position (L110 in sMMO 1100 inT4MO and ToMO). This V106A
mutant (designated TOM-green) also showed increase degradation of
1,1dichloroethylene and 1,2-frans-dichloroethylene and increased oxidation of
triaromatic compounds phenanthrene and anthracene compared to the wild type
enzyme. This supported the hypothesis that this residue was acting as a substrate

gate and that mutation to a residue with a smaller side chain allowed greater access
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of substrates to the active site. This gave experimental evidence supporting the
hypothesis that L110 in sMMO also had a gating role controlling substrate access to
the active site (Rosenzweig et al., 1997). To further increase the production of 1-
naphthol synthesis, a saturation mutagenesis approach at the 106 position of this
TOM-green mutant enzyme was used and the resulting mutant library screened for
increased naphthol synthesis (Rui et al., 2004). An A106E mutant was identified that
had a two fold increase in 1-naphthol synthesis with no change in regioselectivity.
This enzyme showed 63% increase in toluene oxidation activity and had a large
change in regioselectivity compared to the wild type with o-cresol (50%) m-cresol
(25%) and p-cresol (25%) compared with 98 % o-cresol being produced by the wild
type enzyme. Another mutant identified as A106F had a 62 % increased activity for
toluene oxidation and also showed relaxed regiospecificity with o-cresol (28%) tri-

cresol (18%) and p-cresol being produced (Table 1.10).

toluene oxidation naphthalene oxidation
%o0- % tri-  %p- rate of 1-naphthol (nmol % 1-naphthol
cresol cresol cresol min'lmg protein'l)

WT TOM >98 0 0 0.80 +0.06 98

V106A 50 33 17 3.6+ 04 97

Al06E 50 25 25 7.4+ 04 98

A106F 28 18 54 74+ 04 99

Table 1.10: Product distribution from the oxidation of toluene and naphthalene by toluene
ortho-monooxvaenase site directed mutants (Rui et al.. 2004).
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1.4.3) Production of indigoid pigments by toluene-orffto-monooxygenase

DNA shuffling and random mutagenesis were used to study the production of novel
pigments from oxidation of indole by TOM, (Rui et al. 2004) in a similar experiment to
that mentioned above by Steffan and co-workers using T4AMO. Mutant libraries were
screened on complex media and a mutant was identified with a distinct blue
pigmentation in its colonies. The sequencing of this mutant identified three amino
acid changes compared to the wild type enzyme at D14, A113 and F465. The D14
and A113 sites along with another site V106 identified as influencing regioselectivity
in TOM (Canada et al. 2002) were chosen for saturation mutagenesis and a variety
of mutants were created that oxidized indole to wide range of novel pigmented
products. This led the authors to suggest that TOM mutants could also be created
with altered regioselectivity to produce commercially viable products. However, as in
the previous experiment with T4AMO the question still remains about the commercial

viability compared to conventional chemical synthesis methods.
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1.5 Toluene/o-xylene monooxygenase

1.5.1) Structure of toluene/o-xylene monooxygenase

The toluene-o-xylene monooxygenase (ToMO) of Pseudomonas stutzeri 0X1 is a
four component monooxygenase consisting of a oxidoreductase component
(encoded by touF) an effector protein (encoded by touD) a Rieske type ferredoxin
component (encoded by touC) and a hydroxylase component (encoded by touABE).
The hydroxylase has an a2p2\2 quaternary structure where the diiron centre is found

within the hydroylase a-subunit encoded by touA (Bertoni et al. 1998).

1.5.2) Identification of toluene/o-xylene monooxygenase mutants for the

increased production of pharmaceutical precursors

ToMO hydroxylates toluene in the ortho, meta, and para positions, hydroxylates o-
xylene in both the meta and para positions and also co-oxidizes a number of other
aromatic substrates. Wood and co-workers have used both random mutagenesis
using DNA shuffling and saturation mutagenesis approaches to study this enzyme in
detail. Saturation mutagenesis at positions 1100 Q141 T201 and F205 identified a
number of mutants including 1100Q and F205G capable of producing novel oxidation
products and important pharmaceutical precursors 4-methylresorcinol and
methylhydroquinone (Vardar and Wood, 2004) in an experiment similar to that
carried out in the same laboratory with T4AMO mentioned above (Tao et al. 2004).
Another M180T/E284G mutant identified from the DNA shuffling mutagenesis library
was also able to form the novel oxidation product methylhydroquinone (Vardar and
Wood, 2004). Nitrobenzene oxidation was also used to screen the DNA shuffling
mutant libraries and saturation mutagenesis mutant libraries and yielded another
residue E214 that was shown to affect regioselectivity of the enzyme and yielded a
number of mutants with increased production of 3-nitrocatechol, 4-nitrocatechol and

nitrohydroquinone.
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1.5.3) Directed evolution of toluene/o-xylene monooxygenase towards

increased chloroethylene degradation

A DNA shuffling random mutant library and a saturation mutagenesis (at positions
1100 Q141 T201 F205 and E214) library were used to screen for enhanced
chloroethylene degradation where 1100Q was shown to have a 2.8 fold increase in
TCE degradation compared to the wild type ToMO enzyme. Another mutant
identified from the DNA shuffling library E214G/D312N/M399V with increased
degradation of 1,2-c/s-dichloroethylene (Vardar and Wood,. 2005 b; Table 1.11). The
authors also showed that mutants T201G T201S and A107T/E214A had significantly
altered regiospecificity in the oxidation of naphthalene and o-xylene. In depth study
of the M180 and E214 positions using saturation mutagenesis approach was also
carried out (Vardar and Wood, 2005b; Table 1.12). The authors showed that M180
has a much more pronounced affect on regiospecificity with a number of aromatic
compounds and that E214 has much less of an effect on the regiospecificity of the
enzyme but does effect the rate of the reaction. These results lead to the hypothesis

that M 180 is another residue involved in gating access of the substrate to the active

site.
TCE degradation  DCE degradation
(nmole min'lmg (nmole min'lmg
protein'l) protein'l)
WT ToMO 0.41 £0.02 2.7 £0.05
1100Q 0.85 +0.01 3.8
K160N 0.53 £0.01 NM
E214G/D312N/M399V NM 5.3

Table 1.11: Degradation rates for TOMO mutants against trichloroethylene and dichloroethylene (Vardar and
Wood. 2005)

52



o-xylene

toluene regioselectivity regioselectivity naphthalene
(%) (%) regioselectivity (%)

o- m- P- 3,4- 2,3- 1-Naphthol 2-Naphthol
Enzyme cresol cresol cresol DMP DMP
WT ToMO 32 21 47 82 18 88 12
1100Q 22 44 34 76 24 89 11
A107T/E214A 2 5 93 97 3 64 36
K160N 30 23 47 82 18 89 11
M180T/E284G 32 26 42 88 12 88 12
T201S 31 18 51 65 35 96 4
T201G 53 12 35 100 0 >99 <1
E214G/D312N
IM399V 35 22 43 81 19 89 1
E214G 32 20 48 83 17 89 11

Table 1.12: Product distribution from the oxidation of toluene, o-xylene and naphthalene by ToMO site directed
mutants (Vardar and Wood. 2005b).

1.5.4) Investigation of toluene/o-xylene monooxygenase free radical

intermediates using site directed mutagenesis

Site directed mutagenesis was used to create mutants 1100Y, [100W, F205W and
L208F with the intention of creating a mutant with a large side chain that blocked the
hydrophobic channel (Murray et al. 2007; Fig. 1.9). This allowed the accumulation of
intermediates in the TOMO reactive cycle that had not previously been detected. In
the 1100W mutant the formation and decay of reactive species was characterized by
rapid freeze-quench EPR, Mossbauer and ENDOR spectroscopy and the authors
reported the detection of an EPR silent, optically transparent diiron (FelM)
intermediate that was able to oxidize the nearby W100 residue to form a mixed
valent diiron (FeniFelv) centre coupled to a tryptophanyl radical that displayed an
absorption band at 500 nm. This species was shown to subsequently decay to the
resting diiron (FelN) state. The detection of these intermediates led to the proposal of
a scheme where dioxygen activation proceeds via the one electron reduction of a
peroxodiiron (Ill) intermediate to form the mixed valent centre and led to
comparisons with ribonucleotide reductase where a peroxodiiron centre has been

shown to react in a similar manner (Krebs et al. 2000).
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Fig 1.9) View of the active site pocket of TOMOH from the substrate access channel. The diiron
atoms are shown as orange spheres. The opening to the pocket is bordered by residues 1100,

T201, F205, and F196.

(Taken from Murray et al. (2007)
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1.6 Toluene-3-monooxygenase

1.6.1) Structure of toluene-3-monooxygenase

The toluene-3-monooxygenase (T3MO) of Ralstonia picketii PKO-1 is a four
component monooxygenase consisting of a oxidoreductase component (encoded by
tbuC) an effector protein (encoded by tbuV) a Rieske type ferridoxin component
(encoded by tbuB) and a hydroxylase component (encoded by tbuA1A2U) with an
c2Y2 quaternary structure where the diiron centre is found within the hydroylase a-

subunit encoded by tbuAl (Olsen et al. 1994; Olsen et al. 1995).

1.6.2) Site directed mutagenesis of toluene-3-monooxygenase

By comparison of mutagenesis experiments of related aromatic monooxygenases
three amino acid positions were chosen for site directed mutagenesis of T3MO
(Fishman et al., 2004). The positions 1100, G103 and A107 were chosen based on
the work of Woods and co-workers on analogous positions of T4AMO mentioned
earlier (Tao et al.. 2004) as well as mutagenesis experiments on analogous positions
within TOM also mentioned above (Mitchell et al. 2002), (Rui et al., 2005). Mutant
libraries were created and expressed in E. coli and screened for activity against a
number of substituted benzenes and phenols. Activity of the mutants was assessed
by the formation of catechol derivatives from the oxidation of these substrates which
auto-oxidize to form a red - brown colour. The wild type T3MO enzyme shows a
preference for oxidation at the para position with 88% p-cresol being produced from
oxidation of toluene. The authors identified a number of mutants with significantly
altered regioselectivity towards oxidation at both the ortho and meta positions. The
A107G mutant showed 80% o-cresol production when toluene was the substrate and
88% o-methoxyphenol produced when methoxybenzene was the substrate,
compared to 100% p-methoxyphenol produced by the wild type enzyme. Two
mutants 1100S and G103S were shown to have an increase in hydroxylation activity
at the meta position with 33% and 29% m-cresol being produced respectively when
toluene was the oxidation product compared to 10% for the wild type enzyme. This

led the authors to create the double mutant 1100S/G103S which produced 75% m-
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cresol when toluene was the substrate and 100% /7-nitrophenol when nitrobenzene
was the substrate compared to 100% p-nitrobenzene with the wild type (Fishman et
al., 2004). These results showed how the authors could use mutagenesis
experiments of related monooxygenases to guide their choice of sites for

mutagenesis to alter the regiospecificity of this enzyme.
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1.7 Deoxyhypusine hydroxylase

1.7.1) Structure of deoxyhypusine hydroxylase

The human deoxyhypusine hydroxylase (DOHH) enzyme has also recently been
shown to be a non haem diiron monooxygenase, however there is very little
sequence similarity to the other monooxygenases mentioned here (Vu et al. 2009).
Hypusine is an unusual amino acid present in the eukaryotic translational initiation
factor elF5A which is required for cell proliferation (Park et a.11997, Chen and Liu,
1997, Caraglia et al. 2001). Deoxyhypusine hydroxylase works in conjunction with a
second enzyme deoxyhypusine synthase to form the hypusine amino acid from a

lysine residue on an elF5A precursor.

1.7.2) Analysis of deoxyhypusine hydroxylase iron binding residues

The human deoxyhypusine hydroxylase enzyme contains the His-Glu iron binding
ligands present in all bacterial diiron monooxygenases. A number of mutagenesis
approaches were used to probe the activity of these glutamate and histidine iron
ligands Site directed mutagenesis was used to show that by substituting an alanine
residue into any of the glutamate or histidine residues within the four His-Glu binding
motifs resulted in a loss of enzymatic activity (Kim et al. 2007). Wild type and site
directed DOHH mutants were created as GST-fusion proteins by sub cloning into the
pGEX-4T-3 expression vector and over expressing within E. coli strain BL21(DE3).
By measuring the metal content of these mutants using ICP-MS it was shown that
there was a significant reduction in the iron content of six out of the eight single site
directed mutants compared to the wild type enzymes. The two mutants E57A and
E208A showed normal iron content but had no detectable activity. This provided
strong evidence that these His-Glu motifs were involved in iron binding at two

separate iron coordination sites.
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1.7.3) Site directed mutagenesis of amino acid residues conserved among

deoxyhypusine hydroxylase

A study of 36 amino acid sites that were highly conserved among eukaryotic
deoxyhypusine hydroxylases was carried out including those of His-Glu motifs
mentioned above and alanine substitutions at each site were created using the same
expression system described above (Kang et al. 2007). Affinity chromotography with
GSH-sepharose beads was used to study substrate binding of these mutants. It was
shown that four mutants E57A, E208A, E90A and E241A all exhibited significantly
less substrate binding than the wild type enzyme. As described previously these
mutants showed no enzyme activity but E57A and E208A showed a iron content
comparable to the wild type enzyme highlighting the role of these residues in
substrate binding. The poor binding efficiency of EQOA and E241A indicated that
these residues were involved in both iron coordination and substrate binding. The
histidine to alanine substitutions within the His-Glu motifs all showed substrate
binding activity comparable to the wild type enzyme. As these mutants were shown
to have very little iron content, this shows that the substrate binding of the enzyme is
not dependant on the presence of iron although it is necessary for activity. The
remaining alanine substituted mutants all retained activity but less than that of the
wild type enzyme. Of these mutants G63A and G214A showed reduced substrate
binding which possibly accounts for the reduction in activity. Another mutant Met237
also showed a weak holoenzyme band on a non-denaturing native gel, leading the
authors to suggest that this too may be involved in iron binding. Further site directed
mutagenesis to create substitutions of alanine, asparagine and glutamine at E57 and
E208 sites showed that only asparagine substitutions at these sites retained any
enzyme or substrate binding activity. This provided strong evidence that it was the
interaction of the carboxylate side chain that was required for activity. The M237A
mutant showed a faint band on a native gel corresponding to the holoenzyme,
leading the author to suggest this too may be involved in iron binding. However there
is insufficient evidence to confirm this as it is possible that the reduced iron centre

may be due to instability of the enzyme and not due to altered iron binding.
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1.7.4) Detection of a diiron site in deoxyhypusine hydroxylase using

spectroscopic analysis

The presence of a diiron centre suggested by the mutagenesis studies mentioned
above was confirmed using a combination of various spectroscopic approaches
including EPR, Mossbauer and RAMAN spectroscopy (Vu et al. 2009). The detection
of a diiron centre in this enzyme, the fact enzyme activity is O2 dependent and
evidence of a p-peroxo-diiron (Fem intermediate detected by Raman spectroscopy
led the authors to suggest a monooxygenase like reaction for this enzyme. Although

to date the source of electrons for the reduction of the diiron site is still unknown.
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1.8 Ribonucleotide reductase

1.8.1) Structure of ribonucleotide reductase

Ribonucleotide reductases play a central role in DNA biosynthesis catalysing the
reduction of ribonucleotides to the corresponding deoxyribonucleotides. There are
three classes of ribonucleotide reductases, the class 1 enzymes contain a diiron site
homologous to SMMO, the class 2 enzymes contain a cobalt containing cofactor and
the class 3 enzymes contain a [4Fe-3S] cluster. The Class 1A enzyme of E. coli,
while not a monooxygenase, contains a diiron site homologous to sMMO which
interacts with dioxygen via a well established radical chemistry pathway which was
one of the functions that led to the suggestion of radical chemistry in sMMO. The
enzyme has an a2p2 structure with the a subunit containing the active site and the 3
subunit containing the diiron site. In E. coli the a-subunit is designhated R1 and is
encoded by nrdA. The diiron containing 3subunit is encoded by nrdB and is
designated R2 (Carlson et al. 1984). The diiron site within R2 is housed within a four
helix bundle similar to that in the SDIMOs and is coordinated by a three glutamate
(G115, G204, G238) and two histidine residues (H118, H241) as well as one
aspartate residue (D84) (Nordlund and Ecklund, 1993). The diiron centre forms a
stable catalytic tyrosyl radical at position Y122 which is essential for activity of the
enzyme (Sjoberg et al. 1978) and occupies an equivalent position in the structure to
C151 in sMMO (Elango et al. 2007). The tyrosyl radical is transferred to a cysteine
within the active site of R1 via a conserved array of hydrogen bonded amino acids to
produce a thiyl radical which removes the hydroxyl group from the ribonucleotide
(Uhlin and Ecklund 1994; Sjoberg 1997; Eckberg et al. 1998; Stubbe etal. 2003)
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1.8.2) Analysis of the radical pathway of ribonucleotide reductase using site

directed mutagenesis

A number of site directed mutants have been created to closely study the radical
transport from the R2 subunit to the active site. Extensive studies on mutations of
Y122, W48, D237 and Y356 have identified these amino acids as being involved in
the transfer of the radical from the R2 diiron site to the R1 subunit (Bollinger Jr. et
al. 1994; Climentefa/. 1992; Sahlin etal. 1994; Eckberg etal. 1998; Krebs et al.
2000).

Other mutagenesis studies have focussed on the intermediates in the activation of
Y122 by the diiron site. The iron ligand D84 has also been the subject of much
investigation by mutagenesis. The creation of a ribonucleotide reductase R2
WA48F/D84E double mutant allowed the characterization of a peroxo-diiron
intermediate similar to that detected in the sMMO enzyme (Baldwin et al. 2001),
which was followed by the self hydroxylation of residue F208. This is not seen in the
wild type activity of the R2 subunit of ribonucleotide reductase where the natural
reaction is the one electron oxidation of tyrosine to a tyrosyl radical. This showed
that by altering the iron ligands and disrupting the electron transport chain an MMO
like activity could be conferred upon the R2 subunit. The double mutant
F208A/Y122F mutant created a larger hydrophobic pocket around the active site
which allowed the binding of azide to the diiron site (Andersson et al. 1999). The
azide was able to mimic the interaction of oxygen to the active site since it is able to
bind the iron without oxidizing it. This allowed Nordlund and coworkers to carry out
analysis on the crystal structure of this mutant and observe a carboxylate shift of the
E238 iron ligand, a phenomenon also seen within the catalytic cycle of SMMO

(Whittington et al. 2001).
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1.9 Stearoyl ACP desaturase

1.9.1) Activity of steaoryl ACP-desaturase

The acyl-carrier protein (ACP) desaturases are a family of proteins which catalyse
the first step in the synthesis of unsaturated fatty acids in plants. These enzymes
catalyse a dehydrogenation reaction at specific locations along the fatty acid chain
and insertion of a double bond in saturated fatty acids. One of the most common of
these enzymes is the soluble A9stearoyl-ACP (18:0) desaturase which catalyses the
synthesis of oleoyl-ACP (18:1) from stearoyl-ACP by abstracting a hydrogen from
the A9 position and inserting a double bond between C9 and C10 of this 18-carbon
fatty acid chain. To carry out this reaction the enzyme uses an active site diiron
centre to activate oxygen in order to carry out the abstraction of hydrogen (Lindgvist
et al. 1996). This is another example of an enzyme that while not strictly a
monooxygenase is related to sMMO and has a similar mechanism of action that has

been studied using site directed mutagenesis.

1.9.2) Site directed mutagenesis of stearoyl ACP-desaturase at position

Thr199

The determination of the crystal structure for this enzyme has enabled structural
comparisons which have been the basis of some site directed mutagenesis
experiments. By comparing the active site to that of another related diiron containing
peroxidase enzyme ruberythrin, the residue T199 was noted as possibly interacting
with the diiron site and affecting the end product (Guy et al. 2006). This has given
support to the theory that the four helix diiron protein family evolved from an ancient
ancestral oxidase protein since such structural homology is seen despite a lack of
sequence homology for these enzymes. The corresponding position within
ruberythrin was occupied by a glutamate residue and so mutants T199D and T199E
were created where the threonine sidechain was replaced by a carboxylate

containing glutamate or aspartate residue. These mutants were expressed within E.
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coli and purified before being assayed for desaturase activity using radiolabled
substrate and analysis by thin layer chromatography. The reduced (diferrous) form of
the enzyme has been shown to have a slow rate of autooxidation in the absence of
substrate compared to that of other diiron enzymes. Therefore the peroxide-
dependent reoxidation of the reduced form of the enzyme was used as a basis for
assaying peroxidase activity. Both enzymes had reduced desaturase activity
compared to the wild type enzyme but the T199D had a >31-fold increase in

peroxidase activity compared to the wild type enzyme.

1.9.3) Creation of chimeric desaturase proteins

Shanklin and coworkers have used the structures of a number of different ACP-
desaturase enzymes as a basis for site directed mutagenesis experiments in order to
study the product specificity of these enzymes. By creating chimeric proteins of the
A®-16:0-ACP desaturase and the A%-18:0-ACP desaturase; a A®-16:0-ACP chimeric
mutant was created which displayed A® and A® desaturase activities towards both
16:0-ACP and 18:0-ACP (Cahoon et al. 1997). This led to the identification of a
group of 29 amino acids (residues 178 - 207 in stearyl acp desaturase corresponding
to residues 226 - 256 in MmoX) which contained determinants of both chain length
and double bond position specificity. The authors then used this knowledge as the
basis for the rational design of a L118F/P1791 A®-18:0-ACP desaturase double
mutant with a 15-fold increase in specific activity towards 16:0-ACP. The creation of
a triple mutant of A%-18:0-ACP desaturase designed to study the determination of
regioselectivity of a A*16:0-ACP desaturase produced a mutant which retained
activity towards A%-18:0-ACP desaturation activity however the products were further
metabolized to the corresponding trans-allylic alcohol and a conjugated linolenic acid
isomer (Whittle ef al. 2008). In both these studies, the alteration of the substrate
binding site and in particular of a bend in the active site has led to the greatest
change in regioselectivity suggesting that this structural feature is key in the

regioselectivity of this enzyme.
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1.10 Scope of this thesis

The mutagenesis studies described above have allowed substantial insight into the
structural basis for many aspects of the activity of diiron monooxygenases and their
related enzymes. These diverse previous studies have led to a number of
hypotheses about the roles of specific residues in sSMMO that can only reasonably be
Rested by site directed mutagenesis. The aim of this thesis is to use a combination of
site directed and random mutagenesis to study the structural features that affect the
regioselectivity and substrate access to the active site. Site directed mutagenesis will
be used to probe the function of Leu110 within SMMO hydroxylase a-subunit. By
selecting specific residues located within the active site of soluble methane
monooxygenase and mutating them to the counterpart residues of related butane
monooxygenase; the aim is to gain insight into the differences in catalytic activity
between these two enzymes. The final objective of this thesis is to create a random
mutant library and screen for activity against triaromatic compounds in order to
understand more about the structural limitations of the soluble methane

monooxygenase enzyme.

64



Chapter 2: Materials and Methods

2.1 Bacterial strains and growth conditions

2.1.1) Bacterial strains

The bacterial strains used in this project were Methylosinus trichosporium strains
OB3b and the sMMO-negative strain SMDM obtained from the culture collection of
Professor J.C.Murrell, University of Warwick. The commercially available competent
Escherichia coli strains Solopack gold, XL-1 and XL-10 were supplied by Stratagene.

The donor strain used for conjugation was Escherichia coli S17-1 (Simon et al. 1983)

2.1.2) Growth of bacterial cultures

E. coli strains were cultivated in LB or Nutrient broth No. 2 (Oxoid) liquid media or on
agar plates (see Appendix 1). Inoculated agar plates were incubated at 37 °C
overnight. Liquid cultures were incubated in flasks at 37 °C, shaking at 180 rpm

overnight.

Ms. trichosporium strains were cultivated on nitrate mineral salts (NMS) medium
(see Appendix 1) in Quikfit flasks, in 5 litre batch fermentor cultures and on NMS
agar plates using methane as the sole carbon source. NMS agar plates were sealed
in anaerobic jars containing 50% air/methane. Liquid cultures were cultivated in 250
ml Quickfit flasks with a Subaseal and 50 ml of the headspace replaced with
methane. Cultures were incubated at 30 °C with methane being replaced every 3-5
days. Liquid cultures were incubated with shaking at 180 rpm. After 2-3 weeks
growth, biomass was usually sufficient to produce a positive naphthalene test
indicating expression of sSMMO. Plates could be stored at 4 °C for more than 1 month
before subculturing onto fresh NMS agar plates. Batch fermentor cultures were

grown in a New Brusnwick Biolfo 101 fermentor fitted with an additional rotameter to
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allow simultaneous gassing with methane and air. The vessel of the fermentor had a
working volume of 5 litres and contained NMS inoculated with 50-100 ml of liquid
culture. The fermentor was kept at 30 °C and constantly supplied with air and
methane atflow rates 750 ml min'land 55 ml min'lrespectively. The optical density
was measured at 600 nm using a spectrophotometer at regular intervals to observe
growth of the culture. Cells harvested from the fermentor were pelleted by
centrifugation for 15 min at 12,000 x g, washed once with 25 mM MOPS (pH 7.0), 1
mM benzamidine 1 mM dithiothreitol (buffer B) and resuspended in a minimum
amount of buffer B. The cell were frozen dropwise into liquid nitrogen and stored at -

80 °C.

Where appropriate, antibiotics were used at the following working concentrations:
ampicillin 50-100 pg ml"1, streptomycin 20 pg ml'l, spectinomycin 20 pg ml'land

gentamicin 5 pg ml'L

2.1.2) Growth of bacterial cultures

All chemical reagents were supplied by Sigma Aldrich and Melford Labs. Gases

were supplied by BOC and Air liquide (formerly Scott gas).
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2.2 General DNA methods

General methods for DNA purification, analysis and cloning with E. coli were
performed according to Sambrook et al. (1989). Restriction enzymes were supplied
by New England Biolabs and Promega; DNA ligase, phosphatase and T4 DNA
polymerase enzymes were supplied by New England Biolabs and manufacturers’
protocols were followed. For composition of all buffers used for DNA manipulation
and analysis see Appendix 2. For extraction of smaller amounts of plasmid DNA (<
50 ng) the QIAprep spin miniprep kit (QIAGEN) was used following the
manufacturers protocol. For larger concentrations of DNA (> 100 ng pi"l) the plasmid

maxi kit (QIAGEN) was used.

2.2.1) QlAprep spin plasmid miniprep protocol:

This is a modification of the alkaline lysis method of Birnboim and Doly (1979). LB
medium (5 ml) plus appropriate antibiotics was inoculated with a single colony and
grown overnight at 37 °C. 1.5 ml of the resulting culture was transferred to a fresh
Eppendorf tube and centrifuged at maximum speed (16,100 * g) on a benchtop
centrifuge for 30 s to pellet cells. The pellet was resuspended in 250 pi of P1
resuspension buffer and 250 pi of lysis buffer P2 was added. The lysate was mixed
by inverting 6 times before 350 pi of neutralisation buffer N3 was added to stop lysis.
The lysate was inverted again and the white precipitate containing SDS, denatured
proteins and chromosomal DNA was pelleted out by centrifugation for 10 mins at
maximum speed (16,100 * g) at 4 °C. The supernatant was applied to a minicolumn
by centrifugation at maximum speed for 30 s at 4 °C and flow-through discarded.
The column was washed by adding 0.5 ml binding buffer PB to the column,
centrifuging at maximum speed and flow through discarded as above. The column
was centrifuged for another minute at maximum speed to remove all traces of the PB
buffer. The column was transferred to fresh Eppendorf tube and the DNA eluted by

adding 30-50 pi sterile distilled water (sdFEO) or 10 mM Tris-HCI (pH8.5), allowed to
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stand for 1 min and centrifuged for 1 min at 16,100 x g. The eluted DNA was then
stored at -20 °C Buffers P1, P2, N3 and PB were supplied in the Qiaprep spin

miniprep Kkit.

2.2.2) Qiagen Maxiprep kit plasmid isolation protocol

A flask containing 500 ml of fresh LB media was inoculated with 5 ml overnight
culture and incubated overnight at 37 °C, shaking at 200 rpm. The culture was
centrifuged at 6,000 x gfor 15 min at 4 °C and resuspended in 10 ml P1 buffer. An
equal amount of P2 buffer was added; the contents of the tube were mixed by
inverting 6 times and incubated for 5 mins at room temperature. The lysis was
stopped by adding 10 ml pre-chilled neutralization buffer P3 and inverting to mix. The
lysate was incubated on ice for 20 min and pelleted at > 20,000 x g for 30 min at

4 °C to remove the white precipitate containing SDS, denatured proteins and
chromosomal DNA. The cleared lysate supernatant was centrifuged as above for a
further 15 min in a fresh tube to remove any trace precipitate. A QIAGEN-tip 500
column was equilibrated by adding 10 ml equilibration buffer QBT and allowed to run
through by gravity flow. The lysate was added applied to the column and the column
washed twice with 30 ml buffer QC. The DNA was eluted from the column with 15 ml
buffer QF and precipitated by adding 10.5 ml isopropanol at room temperature and
centrifuging at > 20,000 x g for 30 min at 4 °C. The DNA pellet was washed with 5 ml
70% ethanol (v/v); air dried and resuspended in 1 ml 10 mM Tris-HCI (pH 8.5).
Buffers P1, P2, P3, QBT QC and QF were all supplied in the Qiagen maxiprep Kit.

To obtain pure DNA fragments for cloning and DNA sequencing, PCR fragments and
digested plasmid DNA were run on a 1 % agarose gel and the desired bands
excised and purified using a gel extraction kit. For DNA < 10 kb the Qiaquick gel
extraction kit (Qiagen) was used, for DNA > 10 kb the Genecleane Il kit (BIO 101)

was used.
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2.2.3) Qiaquick gel extraction protocol

The desired DNA containing band was excised from an agarose gel using a scalpel
and carefully weighed to estimate volume (1 mg = 1 pi vol). The band was placed in
an Eppendorftube and 3 volumes of buffer QG were added. The sample was
incubated in a heat block at 55 °C for 2-3 min till the agarose had dissolved and then
1 volume isopropanol was added. The sample was applied to a QIAquick spin
column by centrifugation for 1 min at max speed in a benchtop centrifuge and the
flow through discarded. The spin column was washed with 750 pi elution buffer PE
and centrifuged for a further minute to remove last traces of buffer. The DNA was
eluted from the column by adding 30 -50 pi elution buffer EB, standing for 1min and
centrifuging at maximum speed for 1 min. Buffers QG and EB were supplied in the

Qiaquick gel extraction Kkit.

2.2.4) GeneClean lll Protocol

The desired band was excised from the agarose gel and weighed to estimate volume
as above and 3 volumes of supplied Nal solution added. The mixture was heated at
55 °C for 5 min until the agarose had dissolved. 10 pi of supplied glassmilk silica
suspension was added to the tube and mixed by pipetting up and down. The sample
was incubated at room temperature for 15 min, inverting every 2-3 min to resuspend
the glassmilk. The glassmilk was pelleted by centrifugation at maximum speed for 5
s to pellet glassmilk, washed twice with the supplied NEW Wash buffer and pelleted
as above. The pellet was heated at 55 °C for 2 min to remove last traces NEW Wash
buffer, resuspended in 20 pi sdhEO, allowed to stand for 1 min then centrifuged for
30 s and the supernatant (containing the purified DNA) transferred to a fresh

Eppendorf tube and stored at -20 °C.
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2.2.5) Phenol/chloroform/Isoamyl alcohol extraction

An equal volume of buffer saturated phenol (Sigma) was added to the DNA-
containing solution and vortexed to mix. If the total volume of the DNA-containing
solution was less than 100 pi then the solution was made up to 100 pi with sterile
distilled water (sdH20). The layers were separated by centrifugation at maximum
speed in a benchtop centrifuge for 1 min and the upper aqueous phase removed to a
separate Eppendorf tube. An equal volume of sdH20 was added to the phenol
solution and the upper aqueous phase retained as above. The aqueous phases were
combined and an equal amount of CHClsdsoamyl alcohol (24:1 v/v) added. The
sample was vortexed briefly to mix and centrifuged as above retaining the upper
aqueous phase. A 0.1 volume of 3 M sodium acetate (pH 5.5) and 3 volumes ice
cold ethanol were added to the agueous phase. The solution was mixed carefully
and incubated overnight at -20 °C or for 1 h at -70 °C. The sample was centrifuged at
4 °C at maximum speed using a bench top centrifuge for 30 min and the DNA pellet
was washed with 50 pi ice cold 70 % ethanol to remove excess salts. The tube was
centrifuged at 4 °C at maximum speed for 15 min and the 70% ethanol was

aspirated using a small pipette and discarded. The resulting DNA pellet was air
dried for 15 min before being resuspended in either sdH20 or 10 mM Tris-HCI
(pH8.5) and stored at -20°C.

2.2.6) Electrophoresis of DNA

Where necessary, DNA was analysed and visualized by running on agarose gels in
TAE buffer (40 mM Tris-acetate 10 mM EDTA) containing 0.5 pg ml'lethidium

bromide run at 90-110 V for 30-50 min and viewed under a UV light. Separation of
gel fragments < 500 bp was carried out using 1.5 % agarose gels (wt/vol), all other

separations were carried out using 1 % agarose (wt/vol).
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2.2.7) Restriction digest

Restriction digests were set up in a 50 pi reaction volume containing DNA and the
appropriate restriction enzymes (1-10 units), 1 * enzyme buffer and 1 pi BSA. The
reaction was incubated for between 1 and 4 hours in a waterbath at the temperature

recommended by the enzyme suppliers, usually 37 °C.

2.2.8) Phosphatase

The ends of digested vector DNA were de-phosphorylated using calf intestinal
alkaline phosphatase (CIP) or Antarctic alkaline phosphatase (AP) (New England
Biolabs) to prevent self-ligation. Digested DNA fragments were either heated to
inactivate restriction enzymes and used directly or purified from a gel prior to
dephosphorylation. 50 pi reaction volumes were set up containing 1 unit (< 100 ng
DNA) or 10 units (> 100 ng DNA) alkaline phosphatase and 1 x phosphatase buffer.
The reaction mix was incubated at 37 °C for 30 min. Where CIP was used the DNA
was further purified by Geneclean Ill or Qiagen gel purification fit to remove the
phosphatase. When AP was used the phosphatase was inactivated by heating at

65 °C for 5 min.
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2.2.9) End filling with T4 DNA polymerase

Filling of DNA cohesive ends to create blunt ends was carried out using T4 DNA
polymerase (Promega). The reaction was set up in 50 pi volume containing < 2 pg
DNA, 1 x T4 polymerase buffer, 100 pM dNTPS (25 pM of each dNTP) (Invitrogen)
and 5 units of T4 DNA polymerase. The reaction mix was incubated at 37 °C for 5
min and the reaction stopped by incubating at 75 °C for 10 min. T4 polymerase
buffer was (10*) was supplied by Promega and diluted according to the

manufacturer’s instructions.

2.2.10) DNA ligase

T4 DNA ligase was used to join cohesive ends of DNA. When inserting DNA into a
digested plasmid vector, the ratio molar concentration of DNA was 1:1 or 3:1
(insert:vector). The reaction was carried out in a 50 pi volume containing 1 * ligase
buffer (containing ATP) and 1 pi concentrated T4 ligase solution. The reaction was
incubated for 60 - 90 min at 16 °C or incubated overnight at 4 °C. The enzyme was
then inactivated by heating to 65 °C for 20 min. The T4 ligase buffer (10*) was
supplied by New England Biolabs and diluted according to the manufacturer’s

instructions.
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2.3 Template preparation and amplification conditions for PCR

2.3.1) Culture template preparation

This is a method of extracting DNA from a culture of bacterial cells for use as a
template for PCR amplification. An Eppendorf tube containing 1 - 1.5 ml liquid culture
was centrifuged for 1 min at maximum speed in a benchtop centrifuge to pellet the
cells. The pellet was washed once with 50 pl sdH,0, centrifuged for 1 min and
resuspended in 30 pl sdH,0. The cell suspension was boiled at 100 °C for 10 min
then centrifuged for 10 min at maximum speed and 1 - 5 ul of the resulting

supernatant was used as the DNA-containing template for PCR.
2.3.2) Colony template preparation

A small amount of cell biomass was removed from a colony of E. coli using a sterile

toothpick, resuspended in 20 pl sdH,0 and used as DNA template for PCR.

2.3.3) Genomic DNA isolation using Qiagen genomic tip kit

An Eppendorf tube containing 1 ml liquid culture (ODggo: 0.5 - 1) was centrifuged at
5000 x g for 5 min to pellet cells. The pellet was resuspended in 1 ml buffer B1 by
vortexing and 20 pl lysozyme (100 mg ml™") and 45 pl Proteinase K (20 mg mI™)
added. The reaction mix was incubated at 37 °C for 30 min, 0.35 ml buffer B2 added
and the mixture was incubated at 50 °C for 30 min. A genomic tip 20 column was
equilibrated with 2 ml QBT buffer and allowed to flow through by gravity. The lysed
cell-containing sample was added to the column and washed with 3 x 1 ml Qiagen
QC buffer. The genomic DNA was eluted using 2 x 1 ml Qiagen QF buffer and
precipitated by adding 1.4 ml isopropanol at room temperature and centrifuged at
8000 x g for 20 min at 4 °C to pellet the DNA. The pellet was washed with 70 %
Ethanol, centrifuged at 8000 x g for 10 min at 4 °C and allowed to air dry for 10 min.
The pellet was resuspended in 50 — 100 pl 10 mM Tris-Cl, pH 8.5 and placed in
shaker at 30 °C overnight to dissolve (or 55 °C for 1 - 2 h). Buffers B1, B2, QBT, QC
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and QF were made according to the manufacturer’s instructions (see Appendix).

Proteinase K solution (20 mg ml"1l) was supplied by Qiagen.

2.3.4) Standard PCR Protocol

Taqg polymerase (Invitrogen) or Pfu Turbo (Stratagene) proofreading polymerase was
used for PCR reactions. Primer melting temperatures Tm were estimated using:
Tm(°C) = 2(Na+ Nt) + 4(NG+ Nc) where NA, NT, Nc and NG are the number of

adenosine, thymine, cytosine and guanine bases present respectively.

The reaction mix was incubated at 95 °C for 2 min to denature the DNA. The DNA
was amplified by 30-35 cycles of: 95 °C for 30 s kb'L (Tm - 5 °C) for 30 s kb'l; 72 °C
for 1 min kb'L The final amplification step was heating at 72 °C for 10 min and then
the temperature held at 4 °C. For PCR reactions using colony template or culture

template 35 cycles was used.

PCR Setup:
e dNTPs (25 mM each dNTP) 0.5 pi
© 10 x buffer 5 pi
G primer 1 (100-200 ng) 1 pi
Q primer 2 (100-200 ng) 1 pi
G DNA template 1-5pi
© Tag polymerase or Pfu turbo 1 pi
Q 50 mM MgCI2 (not added for Pfu Turbo) 2 pi
© BSA (colony and culture template only) 1pi
Q sdH2Q up to 50 pi
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2.3.5) Four-primer overlap extension PCR

PI P3

P4

Fig. 2.1 Diagram showing the creation of site directed mutants by the four primer overlap PCR
method (Ho et al. 1989). Primers P1 and P4 bind the external ends of the DNA sequence to
be amplified. Internal primers P2 and P3 are complementary to each other and contain the
desired mutation. DNA fragment AB upstream of the desired mutation is amplified using
primers P1 and P2. DNA fragment CD downstream of the desired mutation is amplified using
primers P3 and P4. Fragments AB and CD bind form a complete template which is amplified
by primers P1 and P4.

This technique uses two internal complementary primers containing a desired
mutation to create upstream and downstream DNA with complementary ends (Fig.
2.1). These bind and form the template DNA for subsequent amplification cycles.
Upstream and downstream complementary DNA template fragments were amplified
using standard PCR conditions as above and purified by gel extraction. The template
fragments were mixed in equimolar amounts with the rest of the PCR components as
above, omitting primers and polymerase. The reaction was heated to 96 °C for 2 min
to allow DNA to denature and then cooled slowly to allow complementary ends to
anneal. The polymerase was added, mixed and heated to 72 °C for 2 min. The
external primers were added and PCR thermal cycling was continued under normal

conditions for 30 cycles as above.
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2.3.6) Error Prone PCR random mutagenesis

Taq polymerase was chosen for the error prone PCR technique due to its intrinsic
high error rate (Tindall and Kunkel, 1988). The reaction conditions were set up below
to favour low fidelity of the enzyme and incorporation of mismatches into

amplification of the DNA template.

Error-prone PCR setup:

. DNA template (80ng/pl) 1pl
100 mM dCTP 0.5pl
100 mM dTTP 0.5pl
10 mM dATP 1pl
10 mM dGTP 1pl

. 10 x Tag polymerasebuffer 5pl

. primer 1 (100-200 ng) 1pl

. primer 2 (100-200 ng) 1pl

. Taqg polymerase 1pl

. 50 mM MgCb 7pl

. 50 mM MnCb 0.5pl
BSA 1pl

. sdH20 up to 50pl

The reaction follows normal PCR conditions (section 2.3.4) for 30 cycles.

2.3.7) Genemorph random mutagenesis kit

Error prone PCR was also carried out using the Genemorph Il random mutagenesis
kit (Stratagene) with Mutazyme Il polymerase enzyme. The error rate of the
Mutazyme |l is altered by different concentrations of target DNA. To maintain a low
error rate 500-1000 ng target DNA was used with 1 x Mutazyme Il buffer, dNTP’s,
primers and polymerase as in the Pfu turbo standard PCR setup (omitting additional

MgCl2) and amplified by 30 PCR cycles as above.

76



2.4 Plasmids used in this study:

Plasmid Reference

pTJS140 Broad-host-range cloning vector, 7.5 kb; Mob, Apr Spr Smith et al. 2002
Smrlacz’

pTJS175 Methanotroph expression vector, pTJS140 containing Smith et al. 2002

10.1 kb insert including the sMMO operon. Apr SprSmr

pTJS176 Cloning vector containing 10.1 kb Kpnlinsert including Smith et al. 2002
the sMMO operon Apr.

pTN1 pTJS140 with Alclel site and one BamHI site removed, This study
Apr SprSmr

pPTN2 pTJS140 with all BamHI and Nde\ sites removed, Apr This study
SprSmr

pT2ML New methanotroph expression vector, pTN2 containing This study

9.6 kb kpn\ insert including sSsMMO operon with 500 bp

deletion of mmoX gene, Apr Spr Smr

2.4.1) Blue/White selection

Cloning experiments using plasmids containing a unique restriction site within a
functional lacZ gene were screened for successful ligations by blue/white selection.
The lacZ’ gene allows expression of p-galactosidase within an appropriate host
strain. In the presence of the chromogenic substrate 5-bromo-4-chloro-3-inodlyl-p-D-
galactopyranoside (X-gal) and induced by isopropyl-1-thio-p-D-galactopyranoside
(IPTG), p-galactosidase expressing colonies form the coloured product indigo.
Successful cloning into the lacZ gene results in no p-galactosidase being produced
and colonies are white in colour. The transformants were plated on LB agar

containing 80 pg ml"1X-gal and 20 mM IPTG.
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2.5 Preparation of E. coli competent cells

2.5.1) CaCl2cell preparation method

This method was adapted from that of Sambrook et al. (1989). LB (2 ml) was
innoculated with a fresh single colony from an E. coli culture plate and incubated
overnight at 37 °C. The culture was diluted 50 fold with LB + MgCI2[10 mM], MgS04
[10 mM] (up to 100 ml final volume) and incubated at 37 °C with shaking at 200 rpm
until the culture reached an OD6ooof 0.5 - 0.6 (mid log phase). The cells were
pelleted by centrifugation at 5000 x g for 10 min (4 °C), washed in 25 ml ice cold
filter sterilized 0.1 M MgCl2and pelleted by centrifugation as above. The cells were
washed in 5 ml filter sterilized CaCl2, pelleted again and resuspended in 5 ml 0.1 M
MOPS, 50 mM CacCl2, 20 % glycerol. The cells were drop frozen in 200 pi aliquots in
liquid nitrogen and stored at -80 °C. Using this method cells can be stored for several

years.

2.5.2) Transformation of CaCl2competent cells

An aliquot of 200 pi of competent cells was thawed on ice and 1-5 pi DNA was

added. The cells were incubated on ice for 30 min then heat shocked in a waterbath
at 42 °C for 90 s. The cells were incubated on ice for a further 2 min and LB or SOC
media was added up to 1 ml. The cells were incubated at 37 °C with shaking at 200
rpm for 1 h and then plated on LB plates containing the appropriate antibiotic. When
using commercially available competent cells such as Solopack gold ultracompetent

cells (Stratagene) the suppliers’ transformation protocols were used.
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2.5.3) Preparation of electrocompetent cells

LB (5 ml) was inoculated with a fresh single colony of E. coli and incubated at 37 °C
overnight. The culture was diluted 100-fold up to 500 ml with fresh LB medium and
incubated at 37 °C with shaking at 220 rpm until the culture had reached an OD®60o of
approximately 0.5-0.7. The culture was incubated on ice for 20 min, transferred to a
pre chilled centrifuge bottle and centrifuged at 4000 x g for 15 min at 4 °C. The pellet
was washed in 500 ml ice-cold 10 % (vol/vol) glycerol and pelleted as above. The
pellet was further washed with 250 ml ice-cold 10 % glycerol, centrifuged as above
and washed with 20 ml ice-cold 10 % glycerol. The cells were centrifuged again and
the pellet resuspended in 1 ml 10 % glycerol and drop frozen in 50 pi aliquots in

liquid nitrogen.

2.5.4) Electroporation of E.coli

All cells, DNA and electroporation cuvettes were kept on ice at all times. A 50 pi
aliquot of electrocompetent E. coli was thawed on ice and 100 - 300 ng DNA added
in <5 pi volume. The cells and DNA were transferred to a Bio-Rad electroporation
cuvette (0.1 cm gap width) and electroporated using a Bio-Rad Micropulser using
program Ec 1 (1.8 kV). LB or SOC medium was added up to 1 ml, and then the cell
suspension was transferred to an Eppendorf tube and incubated at 37 °C, with
shaking at 220 rpm for 60 min. 100 pi of the cell suspension were spread on LB-agar

plates containing the appropriate antibiotic and incubated at 37 °C overnight.
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2.5.5) Hanahan transformation method

This method was adapted from that of Hanahan (1983). SOB medium (10 ml) was
inoculated with a fresh single colony of E. coli and incubated at 37°C shaking at 180
rpm till an optical density at 550 nm (OD50) of between 0.5 and 0.6 was reached.
The culture was incubated on ice for 10 min then pelleted by centrifugation at 1000 x
g (4°C) for 12 min. The pellet was resuspended in 3 ml of ice-cold TFB Buffer and
incubated on ice for 10 min. The cell suspension was pelleted again by centrifugation
at 1000 x g (4°C) for 12 min and resuspended in 800 pi ice cold TFB. 28 pi of DnD
Solution was added and the cell suspension incubated on ice for 10 min. An
additional 28 pi of DnD Solution was added and the cell suspension was incubated
on ice for a further 15 min. A 200 pi aliguot of cell suspension was transferred to a
pre-chilled 15 ml Falcon tube and 10 pi vector DNA (up to 100ng) was added. The
cell suspension was incubated on ice for 20 min, heat shocked at 42°C for 90 s and
incubated on ice for a further 2 min. SOC medium (800 pi) was added before
incubation at 37°C for 1 h. LB broth containing ampicillin [50 pg/ml] was added up to
10 ml and culture was incubated overnight at 37°C. This overnight culture was then

used for conjugation with Ms. trichosporium SMDM (see section 2.6.1)
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2.6 Introduction of DNA into Ms. trichosporium by conjugation.

For expression of recombinant sSMMO within a homologous host the expression
vector was transformed into the conjugative E. coli strain S17-1 (Simon et al. 1983)
and transferred to a mutant sMMO negative methanotroph recipient, SMDM
(Borodina et al. 2006). The Ms. trichosporium SMDM strain has all the sSMMO operon

except 3’ portion of mmoC deleted and replaced with a GentRcassette.

2.6.1) Conjugation protocol

A 10 ml overnight culture of E.coli S17-1 containing the desired plasmid was mixed
with 50 ml Ms. trichosporium SMDM (OD6X ~0.5) and pelleted by centrifugation at
5000 x g for 10 min. The cells were resuspended in 50 ml sterile NMS and collected
onto a sterile nitrocellulose filter (0.2 pM pore size). The filter paper was transferred
to NMS agar plates containing 0.02 % proteose peptone (w/v) and incubated at

30 °C for 24 h in a sealed container with 50 % air/methane. The filter paper was
briefly vortexed with 10 ml NMS to resuspend the cells and centrifuged as above.
The cells were resuspended in 1 ml NMS, plated in 100 pi aliquots onto NMS +
streptomycin [20 pg mI']] and incubated at 30 °C in 50 % air/methane for 1.5-2
weeks until methanotroph colonies were clearly visible. Individual colonies were
subcultured onto fresh NMS agar containing gentamicin, streptomycin,
spectinomycin and nalidixic acid [20 pg ml'] until pure colonies free of E. coli growth
were seen. Naldixic acid was used because it inhibits the growth of the E. coli,
gentamicin was used to maintain the antibiotic cassette within the SMDM
chromosome, and streptomycin and spectinomycin were used to maintain the
expression vector. Pure methanotroph colonies free of E. coli were assessed by

plating onto nutrient agar.
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2.7 Protein quantification and visualisation

2.7.1) Protein estimation via the Bradford assay

Protein standards were prepared by adding varying amounts of BSA to 1 ml MOPS
[25 mM] (pH 7.0). 100 pi of protein sample was added to 3 ml Bradford reagent at
room temperature and incubated for 5 min. The increase in absorbance relative to a
no-protein control was measured at 595 nm using a Jenway 6715 UV/Vis
spectrophotometer and protein concentration estimated from comparison against a
protein standard curve. When the AS%> 1, protein samples were diluted 1:10 or 1:20

to give reliable readings.

2.7.2) SDS PAGE

Composition of all gels buffers and solutions can be found in Appendix 3. A 10 ml 12 %
acrylamide resolving gel mixture was prepared adding ammonium persulfate (APS)
solution and tetramethylethylenediamine (TEMED) last and overlaying with 700 pi
ethanol or isopropanol. The gel was allowed to set for 30 min before the ethanol was
washed off. The 5 % acrylamide stacking gel mixture was overlaid with comb

inserted and allowed to set. An equal amount of sample buffer was added to each
protein sample and boiled for 10 min. The samples were loaded onto the gel and run
at 130 V for 1 h or until the dye front had reached the bottom of the gel. The gel was
submerged in 0.1 % Coomassie stain solution, slowly shaking at room temperature

for 40 min. The stain was washed off and gel submerged in destain solution (30 %

methanol, 10 % glacial acetic acid) for 40 min to reveal protein bands.
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2.8 Cell preparation and substrate oxidation assays

2.8.1) Whole cell assays

Drop frozen cells were resuspended in 25 mM MOPS buffer (pH 7.0) to an OD6
5-10. Sodium formate was added [5 mM] to provide an excess of reducing
equivalents for the sMMO. Analysis of aromatic substrates was carried out using
whole cells as these compounds do not serve as a substrate for the particulate
methane monooxygenase. Aliphatic compounds can serve as a substrate for pMMO
and so were assayed using cell free extract where the pMMO-containing cell

membranes have been removed (see below).

2.8.2) Soluble extract preparation

Drop frozen cells were washed once with 25 mM MOPS buffer + 1 mM benzamidine,
1 mM dithiothreitol (DTT), 1 mM DNase and resuspended in a minimum volume of
the same buffer. Once cells were thawed they were kept on ice at all times. The cells
were broken either by 3 passages through a French cell press (Thermo) at 20,000
mPa or for smaller amounts (< 5 ml) using a Sonics vibracell VOX 750 sonicator on
ice using 10 x 30 s bursts at 40% amplitude with 30 s on ice between each burst to
allow cooling. The cells were centrifuged in pre-chilled Oakenridge tubes at 10,000 *
g for 5 min to remove the majority of the cell debris. The supernatant was then
transferred to ultracentrifuge tubes and centrifuged for 90 min at 50,000 x g at 4 °C.
The soluble extract was aliquoted into pre chilled Eppendorf tubes before being drop
frozen in liquid nitrogen and stored at -80 °C. For soluble extract assays, aliquots of

soluble extract were thawed and used immediately.
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2.8.3) Colorimetric naphthalene oxidation assay

The naphthalene oxidation assay was carried out in cell suspension and on plates. A
few crystals of naphthalene were added either directly to the reaction mixture or on
the lid of inverted freshly grown plates. The cells were incubated for 1 h at 30 °C and
naphthol products visualized by adding tetrazotized o-dianisidine (TOD) reagent
solution [0.5 mg ml"] which forms a pink - purple diazo dye complex upon contact
with the hydroxylated products. For solid media assays the whole plate was flooded
with TOD reagent solution and for liquid cultures 100 pi mI'ATOD reagent solution

was added

2.8.4) Semiquantitative colorimetric naphthalene oxidation assay

Based on the method described by Wood and co-workers (Canada et al. 2002), 5 ml
cell suspension was prepared as above. The cells were equilibrated in a 30 °C water
bath for 2 min before addition of a crystal of naphthalene (~5 mg). Cells were
incubated for 1 h at 30 °C shaking at 180 rpm. The reaction was stopped by
transferring to ice and incubating for 5 min. Cell debris was removed by
centrifugation for 1 min at 17,000 x g (4 °C) and 1 ml supernatant was transferred to
a 1 ml cuvette. 50 pi 1 % TOD reagant was added and mixed by pipetting up and
down. The reaction was halted after 15 s by addition of 120 pi glacial acetic acid to
guench the dye complex formation and stabilize the colour. Quantification of
naphthol formation was carried out by measuring the increase in absorbance at 540
nm using a Jenway 6715 UVA/is spectrophotometer and comparing against a

product standard curve of known 1-naphthol concentrations.
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2.8.5) Product distribution of naphthols

5 ml assays were set up as above using naphthalene as the substrate and incubated
for up to 48 h. Oxidation products were extracted into 1 ml ether and evaporated to <
50 pi under a laminar flow hood. 1 pi samples were analysed via GC-MS using a
5890 GC (Hewlett Packard) coupled to a Trio-1 mass spectrometer. The GC was
fitted with a Hewlett Packard HP-5 column with a (5 % phenyl) methyl polysilox