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Abstract

Shortchain alkanes are gaseous hydrocarbons that contribute to
photochemical pollution and ozone production in the atmosplersumber of
studies have shown thBRhodococcuspecies possess the ability to metabolite a wide
range of hydrocarbons since they contain multiple hydrocadegrading enzymes
such as soluble diiron monooxygenases (SDIMOs) aikB-type alkane
monooxygenases. This study aimed to investigate the role of multiple alkane
degrading enzymes in the metabolishgaseous alkanes Rhodococcus joststrain
8. R. jostiistrain 8 was isolated from a propane enrichment culture using petroleum
contaminated soil as an inoculuR. jostii strain 8 could grow on ethane, propane,
butane, octane, naphthalene and sootergial intermediates in alkane metabolism.
Oxidation studies showed thRt jostii strain 8 is likely to oxidise propane via both
terminal and sulberminal oxidation of propane and that these activities are induced
in propanegrown cells.Alcohol dehydrgenase assays were carried out in order to
determine cofactor and substrate ranges of these enzymes. Results showed that
alcohol dehydrogenases involved in the metabolism of gaseous alkanes aree NDMA
dependentThe size of the genome sequenceRofjostii strain 8 is 8.5 Mbp with a
G+C content of 67%. The closest relativeRofjostii strain 8, based on 16S rRNA
sequence, iRhodococcus jostRHAL with 99% identity. However, growth profiles
and a number of catabolic genes in the genontR. ghstii strain 8clearly indicated
that this bacterium is different fromR. jostii RHAL. R. jostii strain 8 contains two
alkanedegrading enzyme systenisa propane monooxygenase and akB-type
alkane monooxygenaseolppeptide analysis on cdilee extracts from cellgrown
on gaseous alkanes using SPAGE indicated that propane monooxygenase is
inducible during growth on propane. Expression studies usingFROR of prmA
and alkB showed thaprmA was highly expressed during growth on propane. The
exact involvement cflkB-type alkane monooxygenase in the degradation of alkanes
was still unclear. A gene transfer system Rur jostii strain 8 was established.
Markerexchanged mutagenesis mfmA and alkB was attempted. Construction of
mutatedprmA and mutatedalkB plasmid was achieved. Electroporation conditions
were successfully optimised in order to transfer linear DNA Ritqgostii strain 8.
However, mutants lacking actiygmA or alkB are still needed to further study their
phenotypes and to provide more evidencepsumg the role of these two enzymes.
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Chapter 1

Introduction



1.1.Significance of alkanes in the environment

Non-methane hydrocarbons play an important role in tropospheric chemistry
and ozone formatiofPozzer et al., 20105hortchain alkans and alkenes, which
can be found as components of crude oil, are gaseous at ambient temperature.
Hydrocarbon gases are present in all petroleum reservoirs in significant amount for
sufficient distribution and diffusion through subsurface environmé8tennan,
2006) Ethane, propane, butane and methane are components of natufdleyaare
also produced by a variety of organisms such as plants, animals and even bacteria
(Rojo, 2009) Therefore, alkanes are widespread the environment. Some
microorganisms have evolved to utilise these compounds as a carbon source. Low
molecular weight alkanes are still soluble enough for those microorganisms to

directly take up alkanes into the cells.

1.1.1.Chemistry of alkanes

Alkanes are saturated hydrocarbon compounidh the general chemical
formula GHan:+2. They are comprised of carbon and hydrogen atoms iim the
molecules. Alkanes can be found in the form of linear, branched or cyclic
compounds. Those with one to four carbaonss, methane, ethane, propane and
butane, are gaseous at ambient temperature. Alkanes of higher number of carbon
at o mss) afeddlid or solid. These compounds are very insoluble in water.
Solubility decreases as molecular weight increaBast¢ott etal., 1988).Alkanes
are chemically inert and require activation in order to be metabdlisdihger and

Bercaw, 2002)Propane and butane are moderately soluble in water.

Alkanes can be metabolised bothdamcally and anaerobically. Due to the
low solubility of alkanes in water, potential accumulation of compounds in cell
membranes and the energy required for the activation, microorganisms possessing
the ability to degrade alkanes are of great interestetnbic degradation of alkanes,
oxygen acts as a reactant to activate alkane molecules so that alkanes can be
metabolised by alkane degraders. Alkanes with two or more carbon atoms are
usually degraded by the oxidation of terminal or -seriminal methyl goups
resulting in primary or secondary alcohd@Rojo, 2009) Degradation of gaseous



alkanes has been studied and numerous bacterial strains possessing the ability to
degrade these compounds have been discovered. Details are described in the next

section.

1.2.The Rhodococcugenus

Rhodococcuare categorised into the subor@arynebacterineawithin the
phylum Actinobacteria They are widespread in a broad range of environments
including soils and seawater. There was some confusion in the taxonomic position of
Rhalococcusspecies for many years until Goodfellow resolveg@Gibodfellow et al.,

1990) Since then, classification afiembers of the geni®hodococcuss based on

the presence of longhain mycolic acid in the cell walls and 16S rRNA sequences
(Rainey et al., 1995). Based upon those critedRhpdocacus is taxonomically

closed to the genuNlocardia The changes in theadsification of actinomycetes

have been established due to an increase in the use of 16S rRNA sequences. It is
noteworthy that the classification of any novel strainsRtitodococcuswithout
considering thel6S rRNA sequences may result in them belongingther genera

and the classification may be incorrect. Therefore, the classification of novel isolates
in this study mainly relied on 16S rRNA sequence analysidepth details on the
biology of the genuRhodococcubas been described by Alvarez et 2010, where

most of the information in this section was derived from.

A better understanding in the molecular genetidcRlusdococcuspecies and
Nocardiahas shown that these organisms possess many features which are common
features of StreptomycetegLarkin et al.,, 1998) Recently, because genome
sequencing has become extensively used for studying the versatile metabolic
potential of Rhodococcusthe genome sequences of a numberRbbdococcus
strains are avaable (sedablel, Section 4.1., Chaptd).

1.2.1. Common characteristics oRhodococcuspp.

Membersof the genufRhodococcuareaerobic, normotile, nonsporulating,
Grampositive bacteria with a high G+C conteRhodococcusells contain mycolic



acid. Common characteristics of the genBhodococcuswere described by
Goodfellow (Goodfellow et al.,, 1990) Rhodococcus spp. are aerobic
chemoorganotrophic bacteria that use a wide range of substrates as sole carbon and
energy sources. Morphological changes from rods to cocci occur during each stage
of growth depending on the strain. Som@odococcuspp. can form branched
filaments which may develop into extensive aerial filaments. These various forms of
morphology then fragment and become short rods or cocci. The colony colour can
vary, depending on the strain, from colourless to cream, yellow, orange, pink and

red.

1.2.2. Rhodococcuspp. are capable of degrading gaseous alkanes

SomeRhodococcuspecies can use gaseous hydrocarbons as a sole carbon
source. For exampld?. rhodochrousaand R. rubercan utilize propane, butane and
acetylene (lvshina et al., 1994). Severmhias of R. rhodochrousand R. ruber
which are propaneand butane degraders were isolated from various environments
such as soil, rock and groundwater (Ivshina et al., 1981). This is an indication of the
presence of subterranean hydrocarbon depoRitedococcus ruberENV425 is
capable of cometabolisingy-nitrosodimethylamine (NDMA), which is a potent
carcinogen sometimes contaminating groundwater, after growth on propane
(Fournier et al., 2009Rhodococcus rhoatirousPNKb1 is a propanotroph and its
propane metabolism has been wabracterisedAshraf et al., 1994)it was found
that in R. rhodochrousPNKb1, propane is metabolized via both terminal and
subterminal pathwaysee Figuré, Sectiord.1.2.).

The other example of Rhodococcustrain which is able to degrade gaseous
hydrocarbons isR. jostii RHA1, for which the complete genome is available
(McLeod et al.2006) R. jostiiRHAL can degrade propane as a sole carbon source
(McLeod et al., 2006)Similar toR. ruberENV425, the propane monooxygenase of
R. jostiiRHAL is also responsible for the degradation of ND®&harp et al., 2007)

As mentioned earlier, there were a limited numbeRbbdococcustrains which
possess the ability to degrade gaseous alkanes, so in this ,pejgcopane
degradingRhodococcusstrain capable of also degrading ethane and butane was

isolated.



1.2.3. Potential applications oRhodococcusn biotechnology

Many Rhodococcuspecies are interesting in terms of their applications in
biotechnology becae of their broad metabolic versatilifWarhurst and Fewson,
1994) It was found thaRhodococcuspp. possess a wide range of oxygenases
which allow them to metabolise various aromatic compoyhdskin et al., 205).
Rhodococcuspp. are suitable for bioremediation and biocatalysis because they can
persist in highly contaminated environment and even oxyged nutrierdimited
conditions (Alvarez et al., 2010Rhodococcuspp. can be isolated directly from
environmental samples and enriched with mixed or pure cultures incubated with the
particular contaminant of interest. This is, therefore, beneficial in preparation of

inocula for bioremediation.

The most successful industrial application Rhodococcusspp. & the
production of acrylamide by the Nitto Chemical Industry, Co. in J¢dpaghes et
al., 1998) The conversion of acrylonitrile to acrylamidey Rhodococcus
rhodochrousPA-34 was first reported in 2006 (Raj et al., 2006). Later in 2008, an
industriatscale synthesis of acrylamide was carried out in a partitioned fed batch
reactor by using agar entrapped cellRbbdococcus rhodochrol®A-34 (Raj et al.,
2008) It wasfound that somérhodococcustrains were able to produce vanillin,
which is widely used as flavouring agent in foods, beverages and pharmaceuticals,
from ferrulic acid and eugenéPlaggenborg et al., 20Q6)he production of vanillin
from thebreakdown of lignin was found iRhodococcus jostRHAL (Sainsbury et
al., 2013) In this work, the vanillin dehydrogenase gene was deleteRl. ijostii
RHAL in order to allow a accumulation of vanillin when grown on a minimal
medium containing 2.5% wheat straw lignocellulose and 0.05% glucose. This
resulted in the yield of up to 96 mg/l after 144 h of incubation. SRhmococcus
strains such aRhodococcus opacu®D630 are als capable of producing energy
rich triacylglycerols which are compounds used for the producticdibgel(Holder
et al., 2011h)

Due to the versatile catabolic digéy of Rhodococcuspp., there have been
substantial numbers of reports suggesting Rfatdococcuspecies are suitable for
bioremediation of toxic compounds in contaminated environments. Chlorophenols

are one of the most dangerous contaminants in thieoement because they are



recalcitrant, carcinogenic and toxic to humgRsoudfoot, 2003) A number of
microorganisms, particularlfiRhodococcusspp., have been isolated from phenol
and/or chlorophenol contaminated environments in order to be used in remediating
contaminated sites. Examples of phedegradingRhodococcuspp. are described

as follows.Rhodococcusp. CS1, which was isolated from industrial effluents and
polluted sediments, showed a high ability to degrade phenol in synthetic media
(Paisio et al., 2012; Paisio et al., 201Bhis bacterium was also able to tolerate and
metabolise different phenolic compounds such as methaxyg chlorophenols
(Paisio et al.2014) Rhodococcus erythropoligilwas able to degrade phenot, 2
chlorophenol andp-cresol in a ceulture with Pseudomonas fluoresceridl
(Goswami et al., 2005)The study of the ability oR. erythropolisM1 to degrade
phenolic compounds in the presence of a compeltdiyorescend1, showed that

its degradative ability was similar to its ability when itsmased in pure culture.
Immobilised cells ofRhodococcus erythropolidPV-1 were used for removal of

phenolic compounds in effluent from a resin indugBggofia Prieto et al., 2002)

Finally, this research could be applied for the remediation dfdearbon
contaminated environment due to, for example, oil sfellg. the report in On scene
coordinator report Deepwater Horizon oil spill, 201t)fracking (e.g. Ridlington,

2013) in which large amoustof natural gasare released. Once collected the

Eart hos atmosphere, t he extra gas def i
representsthe danger to the environment. We discuss in the final chapter the
possibility of usingR. jostiistrain 8 as a biocatalyst to degrade gaseous alkanes (e.g.
ethane,propane andutang andto prevent themfrom reacling the atmosphere.
Therefore, his application would provide an alternative method to minimise the

environmental impact causing by hydrocarbon contamination.

1.3.Bacterial enzymes responsible for alkandegradation

The first step of alkane degradation in bacteriacaalysedby enzymes
converting alkanes into alcohols. These enzymes have been characterized into four
main groups i integral membrane alkane hydroxylases, soluble diiron
monooxygenases, cytoome P450 and membrabeund copper containing

monooxygenases. Details of these four groups of enzymes are described below.



1.3.1.Integral membrane, non-heme iron alkane hydroxylases (AlkB)

The integral membran@on-heme iron alkane hydroxylases reqsiane or
two rubredoxins and a rubredoxin reductase for providing electrons to the integral
membrane monooxygenase (AlkBpubstrate range for this type of alkane
monooxygenasacludesCs-C,s alkanes Genes with high sequence similarity to the
gene encodig alkane hydroxylase were found in many bactesaéated from oH
contaminated environmentSotsky et al. 1994) Multiple copies ofalkB-type
alkane monooxygenases weatso found in many bacteriaThere areprobably
because of four reasoisr this. The first explanation is because different alkane
monooxygenases have different substrate ranges. Somexidee @G ¢-Ci6 alkanes
while some oxidise £C;, alkanes(van Beilen et al., 1994; Smits et al., 2003)
Another reason ithat different alkane monooxygenases might be expressed during
different growth phases. Ads different alkane monooxygenases might have
different affinity towards different forms of alkanes such as branched, aliphatic, non
linear andto aromatic compounds. The last possible explanation for redundancy of
alkane monooxygenases is that soafiedB genesmaybe pseudogendsan Beilen
and Funhoff, 2005)

The first and most well characterizadkB-related alkane monooxygenase
was found in an octane degradBseudomonas putid&Pol (Chakrabarty et al.,
1973).P. putidaGPol could grev on a range of alkanes from pentane to dodecane
(Schwartz and McCoy, 1973Yhe alkB-type alkane monooxygenase fh putida
GPol oxidised &C;, alkanes to dalkanols(Peterson et al., 1966L;-C, alkanes
were not recognized as growth substratesPfoputidaGPol (Smith and Hyman,
2004) Recent molecular studies showed that there are many strains of bacteria
which possess gene homologuesatkB in P. putida GPol and they are usually
present in the chromoson@mits et al., 1999)in contrastalk genes ofP. putida
GPol are located on a large plasmid, named the @&&md, and grouped into two
clusters(Chakrabarty et al., 197.3The OCT plasmid encodes the genes required for
the assimilation of €C;3 alkanes(van Beilen et al., 1994; Johnson and Hyman,
2006)

Branchedchain alkanes are considered to be morgcdif to degrade than
linear alkaneg(Pirnik et al., 1974) Interestingly, Alcanivorax borkumensiSK2

possesses the ability to metabolise isoprenoid hydroca(Bchseiker et al., 2006)
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It was found thatA. borkumensisSK2 possesses two copies akB-type alkane
monooxygenases which are essential in the degradation of alkanes as this bacterium
could only grow on a very lited range of carbon sourcé€Smits et al., 2002)The

growth properties of aralkBl-disrupted mutant oA. borkumensisSK2 clearly
showed that this gene is involved in thegradation oh-hexane(Hara et al., 2004)

The mutant containing mutations in bo#tkB1 and alkB2 could still grow on
mediumchain alkanes. This indicated that the degradation of medhaim alkanes

in A. borkumensiSK2 depended on the function of other enzyme systems rather
than AIkB1 or AlkB2(Hara et al., 2004)t is therefore likely that a different enzyme

system is responsible for the degradation of meethain alkanes in this bterium.

This type of alkane monooxygenase has been found to be useful as
biocatalyst to convert inexpensive compounds into valuable products in the
pharmaceutical and chemical industries (Furuhashi, 1992). For example,-alkane
grown cells ofRhodococcus itdochrousNCIMB12566 are able to stereoselectively
metabolise substituted phenoxypropane to phenoxy propanoic acids, which is a
compound used in the production of herbicides. Another exampéaslococcus
erythropolis NRRL B-16531 which is capable of semselectively converting
cumene to zZhenytl-propionic acids, which are used for the production of

pharmaceuticals such as ibuprofen (Hou et al., 1994).

1.3.2. Soluble diiron monooxygenases (SDIMO)

SDIMOs are multicomponent enzymes comprising of thrammomponents
which are: dbb,9, hydroxylase, a FARontaining reductase, and a coupling protein
(Coleman et al., 2006Yhe oxidation of hydrocarbons ocstat the alpha subunit of
the hydroxylase component, working together with the reductase component which
is responsible for electron transfer faciidtoy a coupling protein. The catalytic
center of the SDIMO enzyme comprises of two iron atoms linked bgrboxylate
bridge in a 4helix bundle structure within the-subunit (Rosenzweig et al., 1997).
Soluble methane monooxygenase (sMMO) is considered to be the most well
characterised SDIMO arkhowledge about sMM@s useful for the study of other

SDIMOs. The crystal structure of soluble methane monooxygenase hia®xy



(MMOH) from Methylococcus capsulati&ath is shown irFigure 1.1 (taken from
Dalton, 2005).

Figure 1.1: The crystal structure of soluble methane monooxygenas&om
Methylococcus capsulatuBath. T h e-sublinits are shown in pale blue and green,
t h esubbnits are shown in royal blue and vhid u e , -@ubuhitstare shown in
yellow-green and yellow. The iron ats are shown as orange sphetaken from
Dalton, 2005)

Soluble diiron monooxygenases (SDIMOs) are involved in aerobic
degradation of showthain alkanes, shedhain alkenes and aromatic compounds
(Holmes and Coleman, 2008\ number of studies have mentioned prospecting
applications of SDIMO in bioremediation and biocatalysis. These are, for example,
the degradation of alkanes and alkenes contaminating soit6 raarine
environments. SDIMOs are also promising enzymes which possess eaglo
stereoselective properties towards carbon substrates for the production of epoxides
used industrially use as monomers in the production of plastics
(www.dow.com/propyleneorie/app/index.htm). Moreover, the application of

SDIMO enzymes can probably leeploitedfor pharmaceutical synthesis such as the



production of naphthol which possesses antiseptic properties and is also a precursor

for insecticide production (Baichwal et,al958; Khorana et al., 19567

1.3.2.1.SDIMO classification

Recently, SDIMO enzymes have been characterised into six distinct lineage
subgroups based on gene sequences, genetic organisation of operons and
phylogenetic analyse¢Leahy et al., 2003; Coleman et al., 2006; Holmes and
Coleman, 2008) A phylogenetic tree showing the relationship between SDIMO
subgroups is given iRigure1l.2 The characterised enzymes, which are affiliated to
the same subgroup, arelalo oxidise a relatively similar group of substrates. Also,
the gene arrangement is conserved within the SDIMO of the same subgroup, but not

between different subgrosLeahy et al., 2003)
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Figure 1.2 A phylogenetic tree showing the redtionship of SDIMOs is based on

alignment of 600 amino acids from the alpha subunit of the hydroxylase

components The black dotgepresentuncharacterised SDIMOs and their roles in

the degradation of alkanes and/or alkenes have not been silithedes and

Coleman, 2008)

PCR amplification of the alpha subunit hydroxylase SDIMO gene has been

accomplished by using set of PCR primers known &B8/C primers, degenerate

PCR primers targeting consed region in the gene encoding the hydroxylase

component(Coleman et al., 2006Figure 1.3 shows the conserved region in the
alpha subunit SDIMO gene which the NVC primbnsd to.
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Figure 1.3 Amino acid alignments show conserved regions of SDIMO alpha
subunits targeted for PCR primer design andthe expectedPCR amplicon sizes
from various primer combinations. Black shading ingtates highly conserved
amino acids. Dark grey shading indicates >75% conserved amino laglkisgrey
shading indicates >50% conserved amino acids. Representative sequences from each
SDIMO group are shown. The representatives are alkene monooxygenase fro
Xanthobacter PY-2, tolueneo-monooxygenase fronBurkholderia cepaciaG4,
soluble methane monooxygenase friMethylosinus trichosporiun®B3b, soluble
methane monoxygenase fraviethylococcus capsulati&ath, butane monoxygenase
from Pseudomonas butanovgrathene monooxygenase frollycobacteriumsp.
JS60, ethene monooxygenase fridocardioidessp. JS614, alkene monooxygenase
from Rhodococcus rhodochrousB-276, propene monoxygenase from
Mycobacteriumsp. M156, propane monooxygenase frdadordonia sp. TY-5,
predicted monooxygenase froBradyrhizobium japonicundSDA 110, predicted
monooxygenase fronRhodobacter sphaeroide®.4.1, predicted monooxygenase
from Rubrivivax gelatinosus PM1 and tetrahydrofuran monooxygenase from
Pseudonocardi&l. (taken fromColeman et al., 2006)
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1.3.2.2.Molecular genetics of SDIMOs

The most well characterised SDIMO is the sMMO from methanotrophs, so
molecular information aspect a SDIMOs are mostly based on the molecular
genetics of SMMO. The genes encoding sMMQMathylococcus capsulatuath
andMethylosinus trichosporiur®@B3b have been extensively studi@turrell et al.,
2000) The genetic organisation of SMMO Methylosnus trichosporiumOB3b is
indicated inFigure 4. mmoX, mmoYandmmoZe n ¢ o d e, -t th e -sulfunits,
respectively, which make up the hydroxylase component of the er{Gangy et al.,
1991; Murrell et al., 2000A coupling protein is encoded bymoBgene, while the

reductase component is encodedibyioC(Murrell et al., 2000)

mmoX mmoY  mmoB  mmoZ mmoD mmoC sSMMO operon of
Methylosinus trichosporium

T N T~

Usubunit  b-subunit  o-subunit Coupling protein Protein of unknown Reductase
function

Figure 1.4 the sMMO operon of Methylosinus trichosporiumOB3b, a welt
studied SDIMOshowingthegene arrangement aerdcoded proteins.

1.3.2.3.Mutagenesis of soluble methane monooxygenase

Mutagenesis of soluble methane monooxygenase was not easily achieved. It
was found thathere was no appropriate expression system for protein engineering of
s MMO. Moreover, Murrell 6s t e ayroxylase 19 9 2
component,where the catalytic site of this enzymicates is inactive when
expressed irE.coli (West et al.,, 1992)Less tharma decade later, the same team
developed a homologous expression system for sMMO, which is called mutant F
(Lloyd et al., 1999) The mutant F, which is a mutatétethylosinus trichosporium
OB3b, allows good yieldsfdighly active wildtype sMMO,and provides a system
for the expression of mutant sMM@ydroxylasegSmith et al., 2002)This was a
groundbreaking step foallowing sMMO mutagenesi to be exploited tostudy
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catalytic properties of this enzymeéhis then ledto the development of even more
tractable expression systems. A few years later, there was substantial development of
expression vectors for protein engineering of SMMO hydreeylkomponenSmith

et al., 2002) Theseresearchers also demonstrated that this new expression system
functioned well in mutant F. Recently, BorodimMu r r el | 6 s griedup i n
the role of leucine residue 110 of the hydroxylasibunit encoded bynimoXusing
site-directed mutagenesi@Borodina et al., 2007)They found thatthis leucine
residue plays an important role icontrolling regioselectivity with aromatic
substrates of SMMO. Interestingly, they developatw strainof M. trichosporium

called SMDM (soluble methane monooxygenase deleted mutamt)use as a
homologous expression host for mutant SMMO genes. Tlagn sBMDM allows
mutagenesis of all components of SMMO operon exdeptréductase encoded by

mmoC

1.3.3.Cytochrome P450 alkane hydroxylases

Cytochrome P450 alkane hydroxylases were found in both eukaryotes and
prokaryotes (Sariaslani, 1991) The most well characterized P450 enzymes in
prokaryotes are P450cam, an enzyme involved in the metabolism of camphor in
Pseudomonas putid®us et al., 1970), and P450 BBJ an enzyme involved in fatty
acid metabolism iBacillus megateriungLi et al., 1991) Cytochrome P450 alkane
hydroxylases have been categorized istodlasses, but P450 alkane hydroxylases
are mostly belonged to only three class€ass | P450, Class Il P450 (€%2) and
Class Il P450 (CYP2E, CYP4B). Details of each class of cytochrome Pi&te al

hydroxylases are discussed in the following section.

1.3.3.1. Class | P450

This type of P450 enzymes is involved in the degradation,«3:¢alkanes.
The class | P45@&nzymes are soluble and driven by ferredoxin and ferredoxin
reductases. Examples of bacteria containing this type of cytochrome P450 enzyme
are Sphingomonasp. HXN-200, Mycobacteriumsp. HXN-1500 andAcinetobacter
sp. EB104Maier et al., 2001)
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1.3.3.2. Class Il P450 (CYP52)

Most of class Il P450 enzymes belong to the CYP52 family. The class I
P450 (CYP52) enzynseare microsomal and driven byreductase. Substrate range
for this type of P450 is £5-Ci6 alkanes. Examples of microorganisms containing this

type of P450 ar€andida tropicalisandYarrowia lipolytica(Craft et al., 2003)

1.3.3.3. Class Il P48 (CYP2E, CYP4B)

The Class Il P450 (CYP2E, CYP4B) enzymes are driven by reductase. Most
of the P450 enzymes beldng to this class are found in human and rabbits. Class Il
P450 (CYP2E, CYP4B) enzymes oxidise @ alkanes(Fisher et al., 1998; Iba et
al., 2000; Bolt et al., 2003)

1.3.4.Membrane bound coppercontaining (and possibly iron
containing) monooxygenases

One of the wellstudied members belonging to this family is particulate
methane monooxygenases (pMylfrom Methylococcus capsulatBath) (Nguyen
et al., 1998) The pMMO comprises of three subunits which sibunit,b-subunit
ando-subunit encoded bymoB pmoAandpmoCgenes, respectivel{semrau et al.,
1995; Stolyar et al., 1999The pMMO catalyse the oxidation of methane under high
copperto-biomass ratio growth conditions éldon et al., 1984; Prior and Dalton,
1985). Ammonia monooxygenases (AMO), found only in ammonia oxidizing
nitrifiers, are one of the members of this family. Analysispofo and amo gene
sequences from a diverse range of organisms suggested that pMMQVi@hcra
evolutionarily related(Holmes et al., 1995)Membrane bound coppeontaining
monooxygenases play a crucial role in the oxidation of ammonia, methane, small
alkanes and chlorinated hydrocarb@Bédard and Knowles, 198@onrad, 1996)A
coppercontaining membranbound monooxygenase was also found in
MycobacteriumchubuenseNBB4 (Coleman et al., 2011)This membranédound
monooxygenase is responsible for the royglation of G-C, hydrocarbons
(Coleman et al., 2012)The membranbound monooxygenase dlycobacterium
chubuenseNBB4 showed activity towards ethane, propane and butane, but not
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methane. A membrarassociated wnooxygenase was also found in the butane
degraderNocardia sp. CF8(SayavedréSoto et al.,, 2011)The activity of this
enzyme towards the oxidatiorf butane inNocardiasp. CF8 was inhibited by the
Cu-selective chelator allylthiourea, which is also known as an inhibitor of pMMO
and AMO (Hamamura et al., 1999])t is known that acetylene also acts as an

inhibitor for membrane bound monooxygena@d#gman and Wood, 1985)

1.4.Alkane metabolisms inRhodococcuspp.

A number of studies demonstrated tRaiodococcuspp.containa variety of
hydrocarbordegrading enzymes which allave ability to metabaote a wide range
of organic compounds such dkames, alkenes, aromatic compounds and even toxic
compounds like acrylamide (Holmes & Coleman, 2008; Larkin et al., 2005; van
Beilen et al., 2002; Arai et al., 1981). One of the most well studied areas of alkane

metabolism byRhodococcuspecies is prop@ametabolism.

1.4.1. Aerobic metabolism of G-C,4 gaseous alkanes in bacteria
1.4.1.1 Ethane (GHg) metabolism

Ethane can be oxidised to ethanol by a monooxygenase. Ethanol is then
converted to acetaldehyde and acetate. These two compounds then einédr cen
metabolic pathways in bacterial cells (Linton et al., 1980, Davies et al., 1974).

Ethane metabolism of nemethane oxidising bacteria is shown in Figlre
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Gaseous alkane monooxygenase

Alcohol dehydrogenase

Aldehyde dehydrogenase

Acyl-CoA synthase

Central metabolism

Figure 1.5: Ethane metabolismby non-methane oxdising bacteria

Mycobacterium paraffinicunwas isolated from an ethaweariched soil. It
was tested for its ability to grow on a range of alkaf@sas et al., 1956) This
bacterium could grow well on ethane and liquid alkanes, but not on metlane.
paraffinicumlacks the ability to grow on bacteriological media such as yeast extract,
peptone or glucose, but it will grow readily on these media iptégence of ethane.
This suggested that this bacterium is an obligate alkane utilizer. Eghawwa cells
of M. paraffinicumcould also oxidise propane and butane. They could also oxidise
ethene, ethanol, acetaldehyde and acetate. The authors suggestddprmahese
results, that ethene, ethanol, acetaldehyde and acetate are intermediates in the ethane
oxidation pathway. However, slow ethene oxidation rates with efipaven cells
suggested that ethene is unlikely to be an intermediate of the ethan#iooxida

pathway.
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14.1.2. Propane (GHg) metabolism

There is a number dRhodococcuspp. that can degrade proparerty,
1980; Woods & Murrell, 1989; Kulikova et al., 2001; Fournier et al., 2009).s€he
studies suggested th&hodococcuspp. can aerobicglloxidise propane through
either terminal or suberminal pathway or throughboth pathways in some cases.
The proposed propane oxidation pathwelyRhodococcus rhodochrolNKb1l are

shown inFigurel.6.
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Figure 16: The possible propane oxidation pdiway by Rhodococcus
rhodochrous PNKb1l. (a) terminal oxidation via propanoate; (b) gebminal
oxidation via acetol and hydroxymethylacetate; (c)-wulminal oxidation via
pyruvate; (d) sulterminal oxidation via methyl acetate (adapted from Woods &
Murrell, 1989)

Terminal oxidation occurs via a primary alcoholpibpanol) which is
oxidised by alcohol and aldehyde dehydrogenases to the corresponding fatty acid.
Fatty acid is then converted to acefybo A b y-oxitatian(Wekgener et al., 1968;

Kunau et al., 1995)Subterminal oxidation occurs via a secondary alcohal (2

19



propanol) which is oxidised via the corresponding ketone by a Ba&lliger
monoooxygenase to fatty aciggorney and Markovetz, 1970; Van Beilen et al.,
2003) Another pathway for bacterial oxidation of propane could occur via 1,2
propandiol catalysed by a dioxygena@eshraf et al., 1994)However propane
oxidation by a dioxygenase has not been observed in prapdiseg bacteria, but

propanediol metabolism is observed in enteric bac{Boaik, 2006)

The study of propane metabolism R rhodochrous®NKb1l suggested that
propane monooxygenase does not have preference in the insertion of oxygen into the
propane molecule (Ashraf & Murrell, 1992). Specificity was observed at the stage of
the primary or secondary alcohol dehydrogenase. The abilitg. ahodochrous
PNKb1 to grow on potential intermediates of both terminal anetesuinal propane
oxidation pabways suggested that this strain could oxidise propane via both
pathways (Woods & Murrell, 1989). Oxidation studies on potential intermediates of
propane metabolism bR. rhodochrousPNKb1l suggested that propane oxidation
was inducible only by growth on gpane. Propane oxygenaseRn rhodochrous
PNKb1l was induced during growth on propane. This enzyme was also able to
oxidise ethane and butane, but not other lompein alkanes (up to sCalkane).
However, propane is the only growth substrate for thignsttdADH-dependent
propane oxygenase activity iR. rhodochrousPNKbl was detected by using
propene as substrate and measuring the formation -@&pb2ypropane (Woods and
Murrell, 1990). These researchers found that purification of this enzyme was
difficult due its unstable nature. Gélee extracts oR. rhodochrou®NKb1 cells
grown on propane and its potential propane oxidation intermediates were assayed for
alcohol dehydrogenase activities (Ashraf and Murrell, 1992). The high@sipanol
and 2propaiol dehydrogenase activities were detected infosd extract of cells
grown on propane. Such activities were also detected iffreellextracts of cells
grown on potential intermediates of propane oxidation, except propanoate. The
increase in both NADBlinked 1-propanol and ropanol dehydrogenase activities
after growth on propane suggested tRat rhodochrousPNKbl contained two
alcohol dehydrogenases involved in propane metabolism (Ashraf and Murrell, 1992).

Mycobacteriumsp. TY-6 andPseudonocardisp. TY-7 were able to grow
well on propane and otheralkaneg(Kotani et al., 2006)Mycobacteriunsp. TY-6

was able to grow on £Cs and Gg¢-Ci9 alkanes whilePseudonocardiasp. TY-7
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could grow on G-Cg and G3-C,g alkanes. The growth of these two propanotrophs on
possible products (alcohols) of gaseous alkane metabolism was tested. It was found
that Mycobacteriumsp. TY-6 could not consume methanol;p®panol and 2
butanol. This suggested that it is likely thiais bacterium metabolise propane and
butane mainly via the terminal oxidation pathway. Wkua# assays were carried

out in order to determine products of gaseous alkane metabolisfydmbacterium

sp. TY-6 (Kotani et al., 2006) The results showed thatbLitanol and Jpropanol

were detected as products of butane and propane metabolisms, respectively. This
confirmed that inMycobacteriunsp. TY-6 propane and butane are metabolised via
terminal pathways. Differelyt, Pseudonocardissp. TY-7 was able to consume a
range of primary and secondary alcohols, but not methanol. This suggested that
methane was not oxidised by this bacterium. In order to investigate possible
pathways for the degradation of gaseous alkaneBseydonocardiasp. TY-7, the
oxidation products of propane and butane were deternteidni et al., 2006)It

was found that -propanol and acetone were detected as products of propane
oxidation. The ibutanol, 2-butanol and utanone were detected as products of
butane metabolism. These results suggestedPfeudonocardiap. TY-7 oxidised

propane and butane through both terminal anetsuhinal pathways.

In Flavobacterium sp. NCIB 11171, 1 ropanediol metbolism was
determined (Willetts, 1979 he pathway of 1propanediol in this bacterium was
influenced by the amount of aeration during grovitdhder aerobic conditions, 1,2
propanediol was metabolized to lactaldehyde which was converted to pyruvate.
Pyruvate was subsequently oxidized to carbon dioxide by tricarboxylic acid cycle.
Under microaerophilic conditions, some diol was catabolized by an inducible diol
hydratase to propionaldehyde which was then converted to propanol as an end
product, while somealiol was metabolized via the same pathway as when growing

under aerobic conditions.

It was also found that some strains of the proganedising Rhodococcus
spp. are capable of oxidising other compou(keffan etal., 1997; Kulikova and
Bezborodov, 2000; Sharp et al., 2007; Fournier et al., 2Q8 examplés propane
monooxygenase frorRhodococcus jostiRHAL, which is the closest relative Bf
jostii strain 8 obtainedin this study. It is responsible for thdegradation ofN-

nitrosodimethylamine(NDMA) which is a carcinogenigroundvater pollutant
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(Sharp et al., 2007R. jostiiRHAL is capable of removing NDMA when grown on
pyruvate, soy broth, LB medium or propamhodococcus rubdeNV425, isolated
from turf soil which propane was used as sole carbon source, could catabolise
NDMA (Fournier et al., 2009)This Rhodococcustrain was also able to oxidise
methyl tertiarybutyl ether (MTBE) and gasoline oxygena(&effan et al., 1997)
Propanegrown cells ofRhodococcusp. RR1 performed the ability to transform
NDMA (Sharp et al., 2010According to genomic and transcriptional studies, it was
found that propane monooxygenasd&imdococcusp. RR1 was responsible for the
degradation of NDMA. Thee data suggested that other propanotrophs may also
possess the ability to metabolise NDMPherefore, alkaneegradingRhodococcus
spp. are potential sources for biotechnological applications, particularly for
bioremediation and biocatalysis.

1.4.1.3. Butane (C4H10) metabolism

As with propane, butane can be metabolized via both terminal ard sub
terminal pathways by a monooxygenase, resulting in primary or secondary butanol.
1-butanol is then converted to butyraldehyde by butanol dehydrogenase.
Butyraldehyle is then metabized to butyrate. The most wedtudied butane
degrader iPseudomonas butanovoreecently named hawera butanivorans(Arp,

1999; Cooley et al., 2009¥zrowth substrates d®. butanovoraare G-Cg alkanes
(Takahashi, 1980). Butane metabolismPinbutanovoravia the terminal oxidation
pathway was proposed viabltanol, butyraldehyde and butyratarp, 1999)
Butane metabolism inPseudomonas butanovorATCC 43655 was regulated
independently at each step in the pathway. Butane oxidation via the terminal
pathway was also observed Mycobacterium vaccadOB5 (Phillips and Perry,
1974) Proposed butane metabolism in butalegrading bacteria is shown in Figure
1.7
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Butyrate Further metabolism
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Further metabolism

Figure 1.7: Proposed terminal (lef} oxidation and subterminal (right) of butane

in butane-degrading bacteria(adapted from Arp, 1999)

As mentioned earlier, it was found thddycobacterium vaccaelOB5
metabolised butane via the terminal oxidation path¢Rtillips and Perry, 1974)
This was indicated because cells grown on butane or butyrate expressed isocitrate
lyase ativity resulting in further metabolism of butyrate. In contrast, cells grown on
butanone did not express isocitrate lyase activity. SimilaNpcardia TB1
metabolised butane via the terminal pathway (van Ginkel et al., 1987). The proposed
butane metabolm pathway in this bacterium is that butane was oxidized-to 1
butanol which was converted to butyraldehyde and then butyrate. THersubal
pathway for the degradation of butane was proposed for prapans
Mycobacterium smegmat®?2 (Lukinsand Foster 1963)

Mycobacteriumsp. NBB4 contains multiple monooxygenases including a
novel type SDIMO, a soluble methane monooxygenase (sMIM®Enzyme which
can oxidise butanéMartin et al., 2014)In this study, a gene cluster encoding a

novel type of SDIMO was expressedMycobacterium smegmatinc-155, which
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does not metabolise tested alkanes and alkenes under control conditions for this
assay. The ovel SDIMO enzyme showed highest activity with ethane and ethene.
Low activity of the enzyme was detected with propane and butane. Activity towards
methane was not detected. These results suggested that the enzymarautasged

as substrate size inased.

Multiple alcohol dehydrogenases have been foundP.irbutanovora The
reasons whyP. butanovoraequired more than one alcohol dehydrogenase to oxidise
1-butanol was not know(Vangnai and Arp, 2001; Vangndi&., 2002a; Vangnai et
al., 2002b) The possibility of the presence of more than one alcohol dehydrogenase
in one organism is usually because those enzymes that are expressed have different
substrate ranges. A study on the roles of two distinct aladtoydrogenases iR.
butanovorasuggested that one was required for energy production while another was
required for detoxification of-butanol(Vangnai et al., 2002b)

1.4.2. Alcohol dehydrogenases (ADH)

Alcohol dehydrogenases are responsible for the conversion of Ectwho
aldehydes or ketones, which is the second step of alkane metabolism. Alcohol

dehydrogenases were categorized into three main types regarding to their cofactors.

1.4.2.1. Pyrroloquinoline quinone (PQQ) dependent alcohol

dehydrogenase

Most of the methnol dehydrogenases commonly found in Greegative
methylotrophs use pyrroloquinoline quinone (PQQ) as cofgExine et al., 1980)
Unlike Gramnegative mthylotrophs, limited studies on methanol oxidation in
Gramypositive methylotrophs suggested that methanol dehydrogenases of these
bacteria do not contain PQ®ektor H.J., 2000)Methanol dehydrogenase in Gram
negative methylotrophs is not ondpecific to methanol, but also able to catalyze
aliphatic alcoholg¢Anthony and Zatmarl,964) This type of enzymean be assayed
for activity by using phenazine methosulphate (PMS) as an artificial electron
acceptor.The activities of the enzyme can be spectrophometrically measured from
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the rate of reduction o2, 6dichlorophenolindophenol (DCPIPYhe reaction is
initiated by the addition of ammonia. The most well studied RQQaining alcohol
dehydrogenase is the methanol dehydrogenase fPseudomonassp. M 27
(Anthony and Zatman, 1964b). The other examples of {Q®aining alcohol
dehydrogenases are butanol déilmgenase fromPseudomonas butanovora
methanol dehydrogenase fromlethylocella silvestrisBL2 and acetaldehyde

dehydrogenase frolRhodococcus erythropolisK-1 (Pirog et al., 2009)

1.4.2.2. Nicotinamide adenine dinucleotide (NAD(P)) dependent alcohol
dehydrogenase

NAD(P)-dependent alcohol dehydrogenases have been catagorised into three
families (Jornvall et al., 1987; Reid and Fewson, 19%Mgmbers of Family | are
zinc-dependent, dior tetrameric quaternary struofs. Alcohol dehydrogenases
belonging to this Family do not have activities with methanol. The only exception is
methanol dehydrogenase Bécillus stearothermophiluBSM 2334(Sheehan et al.,
1988) Members of Family Il are metaidependent. They possess broad substrate
specificity. Similar to members of Family I, membefghis Family are not involved
in methanol oxidation in methanotrophs. Members of Family Il are initially known
as irondependent. However, with increasing number of members, iron dependency
IS no longer common among members of this Family. Other nogisisuch as zinc
and magnesium were detected instead of iron. A variety of alcohol dehydrogenases
from various types of organisme.g. Grampositive bacteria, Gramegative
bacteria, aerobic and anaerobic bacteria, yeasts, archaea, was classifiedsinto thi
Family based on their sequence similatdg Vries et al., 1992These enzymes can

sometimes be involved in the oxidation of methanol to formaldehyde.

1.4.2.3. N,N-dimethyl-4-nitrosoaniline (NDMA) dependent alcohol

dehydrogenase

This novel type of cofactecontaining alcohol dehydrogenasems first
discovered in the thermotolerant methanol oxidiZéacillus methanolics C1

(Arfman and Dijkhuizen, 1990Methanol dehydrogenase froBr methanolicis C1
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could oxidise G-C,4 primary alcoha and 1, 3propanedio(Arfman and Dijkhuizen,
1990) The presence of both zinc and magnesium in each subunit of NDMA
dependent alcohol dehydrogenases is the feature which distinguish these enzymes
from the other types of alcohol dehydrogeng&&mck et al., 1991)Members of

this type of alcohol dehydrogenase showed mrezyactivity when coupling the
oxidation of alcohols to the reduction of NDMA, but were not active with free
NAD(P)" (Bystrykh et al., 1993). The advantage of NDMApendent alcohol
dehydrogenases over the other types of these enzymes is that the aatieitied
affected by redox balance (NAD/NADP ratio) of the célBxhenkels and Duine,
2000) This property could benefit bioconversion in industrial scale. Limited details
have been discovered to this type of alcohol dehydrogenase due to its limited
occurence. Other examples dfacteria possessing NDMdependent alcohol
dehydrogenase are the Grawsitive methylotrophsAmycolatopsis methanolica
Mycobacterium gastrMB19, a methanogenylethanosarcina barkerDSM 804,
Rhodococcusp. NI86/21 andRhodococcus erythropolBSM 1069(Bystrykh et al.,

1993; Nagy et al., 1995; Daussmann et al., 1997; Schenkels and Duine,|20a8)
found that NDMAdependent alcohol dehydrogenase was also able to oxidise
ethanol to acetaldehy@8chenkels and Duine, 2000)

1.5.Previous studies on mutagenesis of alkarsdegrading enzymes in

Rhodococcuspecies

15.1. The development oE. colii Rhodococcushuttle vectors and

transformation procedures

The firstE. colii Rhodococcushuttle vector, pMVS301 was developed for
the purpose of cloning. The plasmid pMVS301 contains aitipi@nd thiostrepton
resistancegenes(Singer and Finnerty, 1988The recombinant plasmid pMVS301
was transferred intoRhodococcussp. AS50 by polyethylene ghpol-assisted
transformation and by selection for thiostrepton resistant transformants. Optimisation
of the polyethylene glycedssisted transformation was carried out. The
transformation frequency obtained by this transformation procedure was 10
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transformrant s/ € g DNA. The plasmid pMVS301 was

of Rhodococcussuch asR. erythropolis R. globerulusand R. equi(Singer and
Finnerty, 1988) The use of this plasmid iR. rhodochrouswas not sacessful
(Singer and Finnerty, 1988)ater, several plasmids such as a cadmiasistace
plasmid (pD188) fronR. fasciansand an arsenatesistae plasmid (pD37) used
for transformation oR. erythropolisandR. ejui have been constructed in order to
allow transformation of foreign DNA int&khodococcuspecies(Desomer et al.,
1988; Dabbs et al., 1990 owever, recently one of the most widely ugedcolr
Rhodococcushutte vectors is pK18iobsacB(Schafer et al., 1994)he plasmid
map of pK18nobsacHs shown inFigurel.6 below.
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Figure 1.8: The plasmid map of pK18nobsacB an E.coli-Rhodococcushuttle

sacB

vector used in this study

The pKl8nobsacBplasmid can replicate ifE. coli and closely related
species. This plasmid also contains the broad host range transfer elements from the
plasmidRP4 (Datta et al., 197Which allowsthe transfer of this plasmid betweEn

coli and other bacterial genera. pKi8bsacBalso contains a modifiedacBgene
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from Bacillus subtilis which is lethal to the cells in the presence of sucrose
(Selbitschka et gl 1993). In the presence of sucrose in the medium, levansucrase is
released, resulting in sucrose hydrolysis and levan synitg&tsiesmetz et al., 1985)

The toxicity of levan, which has a high molecular weight, to the cells could be due to
accumulation in the periplasm @ transfer of fructose residues to unsuitable
acceptor molecules causing toxic effect to the cells (Steinmetz et al., 1983). The use
of the lethal effect osacBin the presence of sucrose in order to select for the
transposition of insertion sequences teeen achieved in several genera of Gram
positive bacterigGay et al., 1985; Jager et al., 1995)

A number of nucleic acid manipulation techniques have been developed for
transferring plasmid DNA int&Rhodococcuspp Electrotransformation (protoplast
and electroporation) techniquésave beerwidely used for the transformation of
various plasmids into variouRhodococcustrains.Preparation of protoplasts was
firstly developed for used witBtreptomyce¢Hopwoodet al., 1985). However, the
protoplast transformation technique did not work with sdRi@dococcuspecies
(Desomer et al., 199. The adaptation of electrotransformation techniques led to the
development of electroporation methods for transformatiomRloddococcusspp.
(Desomer et al., 19907 his technique has become widely used for introducing DNA
into variousRhodococcustrains(Nagy et al., 1995; Shao et al., 1995; Sekizaki et
al., 1998) As with electropwation, conjugatiormas been used asother approacito
transferplasmid DNA intoRhodococcuspp. (Desomer et al., 1988; Dabbs, 1998;
van Hylckama Vlieg et al., 2000)

15.2. Mutagenesis of propane monooxygenase

There have been a few studies on the mutagenesis of propane
monooxygenases isordonia sp. TY-5 and Methylocella silvestrisBL2. The
deletion of theJsubunit hydroxylase of the propane monooxygenase was carried out
in Methylocella silvestrid8L2, a facultative methanotroph which can also grow on
propane as sole source of carbon and en@Zggymbie and Murrell, 2014)n the
genome ofM. silvestrisBL2, there are two different SDIMOSE one is soluble
methane monooxygenasésMMO) and another is propane monooxygenase
belonging to Group 5 SDIM@Chen et al., 2010)t was found that irM. silvestris
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BL2, propane was metabolized via both terminal and-tsuhinal pathways
resulting in the detection of both- lJand 2propanol. The role of propane
monooxygenase irM. silvestris BL2 was studied by deletingrmA the gene
encoding the hydroxylasé€tsubunit of propane monooxygenag@rombie and
Murrell, 2014) TheprmA-deleted mutant was still able to grow on propane, but with
slower growth rates than the witgpe strain. This is because of the oxidation of
propane by active sSMMO. It was found thap@panol was detected in the medium
of theprmA-deleted mutant wherrgwn on propane. This suggested thgr@panol

is the product of propane metabolism by sMMO. In contragt,opanol was not
detected in the medium of sMMG@eficient strain grown on propane. This suggested
that 2propanol is not a major product of propamgetabolism by propane
monooxygenase. The ability of propane monooxygenadd.irsilvestrisBL2 to
oxidise methane was evaluated by comparing methane consumption of thepeild
strain with that of sMM@&deficient strain. The study showed that there was no
detectable consumption of methane by the sMd#cient strain. This suggested

the inability of propane monooxygenase to metabolise methane.

In Gordonia TY-5, prmB, a gene encodingb-subunit of propane
monooxygenase aratihl, a gene encoding alcohol dehydenase were inactivated
by homologous recombination with gene disruption plasrtfagani et al., 2003)
Both mutants were tested for their ability to grow on propane and potential
intermediates in propamaetabolism. The results showed that bothpimeB-deleted
mutant and theadhldeleted mutant were not able to grow on propane. This
suggested that both genes are essential in propane oxidation | this bacterium. Both
mutant strains were still able to gram l-propanol as well as the wiliype strain.
This indicated that there might be other enzymes involved in the oxidation of 1
propanol. The growth oprmB-deleted mutant and thedhldeleted mutant on-2
propanol was reduced. However, both mutant straoo$dcstill grow on 2propanol.
This suggested that there are probably other enzymes responsible for the oxidation of
2-propanol. Other evidence supporting this claim is the presence of two alcohol
dehydrogenase genesjh2andadh3located on the chromos@nThe expression of
adhlin theprmB-deleted mutant was investigated by northern blot analysis. Results
showed thatdhlwas not transcribed iprmB-deleted mutant. This suggested that

the insertion of kanamyciresistant gene in thermB affected the tnascription of
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adhl, which is located downstream pfmB in the propane monooxygenase gene

cluster ofGordoniasp. TY-5.

15.3. Mutagenesis oalkB-type alkane monooxygenases

The role ofalkB-type alkane monooxygenase (alkane hydroxylase or alkane
1-monooxgenase) has been extensively studieBsaudomonas oleovora@&Pol,
recently named aBseudomonas putidaPol(van Beilen et al., 2001)he alkane
hydroxylase system iR. putidaGPol was identified aleingresponsible for the
first stepin the oxidation of alkanesSite-directed mutagenesis afkB gene in the
alkB-type alkane monooxygenaseRdgeudomonas putidaPol was recently carried
out (Alonso et al., 2014)In this study, a lysine residue which is one of the highly
conserved amino acid residues near active site of the enzyme was substituted with
alanine. It was found that the mutant protein completely lacked enzyme activity. This
indicated that the lysine resigplays an essential role in the function of aiflB-
type alkane monooxygenase. The observation of the 3D structure of the mutant
protein comparing with the wiltype protein showed that substitution of lysine with

alanine leads to the loss of integritiytbe structure of the enzyme.

Two alkB-type alkane monooxygenases were found Afcanivorax
borkumensiSK2 (Hara et al., 2004)'he role of the two alkane monooxygenases in
A. borkumensi$§SK2 was investigated by the disruptionatkB1 andalkB2 Results
suggested that thalkB1 geneis responsible for the degradation whexane.A
mutantin which both alkB1 and alkB2 were disrupted was still able to grow on
mediumchain alkanes. This suggested that the metabolism of mezhiam alkanes
depends on the hydroxylation of the enzyme system rather thatkBieandalkB2
(Hara et al., 2004)
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Project aim

This PhD project aims ttest the hypotheses thttere is more than one enzyme
system which is responsible for the oxidation of alkand®hiodococcus joststrain

8 or if there isonly one versatile enzyme systeio achieve this goathe ranges of
carbon substrates which jostiistrain 8 can grovand oxidisevasinvestigatedThe
potential pathways of alkane metaboligrarealso determined. The development of
a system for mutagenesis @fmA andalkB in R. jostii strain 8was carried outin
order to make the deleted mutants to furitheterminethe role of alkanelegrading

enzymes
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Chapter 2

Materials and methods
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2.1.Bacterial strains, plasmids and primers used in this study

Table 2.1: Bacterial strains used in this study Abbreviations, Gy, gentamicin resistance; Kinkanamycin resistance; Rpampicillin

resistance
Bacterial strains Description Reference/source
Rhodococcus jostRHAL wild-type strain Prof. Tim Bugg, University of
Warwick
Rhodococcus jostsitrain 8  wild-type strain This study
_ : endAl, recAl, gyrA96, thi, hsdR17 (i, m¢’, relAl, sugE44,
Escherichia colUM109 lac-proAB). [F traD36, proAB, lagl'Z @M1 5 | Promega
Escherichia coliTop10 F-mcA  mf-nSRMSmerB C) - [abBOM1 facXad Invitrogen

recAl araD 1 3 Qaratp()7697galU galKk rpsL (strR)endAl
nupG
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Table 2.2: Plasmids used in this study

Plasmids Description Reference/source
pGEM-T Ap®, TA cloning vector Promega
pNV18 Km~ (Chiba et al., 2007)

pK18mobsacB KmR, RP4mob, mobilisable cloning vector containisgcBfrom
Bacillus subtilis

p34SGm Source of Gii cassette

DAGB Km®, GnT, pK18mobsacReontaining insertion of gentamicin
cassette inserted into a fragmenpohAof R. jostiistrain 8

Km®, GnT', pK18mobsacBeontainirg insertion of gentamicin

PXGY cassette inserted into a fragmenalkB of R. jostiistrain 8
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2.2.Chemicals
Chemicals, enzymes and media components were of analytical grade and were

obtained fronthe following manufacturers:

SigmaAldrich Corporation (St Louis, MO, USA), Melford laboratories Ltd
(Ipswich, UK), Fisher Scientific UK (Loughborough, UK), Oxoid Ltd
(Basingstoke, Hampshire, England), Formedium Ltd (Hunstanton, England),
Merck (DarmstadtGermany).

Methane and propane were used at 99.5% purity grade. Ethane, butane, ethane,
propene and butane were used at 99+% purity grades. Gases were from the following
manufacturers:

BOC (Manchester, UK), Air Liquide UK (Birmingham, UK), Sigmddrich.

2.3.Antibiotics

Stock antibiotic solutions were prepared by filter sterilized through 0.2 pm
poresi ze disposabl e Minisart syringe fi
Concentrations of antibiotics which were used in growth media are shown in
Table2.3.

Table 2.3: Antibiotics used in this study

o Stock concentration Working concentration

Antibiotics
(mg/ml) (eg/ ml)

ampicillin 100 100
kanamycin 50 50, 100
spectinomycin 50 25
streptomycin 50 25
gentamicin 5 25,5

2.4.Growth conditions
All solutions for growth mediavere prepared with deionized water and
sterilized by autoclaving at 15 psi for 15 minutes at°C21Any solutions which

were sensitive to autoclaving.¢ glucose) were sterilized using 0.2 um peize
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di sposabl e Minisart sngen,i Gerghany),fand were then( Sar t

added to cooled autoclaved media.

2.4.1 Rhodococcus jostistrain 8

Cultures of strain 8 using gaseous alkanes and volatile substrates of the
putative propane oxidation pathway were grown in batch culture in 120 ml, 250 ml
or 2 L quickfit flasks containing 20 ml, 50 ml or 500 ml of NMS medium,
respectively. Cultures were inoculated with a loopful of cells from a plate or 10%
(v/v) of an exponential phase liquid culture. Flasks were closed with suba seals. The
air in the hedspace was withdrawn prior to the addition of an equivalent volume of
gaseous alkanes by using a sterile needle and syringe, resulting in 10% (v/v) of
gaseous alkanes in the headspace. When using liquid substrates i.e. volatile
substrates involved in thergpane oxidation pathway, an appropriate volume of
substrate was added to batch cultures to give a final substrate concentration of 10

mM. Flasks were incubated at’8Q with shaking at 150 rpm.

Preparation of Nitrate Mineral Salts Medium (NMS)

Solution 1: Salt solution (x10 stock)

Potassium nitrate (KNO3) 10g
Magnesium sulfate (MgSOy.7H,0) 10g
Calcium chloride (CaCh.2H,0) 29

Dissolve the above in approximately 700 ml of deionised water and make upto 1 L

Solution 2: Iron EDTA solution(x10,000 stock)
FerricEDTA (FeEDTA) 3.8¢g

Dissolve in deionised water to a final volume of 100 ml

Solution 3: Sodium Molybdate solution (x1,000 stock)
Sodium Molybdate (NaMOs.2H,0) 0.26 g

Dissolve in deionised water to a final volume of 1 L
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Sdution 4: Trace Elements solution (x1,000 stock)

Copper sulphate (CusQ.5H,0) 19
Ferric sulphate (FeSQ.7H,0) 25¢g
Zinc sulphate (ZnSQ,. 7H0) 29
Orthoboric acid (H3BO3) 0.075¢
Cobalt chloride (CoCh.6H,0) 0.25¢g
Disodium EDTA (N&EDTA.2H,0) 1.25¢g
Manganese chloride (MnCl,.4H,0) 0.1g
Nickel sulfate (NiSO,.7H,0) 0.05¢

Dissolve the above in the specified order in deionised water and dilute to a final
volume of 5 L. Store in the dark atGl

Solution 5: Phosphate budr solution (x100 stock)
Disodium orthophosphate (NaHPO:.12H,0) 71649

Potassium orthophosphate (KH,PQy) 26 ¢

Dissolve the above in the specified order in 800 ml of deionised water. Adjust pH to
6.8 and diluteto 1 L.

NMS medium was prepared lojluting 100 ml of solution 1 to 1 L and then
adding 1 ml of solution 3, 1 ml of solution 4 and 0.1 ml of solution 2. 10 ml of sterile
solution 5 was then added to the cooled medium °@pafter autoclaving. When
preparing solid medium, 1.5% (w/v) of bagblogical agar (Oxoid, Basingstoke,

Hampshire, UK) was added prior to autoclaving.

2.4.2 Escherichia coli

E. coli was routinely cultured in Luria Broth (LB) (Sambrook & Russell,
2001). The cultures were grown in universal vials or flasks 4 8dth shaking at
200 rpm.Antibiotics were added to the medium at the concentrations indicated in
Table 2.3 when appropriate. Solid media were prepared by the addition of 1.5%

(w/v) bacteriological agar (Formedium Ltd.) prior to autoclaving.
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2.5.Maintenance of kacterial strains
E. coliandR. jostiistrain 8 were stored in LB medium + 20% (v/v) glycerol.

The cultures were stored-80°C until use.

2.6.Cell dry weight measurement

Dry weights of R. jostii strain 8 cells were estimated by constructing a
standardcurve of dry weights against optical density values at 540 nm. Dry weight
measurements were carried out using a filtration method (Gerhardt, 1981). Cultures
of different known optical densities were filtered under vacuum through pre
weighed, dried filtero f pore size 0.2 &m. Filters

oven at 96C to constant weight.

2.7.Light microscopy

Purity of cultures was routinely checked by microscopy and growth on R2A
agar. A drop of bacterial culture was placed on a slide and wag¢tained with a
coverslip. The culture was observed using a phase contrast microscope (Zeiss, Axio

observer, UK) at a magnificent of 1,000x.

2.8.General purpose buffers and solutions

Agarose gel loading buffer (6X)

Bromophenol blue 0.0025 g
EDTA 292¢g
Glycerol 2.5 ml
Deionised water to 5ml

The buffer was stored at room temperature.
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TE buffer (pH8.0)
Tris-HCI 10 mM
Sodium EDTA 1 mM

Prepared from 1 M Tri$iCl (pH8.0) and 0.5 M sodium EDTA (pH8.0) which were
adjusted to pH 8.0 with HCI

TBE electrophoresis buffer (10X)

Tris base 108 g
Boric acid 55¢
0.5 M Sodium EDTA solution (pH 8.0) 40 ml

Volume was adjusted to 1 L with deionised water.

2.9.Extraction of nucleic acids

2.9.1.Extraction of genomic DNA from Rhodococcus jostistrain 8
High-molecular mass genomic DNA was extracted flRmjostii strain 8 for
subsequent sequencing by The Genome Analysis Center (TGAC), Norwich UK and

for use during this project. Cells from a 50 ml culture, gramnNMS with 10%

(v/v) propane in the headspace, were centrifuged at ,80015 min. The cell

pellet was resuspended in a minimum volume of TE buffer pH 8.0. Extraction of
genomic DNA from this cell suspension was carried out using a Fast DNA Spin kit

for Soil (MPBio, Solon, OH, USA). The extraction procedure was conducted
according to the manufacturero6s instrucit
assessed by running it on a 1% (w/v) agarose gel alongside a 1 kb ladder
(Fermentas)It should be noted that the extraction of genomic DNA fiRnjostii

strain 8 by phenethloroform extractiordid not yield sufficiently high quality DNA

nor sufficient DNA for lllumina genome sequencing.
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2.9.2.Small-scale extraction of plasmids fromE. coli
Plasmids were routinely extracted froa coli by using the GeneJET
Plasmid Miniprep Kit (Fermentas). Plasmid extraction was carried out according to

the manufacturerods instructions.

2.9.3.Extraction of RNA from Rhodococcus jostistrain 8

R. josti strain 8 was grown in 50 ml NMS medium with 10 mM glucose or
10% (v/v) of ethane, propane or butane in the headspace. Total RNA was extracted
from cultures grown to an QI of 0.81.0 (midexponential phase) using the hot
phenol method as described yaaisly (Gilbertet al, 2000). All solutions, water
and glassware which were used for RNA manipulations were treated with
diethylpyrocarbonate (DEP@jeated water by adding 0.1% (v/v) DEPC solution
and incubated with shaking overnight afG7All plasticware and tips were RNase

free.

2.10.Nucleic acid manipulation techniques

2.10.1.DNA/RNA quantification
DNA and RNA concentration and purity was estimated by using a Nanodrop
2000 (Thermo Fisher Scientific) Spectrophotometer or by agarose gel amralgsis

comparison with a known amount of 1 kb DNA ladder (Fermentas).

2.10.2.DNA purification
PCR products or DNA samples excised from gels were purified using
NucleoSpin gel and PCR cleap kits (Macherey Nagel, Duren, Germany)

according tothe manufaceur 6 s i nstructi ons.

2.10.3.RNA purification

Removal of DNA from RNA was carried out using DNase | solution. DNase
treatment was carried out using RNdsE® DNase set (Qiagen) according to the
manufacturerds instructi onsnng®ualRNAYy of
on a 1% (w/v) agarose gel. The absence of DNA contamination in RNA was
confirmed by performing PCR amplification of 16S rRNA genes on 3 ul of RNA
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using 27f/1492r primers. RNA was judged to be Diée if no PCR product was

obtained afted0 rounds of PCR amplification.

2.10.4.RNase treatment of genomic DNA

Removal of RNA from genomic DNA was carried out by adding 100 pg/ml
of RNase solution. The DNA was incubated at@Bfor 30 minutes. RNase was then
removed by extraction with an equadlume of chloroform: IAA (isoamyl alcohol).
Quality of DNA after RNase treatment was assessed by running on a 1% (w/v)

agarose gel.

2.10.5.DNA restriction digests
DNA restriction enzymes were supplied by Fermentas. Restriction digests

were carriedout@ac or di ng to the manufacturer s 1in

2.11.Polymerase chain reaction (PCR)

PCR amplifications wer e perfor med i n
microcentrifuge tubes using a Tetrad thermocycler ). The PCR mixtures
contained 1.5 mM MgG| 0.2 mM of each dNTP, 0.07% (w/v) BSA, 2.5 units of
Taq DNA polymerase (DreamTaq) (Fermentas), 0.4 pM of forward and reverse
primer (equivalent to 10 pmol per 50 ¢l
template. For direct amplification of any gene froolonies, 5% (v/v) DMSO was
included in the reactions. Amplification conditions were typically: initial
denaturation at $&, 30 s; annealing step (temperature dependent on primers), 30 s;
elongation at 7, 1min/kb; final elongation at 72, 7 min. For @dect amplification
of any gene from colonies, initial denaturation was extended to 10 min. Reactions

without DNA templates were included in all cases as a negative control.

2.11.1.Design of PCR primers

Primers were designed using The Primer Designeb.() in the Clone
Manager Professional Suite (Scientific & Educational Software) or Primer 3 online
software. All primers used in this study are listed in T&ble
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Table 2.4: Primers used in this study

Primers Target gene and description SequencesH to 3) References
27f 16S rRNA AGAGTTTGATCMTGGCTCAG (Lane, 1991)
1492r 16S rRNA TACGGYTACCTTGTTACGACTT (Lane, 1991)
M13f insert gene in pGEM and pK18nobsacB GTAAAACGACGGCCAG Invitrogen
M13r insert gene in pGEM and pK18nobsacB CAGGAAACAGCTATGAC Invitrogen
NVC57 degenerate primer targeting gene encoc CAGTCNGAYGARKCSCGNCAYAT (Coleman et al.,
Usubunit of SDIMO 2006)
NVC58 degenerate primer targeting gene encoc CGDATRTCRTCDATNGTCCA (Coleman et al.,
Usubunit of SDIMO 2006)
NVC65 degenerate pmer targeting gene encodir CCANCCNGGRTAYTTRTTYTCRAACCA (Coleman et al.,
Usubunit of SDIMO 2006)
NVC66 degenerate primer targeg gene encoding CARATGYTNGAYGARGTNCGNCA (Coleman et al.,
Usubunit of SDIMO 2006)
alkBf primer for gPCR of gene encoding for CACACGAGATGGGTCACAAGA
hydroxylase subunit of alkane hydroxyla This study
(alkB)
alkBr primer for gPCR of gene encoding for GGTCTGCGCGAGAGTGATC This study
hydroxylase subunit of alkane hydroxyla
(alkB)
rpoBf_RT reference gene for gPCR targetipgpB ACATCATCAAGCTGCACCAC This study
rpoBr_RT reference gene for gPCR targetipgpB ACAAGTTGATGCCCAGGTTC This study
PMAF ArmA of prmA CATGGAATTCGCGTGTACGGCGCCATGGAC This study
OMAT ArmA of prmA | usedfor CATGGGATCCGACTGCACCGAGTGGAAGAC This study
pmBf ArmB of prmA [ Mmutagenesis of GATCGGATCCCATCGAGTACGGCACGAAGG This study
pmBr AmB ofprmAJ  PMA GATCAAGCTTCGGCGTCGGTCCAGTAGCAG This study
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Table 2.4: (continued) Primers used in this study

Primers Target genes and Descriptions Sequences (5' to 3') References

prmAf gene e n-subudiiofrprgpparnd TCAAACAGATCATGCGGTCCTA This study
monooxygenase iR. jostiistrain 8, for
the amplification of partighrmAfrom
cDNA

prmAr gene e n-subudii ohpgopade CGTACACGCGGTTGTCCTT This study
monooxygenase iR. jostiistrain 8, for
the amplification of partighrmAfrom
cDNA

AlkBf gene encoding hydroxylase subunit of CCGTAGTGCTCGAGGTAGTT This study
alkane hydroxylase iR. jostiistrain 8, for
the amplification of partighrmAfrom
cDNA

AlkBr gene encoding hydroxylase subunit of GACCTTCTACGGCCACTTCT This study
alkane hydraylase inR. jostiistrain 8, for
the amplification of partighrmAfrom

cDNA
PrMOf gene e n-subudii ohpgopade TCTCCAACGGCTACTCGATC This study
monooxygenase iR. jostiistrain 8
PrMOr gene e n-subudii ohpgopade GGTACTTGTGCTCGAACCAC This study
monooxygenase iR. jostiistrain 8
Gmf gentamicin resistant gene TAAGACATTCATCGCGCTTG This study
Gmr gentamicin resistant gene TCGTCACCGTAATCTGCTTG This study
Kmf kanamycin resistant gene CTGTGCTCGACGTTGTCACT This study
Kmr kanamycin resistant gene AGCCAACGCTATGTCCTGAT This study
rpoBf reference gene for amplification of any CGGACCCGCGTTTCG This study

gene from cDNA, target gene ipoB
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Table 2.4: (continued) Primers used in this study

Primers Target genes and Descriptions Sequences (5' to 3') References
rpoBr reference gene for amplification of any = GCCGCGTAGGTCATGTCTTT This study
gene from cDNAtarget gene ispoB
206f mmoX gene e n-subuditioh ¢ ATCGCBAARGAATAYGCSCG (Hutchens et al.,
886r mmoX ACCCANGGCTCGACYTTGAA (Hutchens et al.,
2004)

out_AGBr downstream region adArmBdof prmA CGTCGAGAGTCCACATCTTC This study
out_AGBf upstream region aArmAdbof prmA TGTCATGGGATCCGACATTC This dudy

alkXf 0 Ar mXatkB o f TTTCGACATGACCGAGAAGG This study
alkXr 0 Ar mXatkB o f| used for TCGATCCGCCAGTAGTTCAC This study

— mutagenesis oflkB

alkyf 0 Ar mYakB o f CACACGAGATGGGTCACAAG This study
alkyr 0 Ar mYakB o F GCAGGTGGTACAGGAAGATG This study
Out_XGYf upstream region adArmX @f alkB AGCGCTACCTGTGGCTGATG This study
Out_XGYr downstream region aArmY &@f alkB GAACTCCGCCGCTGTACTTG This study
SDIMOgr3r gene e n-subudii ohggouplB GGATACTTGCCACGGAGTGT This study

SDIMO inR. jostiistrain 8
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2.12.Agarose gel eletrophoresis

Agarose gels were prepared with 1x TBE electrophoresis buffer containing
between 0.7942% (w/v) agarose and 0.5 pg/ml ethidium bromide. DNA samples
were prepared by addition of DNA loading buffer (10x) at 1/5 volume per volume of
DNA samples. garose gel electrophoresis was performed using a Power Pac Basic
(Power Pak, BieRad). Gels were visualized on a UV transilluminator (Molecular
imager gel doc XR (BioRad), and photographs were taken using Image Lab

software (BieRad).

2.13.Dephosphoryhtion of DNA
DNA ends were dephosphorylated using shrimp alkaline phosphatase (SAP)
(Fermentas). The dephosphoryl ation was c

instructions.

2.14.DNA ligations
The ligation of DNA was carried out in a total voluroef 20 ¢l usi n
DNA | igase (Fermentas) according to the

total amount of DNA used in each ligation reaction was 500 ng.

2.15.Cloning of PCR products

PCR products were cloned into the pGHMEasy vector (Promega,
Madi son, Wil , USA) according to the ma n
insertion of PCR products into the vector was confirmed by sequencing using M13f

or M13r primers.

2.16.Clone library construction and restriction fragment length polymorphism
(RFLP)

A clone | ibrary estibung ef i 5sBIMO veas wwstiuictedg t h e
using PCR products from the amplification by using NVC57f and NVCG66r primers
(Coleman et al., 2006 PCR products were cloned as described in section 10.10.
Inserts were directly amplified from colonies by PCR using M13f and M13r primers.

PCR products were digested wiledR| andMspl, and resolved by runninghaa 2%
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(w/v) agarose gel. One or two representatives of each set of clones containing

identical restriction patterns were selected for sequence analysis.

2.17.Sequencing of DNA

Purified DNA was submitted, with 5.5 pmol of the appropriate primer, for
Sangr sequencing at the University of Warwick Genomics Facility or Source
Bioscience Company (Cambridge, UK). DNA sequences from the University of
Warwick were analysed using Chromas (Technelysium Pty Ltd, Brisbane, Australia).
Sequences were aligned by Cala using MEGA 5 softwarélfamura et al., 2011)

2.18.Reverse transcriptase PCR (RTPCR)

Reverse transcription was performed, on RNA obtained RRojostiistrain 8
grown on different carbon sources, using Superscript Il or Superscript I
(I'nvitrogen) with random hexamer, accor ¢
Between 500 ng antl pg RNA was used for the first strand cDNA synthesis with
200 ng random hexamer. Reactions in which water was used in place of reverse
transcriptase were included as negative controls. Reverse transcription was carried
out at 42C or 55C for Superscriptl or Superscript Ill, respectively. 2 ul of cDNA
was used as template in PCR reactions, together with cDNA synthesis reactions
where reverse transcriptase was omitted. Reactions with DNA template were

included as positive control, and also without tengpéet a negative control.

2.19.Reverse transcriptase quantitative PCR (RTqQPCR)

Quantitative PCR amplification on cDNA was carried out using the
StepOnePlus Redlime PCR system (Applied Biosystems, Invitrogen, UK). cDNA
synthesis was carried out as ddsed in section 10.13. The reactions were set up in
96-well plates. The reactions were performed in a total volume of 20 pl containing
200 nmol of forward and reverse primers, 100 ng of cDNA templates and SYBR
Green gPCR mastermix (Applied Biosystems, timgen, UK) or Precision Fast 2x
mastermix with SYBR Green (Primer Design, Southampton, UK). The reactions
with DNA template and with water in place of cDNA template were included as a
positive and negative control, respectively. Amplification conditiomsevtypically:
enzyme activation (hot start) at @5 20 s, denaturation at @ 1s, annealing at

60°C, 20 s. The data were analysed using StepOne software v 2.2.2.
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2.20.Genome sequencing

Genomic DNA ofR. jostii strain 8was prepared as described in section 9.1.
The DNA was submitted to The Genome Analysis Center (TGAC) (Norwich, UK)
for lllumina sequencing using the MiSeq system. The MiSeq runs included 150 bp
pairedend runs and 250 bp pairedd runs. The reads weraénimed based on
quality and assembled using ABySS. SSPACE was used for scaffolding pre
assembled contigs using painezhd data. The whole procedure for generating
assemblies was repeated for combining both 150 bp and 250 bp-@@dredns.
Annotation proedures and comparison of the data were carriethypute at UEA
Annotation of the open reading frames was performed using RAST (Rapid
Annotation using Subsystem Technology) and by compaistimdata from COG,
KEGG and Swis#rot databases.

2.21.Bacterial transformations
2.21.1.Preparation and transformation of chemically competentE. coli

Solutions which were used for preparation of chemically comp&tenbli

are listed below.

SOB medium:

Yeast extracts 59
Tryptone 209
NacCl 05¢g

KCI solution (250 mM) 10 ml

The abovecomponents were dissolved in 900 ml deionized water, the pH was
adjusted to 7.0 with 5 M NaOH and the solution made up to a volume of 1 L with
water. The solution was sterilized by autoclaving. Sterile M{ZM stock solution)

was added to 10 mM prioo use.

Transformation buffer:

CaCh.2H,0 224
KCl 18.65 g

PiperazineN , Mi&(2ethanesulfonic acid) (PIPES) buffer (0.5 M, pH 6.7) 10 ml
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The above components were dissolved in 800 ml deionized water and made up to 1

L with water. The solution was then sterilized by filtration through a 0.2 um filter.

SOC medium:
Filter-sterilised glucose solution was added to SOB medium to a final concentration
of 20 mM.

Chemically competenkE. coli was prepared according to the method of
(Inoue et al., 1990E. coliwas grown in 125 ml SOB medium in 500 ml flask to an
ODgoo of 0.55. A flask was cooled on ice, and centrifuged at 236010 min at
4°C. The supernatant was removed, and cells were washed in 40-coldcoue
buffer. Cells were resuspended in 10 ml-cce | d | noue buf fer
dimethylsulfoxide (DMSO) were gently added. The cell suspension was cooled on
i ce for 10 almuots wemendsperis@d into Imicrocentrifuge tubes. Tubes
were frozen in liquid nitrogen and stored-&t’C.

For transformation, cells were thawed on ice and then approxima¥€lyniy
of plasmid DNA was added and gently mixed with the cells. Cells Wwehee a t
s h o ¢ k e 8Cofor &0t s add2cooled on ice for 2 min. SOC medium (1 ml) was
added to allow recovery of cells at°87 with shaking at 200 rpm, for 1.5 hours.
Cells were spread on selective LB plates containingsak and IPTG (as
appropriate). Platesere incubated at 8C for 1624 hours.

2.21.2 Preparation and transformation of electrocompetentE. coli
Electrocompeterit. colicells were prepared from a 500 ml culture grown on
LB medium to an OBy of 0.50.6. The flask containing the culture waslled on
ice for 15 min prior to precipitation of cells by centrifugation at 4¢gJ@® 15 min at
4°C. Supernatant was removed and the cell pellet was first washed with 500 ml cold
sterile deionized water. The pellet was washed again with 250 ml ofsteiite
deionized water and finally washed with 2.5 ml of cold 10% (v/v) glycerol after

centrifugation as above. Electrocompetent cells were resuspended in cold 10% (v/v)

gl ycer ol and 100 ¢l aliguots were dispen

immediately frozen in liquid nitrogen and stored&¥’C.
ElectrocompetenE. coliwer e transformed by addi

DNA or ligation mix each containing a 500 ng DNA. Cells were incubated on ice for
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15 min and then transferred into a chille&m electroporation cuvette (Plus BTX,

Harvard Apparatus, Holliston, MA, USA). Cells were transformed by
electroporation using an electric field pulse applied using a GenePulser
Electroporation system (BiRad, Hemel Hempstead, UK) at the setting 1.8 ¥,

e F, 200 q. Cells were i mmediately transf
with shaking at 200 rpm for 1 hour. Appropriate volumes of culturei (800 0 ¢ | )
were spread onto selective LB agar plates. Transformant colonies usually developed
after ovenight incubation at 3.

2.21.3.Preparation and transformation of electrocompetent

Rhodococcus jostistrain 8

Electrocompeteni. jostiistrain 8 was prepared from 50 ml culture grown on
NMS medium + 10 mM glucose to QI3 of 0.4-0.5 (early exponentigphase). Flask
was chilled on ice for 20 min and then centrifuged at 2500 15 min at 4C.
Supernatant was removed and the cells were washed firstly in 25 ml cold sterile
deionized water, then in 25 ml cold 10% (v/v) glycerol, with centrifugatiofhagea
The cells were resuspended in 500 ¢l of
aliquots into microcentrifuge tubes and store on ice until use. No long term storage
of the cells was carried out in case the cells lost their competency afteedhe f
thaw process.

ElectrocompetenR. jostiistrain 8 was transformed by adding plasmid DNA
up to 3 ¢l colnhtaag nohgDBNAO Ggll s were chi
before transferring them into a chilled 0.2 cm electroporation cuvette. Ami@lect
field pulse were applied to the cells by using a GenePulser Electroporation system
set at 2.5 kV, 25 ¢ F, 800 q. Cell s were
mM glucose medium on a rotary shaker atGB@or 16 hours. Aliquots (5 0 0 ¢ | )
were spred onto selective NMS + 10 mM glucose plates. Transformant colonies

developed after 3 days of incubation atG0

2.22.Harvesting of cells
R. jostii strain 8 cultures were harvested by centrifugation at 85015
min. Supernatant was removed and pellets were washed with appropriate buffer
or growth medium without substrate. Cells were either used immediately or, in most

cases, drop frozen in liquid nitrogen and store@@iC.
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2.23.Bacterial purity checks

Purity of bacterial cultures was exanley streaking out on R2A plates and
observation of subsequent growth and also by examination under a phase contrast
microscope at x1,000 magniéiton

2.24.Calculation of specific growth rates

Cultures ofR. jostii strain 8 were grown in 20 ml NMS in2@ ml serum
vials. The cultures were grown in triplicate for each growth substrate. Culture
density was determined every 12 hours by measuring optical density at 540 nm. The
natural logarithm of culture density was plotted against time. Growth rates were
determined from a minimum of three data points obtained during exponential phase
using Microsoft Excel.

2.25.Preparation of cellree extracts

R. jostiistrain 8 was grown on 500 ml NMS medium with 10 mM glucose or
10% (v/v) ethane or propane or butan¢hi@ headspace. The cultures were grown to
an ODyo of 0.81.0 or during lateexponential phase. Cells were pelleted by
centrifugation at 8,5@Pfor 15 min at 4C. Cell pellets were washed twice with 500
ml of 25 mM MOPS (3N-morpholino) propanesulfonical) solution pH 7.2. Cells
were resuspended in a minimal volume (usual¥ él) of MOPS solution and
immediately drop frozen in liquid nitrogen.

Cells were mixed with freshly prepared benzamidine solution (working
concentration of 1 mM) as a proteasdilnitor. Cells were then disrupted by
passaging three times into a French pressure cell (Aminco, Silver Spring, Maryland,
USA) at a pressure of 20,000 psi or 138 MPa. The disrupted cells were cooled to
4°C. Cell extracts were collected by centrifugatio® &0Qy for 15 min at 4C. Cell

debris was discarded and supernatant (crude extract) was ste8&Cat

2.26.Protein quantification
Protein concentration of cell extracts was determined using thdr&io
Protein Assay (Bi€Rad Laboratories Inc., Herad, CA, USA) according to the

manufacturer os i nstructions. Protein con

prepared with bovine serum albumin (BSA).
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2.27.Sodium Dodecyl SulfatePolyacrylamide Gel Electrophoresis (SDSAGE)
SDSPAGE was carried outsing an Xcell Il Mini-Cell apparatus (Novex)

in order to separate polypeptides in d¢edle extracts. A stacking gel (4% (w/v)) and

a resolving gel (12.5% (w/v)) were used and prepared as follows, using premixed

40% (w/v) acrylamide/bis (37:5:1) (Amresc®olon, OH, USA).

Stacking gel:

Water 3.17 mi
Acrylamide/bis 0.5 ml
0.5M TrisHCI, pH 6.8 1.25 ml
10% (w/v) SDS 50 ¢l
10% (w/v) Ammonium persulfate 25 ¢l

TEMED (N, N, Ndiramétbylethané,2-diamine) 5 ¢l

Resolving gel:

Water 5.41 ml
Acrylamide/bis 3.125 ml
3M Tris-HCI pH 8.8 1.25 ml
10% (w/v) SDS 100 ¢l
10% (w/v) Ammonium persulfate 75 ¢l

TEMED (N, N, Ndiranmétbylethané,2-diamine) 5 ¢l
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SDSPAGE sample buffer:

Tris-HCI pH 6.8 63mM

Glycerol 10% (v/v)
b-mercaptoethanol 5% (v/v)

SDS 2% (w/v)
Bromophenol blue 0.00125% (w/v)

Running buffer:

Glycine 72 g/L
Tris base 15 g/L
SDS 5g/L

SDSPAGE was performed with ceiifee extracts prepared ugithe French
Press method. Cell extracts were mixed with ¥ volume of 5x sample buffer. The
mixtures were heated for 8 minutes in a boiling water bath and cooled on ice.
Approxi mately 15 e€g protein was | oaded p
90V through the stacking gel and 120V during separation through the resolving gel,
using Trisglycine running buffer. PageRuler Plus prestained protein ladder
(Fermentas) was used as molecular mass marker. Gels were stained with Coomassie
brilliant blue staimg solution (0.1% wi/v). Staining solution was prepared by
dissolving Coomassie Brilliant Blue destained solution (40% (v/v) methanol and

10% (v/v) acetic acid) in water.

2.28.Mass spectrometry analysis of polypeptides
Protein identification from Coomassstained gels was conducted by means
of tryptic digest and nanol-ESFMS/MS. Gel pieces were tryptically digested,

using the manufacturerdés recommended ©pro
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handling system (Waters). The extracted peptides from thelea were then
analysed by means of nanolESFMS/MS using the NanoAcquity/Synapt G2
HDMS instrumentation (Waters) using a 30 minute LC gradient. The data were
analysed against the entire amino acid sequences froR. fjostii strain 8 genome
using ProtenLynx Global Server v 2.5.1. This was done by Dr. Susan E. Slade at the
University of Warwick, UK.

2.29.0xygen electrode experiments

2.29.1.Preparation of cell suspension

Cell suspensions dR. jostii strain 8 were prepared from 500 ml cultures
grownon NMS + 10% (v/v) ethane, propane or butane or NMS + 10 mM glucose in
2L flasks. The cultures were grown to ragponential phase at an @pof 0.6-0.8.

Cells were harvested by centrifugation at 8t 15 min at 4C. Cell pellets were

washed twice wh 500 ml of 0.1 mM phosphate buffer (pH 7.0). Supernatant was
removed and the pellets were resuspended in a minimal volume of 0.1 mM
phosphate buffer (pH 7.0). Cell suspensions were immediately frozen in liquid

nitrogen and stored a80°C.

2.29.2 . Measuement of oxygen uptake by cell suspensions in the

presence of substrates

The ability ofR. jostiistrain 8 to oxidise a variety of carbon compounds was
investigated by measuring oxygen consumption when adding the substrate to cell
suspension placed in alatk-type oxygen electrode (Rank Brothers, Bottisham,
Cambridge, UK). Assays were conducted in 3 ml of 0.1 mM phosphate buffer (pH
7.0). The temperature of the assays was maintained@tuding a circulating water
bath (Churchill Co. Ltd, Perivale, UKAIr-saturated buffer was added to the oxygen
electrode chamber, the plunger was then inserted to allow the system to equilibrate.
Then, an appropriate volume of cells, equivalent to 5 mg dry weight, was added into
the chamber. Endogenous rates of oxygetakgwere measured. Substrates were
then added to a final concentration of

gaseous alkane/alkesaturated water was added. Stimulation of oxygen uptake was
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recorded. Oxygen consumption rates were estimated byastibh of endogenous
rates prior to calculation of oxygestimulated substrate oxidation rates in terms of
nmol of oxygen miffmg cell dry weight.

The dissolved oxygen concentration of-saturated buffer was calculated
using the method described by BRwson and Cooper, 1970. Gaseous alkae

alkenesaturated water was prepared by passing the gas contained within an inflated

football bladder through 10 ml of distilled water in a 120 ml serum vial in a fume
hood. The final concentrations of gaseousaa#is and alkenes used in experiments
were <calculated according to Henryods
Henryds constant for gaseous al kanes
1999).

Table25:Henr yd6s const ant sssaubiiydnwaterr c al

Henry's constant at 26

Substance kH/(M/atm)
methane 1.5x10°
ethane 2.0x10°
propane 1.4x10°
butane 1.1x10°
hexane 7.7x10*
heptane 3.7x10*
octane 2.0x10*
ethene 4.8x10°
propene 4.8x10°
cis-2-butene 4.0x10°
trans-2-butene 4.0x10°
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2.30.Enzyme assays

2.30.1.PQQ-dependent alcohol dehydrogenase

PQQdependent alcohol dehydrogenase activity swameasured
spectrophotometrically by following the change in absorbance at 600 nm due to the
reduction of DCPIP (dichlorophenol indophenol) by reduced PMS (phenazine
methosulfate). Assays were carried out in 1 ml solution in a cuvette containing 20
mM Tris-NaOH, pH 9.0, 0.11 pumol of PMS, 0.13 pmol DCPIP, 45 pmoL8Hand
an appropriate amount of cell extracts. The reactions were started by the addition of
NH4CIl. Changes in absorbance were monitored using a Shimadz18Q0¥
spectrophotometer and the rateerev calculated by using a molar absorption
coefficient for DCPIP at 600 nm of 1.%110* M'cm* (Day & Anthony, 1990).

2.30.2.NAD(P)"-dependent alcohol dehydrogenase

NAD(P)*-dependent alcohol/aldehyde dehydrogenase activity was measured
spectrophotomatally by following the change in absorbance at 340 nm. Assays
were carried out in 1 ml solution in a cuvette containing 20 mM-Na®H, pH
10.0, 0.2 pmol of NAD and an appropriate amount of cell extract. The reactions
were started by the addition of smiates (alcohols/aldehydes) to a final
concentration of 10 mM. Changes in absorbance were monitored for 4 minutes, and
the rates were calculated by using a molar absorption coeffiateB%0 nm for
NAD(P)H of 6.22 10* M‘cm™.

2.30.3.NDMA -dependent atohol dehydrogenase

4-nitrosoN,N-dimethylaniline (NDMA)-dependent alcohol dehydrogenase
activity was assayed by measuring the rate of decrease in absorbance at 440 nm of
NDMA as described in Schenkel & Duine (2002). The reactions contained NDMA
(28 M final concentration)r,pHAQ1 mM pot a
substrates and water made up to 1 ml. The reactions were started by the addition of
cel |l extract (25 €9/ ml final concentrat.
3 min and the rates were calculated by using a molar absorption eoeffior
NDMA at 440 nm of 3.54 ¥0° M™*cm™,
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2.30.4.sMMO activity using the naphthalene assay

Naphthalene oxidizing activity was assayed colorimetrically as described by
(Graham et al., 1992)Approximately 1 ml of active cells grown &xponential
phase (Ol = 0.5) was incubated at 3D for 30 min with a few crystals of
naphthalene. A few drops of freshly prepared tetrazotizé@nisidine (5 mg/ml)
were added. Cells with naphthalene oxidizing activity will immediately formed a
pink or purple color. In case of the naphthalene assay using colonies on agar plates, a
few crystals of naphthalene were placed inside the lid of the agar plate. Plates were
incubated at 3 for 30 min. A few drops of freshly prepared tetrazotized
dianisidire (5 mg/ml) were added directly onto colonies. Immediate development of

a pink or purple color was the result of naphthalene oxidizing activity.
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Chapter 3

Growth and oxidation studies
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3.2. Introduction

Prior to the commencement of this project,isin Schultz, a research
exchange student from the University of Bayreuth, Germany, carried out the
isolation and characterisation of alkane/alkdegrading bacteria from petroleum
contaminated soils in Kenilworth, UK. Historically, soils had been exptsdrace
amount of petroleum leakage from the industrial site nearby for more than a decade.
In her research projectois samples were incubated with NMS medium and enriched
with the shorchain alkanes and alkenesnethane, ethane, propane, butatieere,
propene and butene. The reduction of alkanes/alkenes concentration in enrichment
cultures was investigated using gas chromatography (GC). After 1 month of
incubation, alkane/alkene degraders were screened from enrichment cultures by
serial dilutions and plating on NMS agar medium with the corresponding
alkane/alkene. Single colonies were transferred into liguid NMS medium and
incubated with alkane or alkene which was the carbon source for the isolates when
they were enrichment cultures. The consuomptiof corresponding gaseous
alkane/alkene was confirmed by following a decrease in alkane/alkene concentration
using GC. The culture purity was routinely tested by streaking on R2A plates and by
microscopic observation. The isolates were storeBGA€. DNA was also extracted
from the isolates for further identification and characterization using molecular
biological approaches. The PCR amplification of 16S rRNA genes and genes
e ncodi nsyburit tysroxidase of the SDIMQColeman et al., 2006from
DNA of isolates, followed by DNA sequencing, was carried out for strain
identification and characterisation. Results (done by Kiisthowed that some of the
isolates affiliated to the same genus, some took longer than 2 weeks to grow on
alkanes and/or alkenes and some possessed similar SDIMOs and/or carbon substrate
degradation profiles. Therefore, | only selected 6 distinct isofatasitial study in
my project. The list of isolates and their SDIMO group affiliations is shown in Table
3.1. These isolates were tested for growth on various alkanes and alkenes by growing
them in 20 ml of NMS in 120 ml serum vials with 10% (v/v) osgaus alkanes or
alkenes in the headspace. The tests were carried out in triplicate for each substrate.
The cultures were incubated at’G0with shaking at 150 rpm for 2 weeks. Growth

profiles of the selected isolates are shown in Table 3.2.
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Isolate no.  16S rRNA gene affiliation % identity

4 Rhodococcus erythropolsrain MJ2 98
8 Rhodococcus joststrain RHAL 99
13 Rhodococcus wralaviensisstrain FPAL 99
15 Mycobacterium isoniacini 98
16 Mycobacteriunsp. 97
21 Methylocystisp. 95

Table 3.1: List of 6 selected isolates with genus identification based on 16S
rRNA gene sequences (754 nucleotides within the regionveoed by 27f/1492r
PCR primers)
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Growth substrates

Isolate 16S rRNA gene affiliation :
number trans-2-  Cis-2-
Methane Ethane Propane Butane Ethene Propene
butene butene

4 Rhodococcs erythropoligviJ2 No Yes Yes No No No No No

8 Rhodococcus jostRHAL No Yes Yes Yes No No No No

13 Rhodococcus wratislaviend®#®Al1  No Yes Yes Yes No No No No

15 Mycobacterium isoniacini No No No No No No No No

16 Mycobacteriunsp. No No No No No Yes No No

21 Methylocystisp. Yes No No No No No No No

Table 3.2: Growth tests of the selected isolates on alkanes and alkenes
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At the beginning of this project, revival, repurification and reconfirmation of
the 16S rRNA gene identification of the 6 selected isolates was carried out. The
initial objective of this work wago carry out gene mining for potentially novel
SDIMOs from these isolates. The purity of the isolates wadfirened several times
by serial dilutions, twesubcultures by streaking on R2A plates and by observing
under the microscope with assistance frerperts in the lab. The phylogenetic

relationship between 16S rRNA sequences from the 6 selected isolates is shown in
Figure 3.1.
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Rhodococcus imtechensis RKJ300
Rhodococcus wratislaviensis FPA1

Rhodococcus opacus
Rhodococcus equi ATCC 33707

Isolate 8&——
Isolate 13€——

(Rhodococcus josti RHA1
Rhodococcus jostii

Rhodococcus opacus B4

Isolate 4€——

Rhodococcus erythropolis PR4
Rhodococcus erythropolis MJ2
Rhodococcus erythropolis XP
Rhodococcus erythropolis DN1

—— Rhaodaocaccus ruber Chol-4
Mycobacterium sacrum Qtx-19
Mycobacterium sp. 20-01
Isolate 16€&——

Mycobacterium lacticola
M.isoniacini
Mycobacterium hodleri DSM 44183
Isolate 15—
Mycobacterium sp. MN7-2
Mycobacterium neglectum GMC12
Isolate 21€——
’_{ Methylosinus trichosporium OB3b

Lr Methylocystis sp. 18-2
Methylocystis sp. H9a

—
0.02

Figure 3.1: Phylogenetic tree showing relationship between 6 selected isolates dreir
relatives. The tree, constructed using the Neighbjmiming method, is based on 120600
nucleotide sequences. The sequences were aligned using ClustalW. The tree was constructed
using MEGAGS softwar@amura et al., 2011 Accession numberfhodococcus imtechensis
RKJ300, NR042946.1Rhodococcus wratislaviensiSPA1, FM999002.1;Rhodococcus
opacus AF095715;Rhodococcus eqiTCC33707, X80594.1Rhodococcus jostiRHAL,
NR074610.1;Rhodococcus jostiiAB458522.1; Rhodococcus opacuB4, AB192962.1;
Rhodococcus erythropolRR4, NR074622.1Rhodococcus erythropolidJ2, GU991529.1;
Rhodococcus  erythropolis XP, DQ074453.1; Rhodococcus erythropolis DN1,
NZ_AUZK01000073.1;Rhodococcus rube€Chol4, EU878550.1;Mycobacterium
sacrum Qtx-19, GU201853.1; Mycobacterium sp. 2001, EU167966.1,
Mycobacterium lacticola AF480582.1; Mycobacterium soniacinj X80768.1;
Mycobacterium hodleyi NR026286.1;Mycobacteriumsp. MN72, JQ396585.1;
Mycobacterium neclectunGMC128, AB741467.1;Methylosinus trichosporium
OB3b, NR044947.1Methylocystissp. 182, AB007841.1;Methylocystissp. H9a,
AJ458490.1.
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Isolate numbers 8 and 13 appeared to be exactly the same strain, where their
16S rRNA gene sequence is 99% identical to the sequenRéamfococcus jostii
RHA1 (McLeod et al., 2006)in which biphenyl and ethylbenzertegradation
pathways are weltharacterised. Isolate number 15, after several attempts, failed to
grow on any alkanes or alkenes. This might be due to poor storage or the loss of
culturability before and/or after storage. According to the growth profilthe
selected isolates (shown in Table 3.2), propene is the only hydrocarbon which isolate
16 could grow on, hence isolate 16 was not an appropriate strain to further the study
in terms of application for biocatalysis and bioremediation due to its naamye in
substrate specificity. Regarding isol ate
subunit hydroxylase of SDIMO sequence and 16S rRNA sequence of this isolate
indicated that it is 100% identical telethylosinus trichosporiun©B3b, whose
physiology and the ability to grow and oxidise alkanes, alkenes and aromatic
compounds has been thoroughly stud{&iom et al., 1974; Green and Dalton,
1989; Sullivan et al.,, 1998; Rodrigues and Salgado, 2008jortunaely, even
though several attempts were made to purify isolate number 4, it was still
contaminated with a loagpd-shaped organism. The sequencing results of 16S rRNA
gene of isolate number 4 came out as a messy sequence even with repeated
sequencing. Thiss probably because the culture was a mixed culture. Hence, to
progress the work and avoid time consuming processes on-plugifieation of all
strains, isolate number 8, which is closely relateRhodococcus jostRHAL (99%
identity at the 16S rRNAelel), was the only organism considered for further study
in this project. The aim was therefore to investigate whether isolate number 8 (now
known asR. jostii strain 8 or strain 8 throughout this thesis) utilized one versatile
alkanedegrading enzyme sysn or if it had more than one enzyme system which

allowed it to grow on different alkanes.

This chapter describes the growth profileRofjostiistrain 8 compared to the
growth profile ofR. jostiiRHAL, whose genome sequence is availdhbleLeod et
al., 2006) The aim was to distinguisR. jostii strain 8 fromR. jostiiRHA1, and
once it was confirmed that it was different, to characterize strain 8 at the
physiological and genomic levels. Also, the investigatadna range of carbon
compounds whiclR. jostiistrain 8 could utilize and/or oxidise was conducted using

growth tests and oxygen electrode experiments. The enzyme(s) responsible for the
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growth of strain 8 on alkanes was then examined by the analysis ygfepttie
profiles of cells grown on different alkanes using SBYSGE. The expression of
alkane oxidation genes was also investigated, and in particular transcripgion/Aof
andalkB, using reverse transcriptagaantitative PCR (R-GPCR).

3.2.1. General characeristics of Rhodococcus jostistrain 8

At the start of this projecR. jostiistrain 8 was grown on 20 ml NMS in 120
ml serum vials with 10% (v/v) propane in the headspace or grown on NMS agar
plates incubated with propane in a-gigét jar. The liquidcultures were incubated at
30°C with shaking at 150 rpm. Liquid cultures became turbid after 3 days of
incubation and colonies started to develop on plates after 5 days of incubation. Purity
of cultures was examined by microscopy and checking on R2A agasofony
morphology, uniform colony size, colour, etc. Cell morphology of strain 8 under the

light microscope is shown in Figure 3.2.

Figure 3.2: cell morphology ofR. jostii strain 8 grown on NMS medium with
10% (v/v) propane in the headspace.The culture was observed under the
microscope at x1,000 magnification. A scale bar of 5 um is indicated in the picture.
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Rhodococcus joststrain 8 is a Grarpositive, noAmotile, shortrod shaped
bacterium. Cell morphology of this organism varied coacoid, shortrod and long
rod (approximately 5 um in length), depending on its stage of growth. The cells are
chains of short rods at early stage of growth and form cocci andisbdg during
exponential and stationary phase. A colony of strain 8 growd8 agar incubated
with propane had a light pink colour. The colony is in a circular form with a smooth
edge and a slightly raised surface. Cells grow optimally %,36ut do not grow at
37°C.

The morphological properties oR. jostii strain 8 were cagidered
characteristic of otheR. jostii strains. There were a feR. jostii strains whose cell
morphology has been reported. One exampR. i@stiisp. nov. which was isolated
from a medieval human gra@akeuchi et al., 2002)The cells formed filaments
which then fragmented into irregular rods and coccoids. Cocci and short rods were
formed in early growth phase angpenential phase, respectively. This morphology
in relation to growth phase is similar to what was foundRinostii strain 8. The
other wellcharacterisedR. jostii strain isR. jostii RHAL, isolated from biphenyl
enrichment olindanecontaminated soi|Seto et al., 1995)The study of Seto et al.
(1995) showed thaR. jostiiRHAL also formed both rods and cocci depending on its

stage of growth.

322.Cl oni ng o fsubthbdent®oRUjostiistrain 8

PCR ampl i fi cat-sulunit genés fr@&Ddend@ic DNA &.
jostii strain 8 was carried out using the NVC primer (§&leman et al., 2006 A
diagram il lustrati ng -gulunitgene forthe NVYConnger i n

set is shown in Figure 3.3.
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1 IAKEYAr QVLDEIRH ETDELRHm FKVEPWV WFEANYPGW WTLEDIK 526

240-247 371-379 507-513
NVC57 NVC66 NVC58
140-147 Nested approach for SDIMO gene amplification
NVC65 . . .
L .
. i -
63-70 (aa) 296-302 (aa)
mmoX 206f mmoX 886r

amplification of sSMMO gene fragment

Figure 3.3: Diagram demonstrating NVC and mmoX primer sites within the

S DI MO-subdnit gene. Amino acid sequences of the soluble methane
monooxygenase iMethylosinustrichosporiumOB3b are indicated at the primer
sites. The names of the primers and positions of amino acids at primemgsitds

are shown.

The first round of PCR amplification was conducted using the
NVC65f/NVC58r primers. Then, two semested PCR amplifications were carried
out using NVC65f/NVC66r and NVC57f/NVC58r primers, which resulted in two
overlapping fragments o8 D | M Gsubtlhit genes. Each of the fragments was
individually ligated into the pGEM Easy vector and then transformed i&tocoli
ToplO <cell s. Cl| o n esuburit genésaniere setegted $a3dd MO
blue/white selection. The gene fragments werentlamplified directly from 20
colonies from each transformation by PCR using M13f/M13r primers, followed by
RFLP analysis usindgecoRl and Mspl restriction enzymes. RFLP profiles were
analysed on a 2% (w/v) agarose gel. pGENlasmids were extracted (Mirriép)
from a representative cl one f r o-subumiac h

genes were then sequenced using M13f/r primers.

The tr ans]| asubanit se§uercédd @f sithin 8 were aligned to the

corresponding sequences from other organismsnaatafrom the NCBI database.

The alignment was used to construct a phylogenetic tree by using MEGAS5 software.
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A phylogenetic tree of a Asuborot froancstrath 8s e q u e

aligned with sequences from other organisms is shown in Fgdire
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Group 3—=

—— ACZ56324.

YP 919254.1 MO

ACZ56346.1

P19732.1 Phenol

ABB70484.1 SDIMO alpha subunit Mycobacterium rhodesiae NBB3

AAR98534.1 butane monooxygenase alpha subunit Brachymonas petroleovorans
AAM19727.1 butane monooxygenase hydroxylase BMOH alpha subunit Thauera butan
BAJ17645.1 sSMMO hydroxylase component alpha-subunit Methylovulum miyakonense HT12
YP 113659.1 sMMO subunit A alpha chain Methylococcus capsulatus Bath
CAD88243.1 sMMO component A alpha subunit Methylocella tundrae
YP 002361593.1 sMMO Methylocella sivestris BL2
AAC45289.1 sSMMO protein A alpha subunit Methylocystis sp. strain M

CAD30343.1 sSsMMO component A alpha subunit Methylosinus sporium
-I-ABD46898.1 MmoX2 Methylosinus sporium
ABD46892.1 MmoX1 Methylosinus sporium

ZP 06887019.1 methane/phenolitoluene hydroxylase Methylosinus trichosporium OB3b

_|:SDIM01 Rhodococcus sp. strain@————

ACZ56334.1 putative sdimo alpha subunit Mycobacterium chubuense NBB4
1 putative PrMO alpha subunit Mycobacterium chubuense NBB

Group 6
BAF34294.1 PrMO hydroxylase large subunit Mycobacterium sp. TY-6 } P

Nocardioides sp. JS614

—

ethene monooxygenase alpha subunit Mycobacterium chubuense NBB4

AA048576.1 putative alkene monooxygenase alpha subunit Mycobacterium rhodesiae JS§6 Group 4
BAA07114.1 epoxidase subunit Gordonia rubripertincta
4|j|:AA819484.1 PmoC Mycobacterium sp. M156

ACZ56352.1 putative propene monooxygenase alpha subunit Mycobacterium chubuense ¢
— AAL50373.1 TomA3 Burkholderia cepacia

BB4

(}Group 2
2-monooxygenase P3 component Pseudomonas putida CF60!

Group 1 {

—

05

— AAT40431.1 toluene o-xylene monooxygenase component Pseudomonas sp. OX1
,_— CAB55825.1 putative isoprene monooxygenase alpha subunit Rhodococcus sp. AD4¢
YP 001409304.1 methane/phenol/toluene hydroxylase Xanthobacter autotrophicus Py2
CAC10506.1 alpha-subunit of multicomponent tetrahydrofuran monooxygenase Pseudonocardig sp. K1
ABDA43222.1 putative monooxygenase large subunit A Rhodococcus sp. THF100
YP 001020147.1 PrMO hydroxylase large subunit Methylibium petroleiphilum PM1
NP 770317.1 unnamed protein product Bradyrhizobium japonicum USDA 110
YP 001834443.1 MMO Beierinckia indica subsp. indica ATCC 9039
YP 002361961.1 PrMO Methylocella sivestris BL2
— BAF34304.1 PrMO hydroxylase large subunit Pseudonocardia sp. TY-7
BADO03956.2 PrMO hydroxylase large subunit Gordonia sp. TY-5

BAJ76718.1 phenol and propane monooxygenase large subunit Mycobacterium ¢ Group 5
CAJ27108.1 PrMO hydroxylase alpha subunit Rhodococcus sp. SMV105
CAJ27109.1 PrMO hydroxylase alpha subunit Rhodococcus sp. SMV106
ACT22491.1 PrMO hydroxylase large subunit Rhodococcus imtechensis RKJ300
YP 700435.1 PrMO hydroxylase large subunit Rhodococcus josti RHAL

EHI45069.1 PrMO hydroxylase large subunit Rhodococcus opacus PD630
SDIMO2 Rhodococcus sp. strain

CAJ27110.1 PrMO hydroxylase alpha subunit Rhodococcus sp. SMV152
CAJ27111.1 PrMO hydroxylase alpha subunit Rhodococcus sp. SMV156 -

Figure 3.4: Phylogenetic relationship between amino acid sequences of the

put at i v e -sgiOnit ivo® stthin 8 and those from other organismsThe

tree was constructed using Maximum Likelihood method based on amino acid

alignment usingClustalW. The tree was constructed from sequences containing at
least 250 amino acids using MEGAS softw@famura et al., 2011)
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According to the SDIMO cloning and sequence analysis, there are two
di f f er en t-subunitp feom SDIMOs WR. jostii strain 8. One of them
(indicated as SDIMOL1 in the phylogenetic tree) clusters in GBapthe SDIMOs
and I S 80% (192/ 240 a mi nsobunia SDIMG pf | den
Mycobacterium chubuens&BB4 (Coleman et al., 2011) Another SDIMO
(indicated as SDIMO2 in Figure 3.4) clusters in Group 5 of the SDIMOs and is 98%
(241/246 amino acids) identical to propane monooxygenase found in the genome of
Rhodococcus jos RHAL (McLeod et al., 2006)

After the genome oR. jostiistrain 8 became available, it was found that the
sequence of SDIMO1 was not present in the genome. Primers which specifically
target SDIMO1 sequence veedesigned to amplify the SDIMO1 gene in order to
investigate whether the gene was lost due to incomplete genome sequence or the
absence of the gene. It was found that there was no PCR product. This is probably
because there was a loss of this gene opaftioch might be a plasmidncoded
during multiple subcultures. Although the genome sequence revealed. tiostii
strain 8 contain one SDIMO, the other potential alkdegrading enzyme, aalkB-
type alkane monooxygenase was also found. Therefore, ftillisverth further
studies on the roles of the two potential alkdegrading enzymes . jostii strain
8.

3.3. Growth profiles of R. jostiistrain 8 andR. jostiiRHAL

Due to the close relationship of the 16S rRNA gen®&leddococcus jostii
strain 8 toRhodcoccus jostiRHAL, both Rhodococci were tested for growth on
various substrates in order to distinguish their ability to degrade a wide variety of
potential growth substrates. The growth profileRofjostii strain 8 compared to that
of R. jostiiRHA1 isshown in Table 3.3.
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Growth
R.jostiistrain 8 R.jostiiRHA1

Substrates Concentrations

acetate 5mM Yes Yes
succinate 5mM Yes Yes
acetone 0.1% Yes Yes
1-propanol 0.1% Yes Yes
2-propanol 0.1% Yes Yes
heptane 0.1% No No
hexane 0.1% No No
glycenol 0.1% Yes Yes
octane 0.1% Yes No
ethanol 0.1% Yes Yes
glutamate 5mM Yes Yes
glucose 5mM Yes Yes
1-butanol 0.1% Yes Yes
methanol 0.1% No No
propanal 0.1% Yes Yes
propionate 5mM Yes Yes
glycine 5mM Yes Yes
methane 10% No No
ethane 10% Yes No
propane 10% Yes Yes
butane 10% Yes No
ethene 10% No No
propene 10% No No
trans-2-butene 10% No No
isoprene 10% No No
naphthalene* few crystals Yes No
ethylbenzene 0.1% No Yes
biphenyl* few crystals No Yes

NB: The concentrations of naphthalene drighenyl used in the test were not
determined because these substrates are mostly insoluble.

Table 3.3: Comparison of growth profiles ofR. jostiistrain 8 and R. jostiiRHAL

Both R. jostiistrain 8 andR. jostiiRHAL could grow well on alcohols such
asethanol and butanol and the potential intermediates of propane metabolism such as
1-propanol, 2propanol and propionate. InterestingR, jostii strain 8 could also

grow well on ethane and butane whereas propane was the only alkaneRwjostii
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RHAL1 cauld grow on. AlsoR. jostiistrain 8 was able to grow on naphthalene and
octane, butR. jostii RHAL1 could not. Conversel\R. jostii RHAL could grow on
biphenyl and ethylbenzene, but strain 8 could not. These results indicaterl. that
jostii strain 8 is dferent fromR. jostiiRHAL. This fact was also confirmed when

the genome dR. jostiistrain 8 andR. jostiiRHAL were compared (see Chapter 4).

3.4.Growth curves of R. jostii strain 8 grown on glucose, ethane, propane and

butane

R. jostii strain 8 cangrow on the gaseous alkanesethane, propane and
butane. In order to determine growth rates Rorjostii strain 8 grown on gaseous
alkanes, strain 8 was grown on NMS medium in 120 ml serum vials with 10% (v/v)
of ethane, propane or butane or 10 mM ghke& Cultures were started using 10%
(v/v) inoculum. Serum vials were closed with critgp rubber stoppers. The
cultures were incubated at 8D with shaking at 150 rpm for 5 days or until the
culture reached stationary phase. 1 ml of the cultures wasleshrdgily using a
syringe and needle in order to follow optical density at 540 nm using a
spectrophotometer. The cultures were grown in triplicate for each substrate. Growth
curves ofR. jostiistrain 8 grown on glucose, ethane, propane and butane ara show

in Figure 3.5.
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Figure 3.5: Growth curves of R. jostii strain 8 grown on NMS with 10 mM
glucose or 10% (v/v) ethane, propane or butane as sole carbon sourgeror bars

indicated the standard deviations of triplicate data.

Specific growth rates foeach growth condition were calculated from the
data at the exponential phase. The growth rates of strain 8 grown on glucose, ethane,
propane and butane were 0.92, 0.11, 0.07 and 0:1Oréspectively. The growth
rates showed that strain 8 could grow é&etin glucose than on ethane, propane and
butane, whereas it could grow on ethane as well as on propane and butane. This is

not surprising because glucose can be metabolized rapidirdgococcuspp.

Due to this distinct alkardegrading ability and thpresence of more than
one alkanalegrading enzyme systemsRn jostiistrain 8, this organism was worthy
of further study. Therefore, functional characterization of the enzymes degrading
alkanes in this organism and also genome mining were undertakemolBeng
sections of this chapter will describe subst@t&lising capability ofR. jostii strain
8, polypeptide analysis by SEFFAGE, alcohol dehydrogenase(s) involved in alkane
metabolism and transcription of key genefinjostii strain 8 grown undespecific

growth conditions.
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3.4. Oxidation studies usingthe oxygen electrode

This experiment aied to investigate the ability of potential intermediates in
gaseous alkane metabolism to induce oxygen consumption in-a&lidef R. jostii
strain 8.The abiity of whole-cells of R. jostiistrain8 grown on ethane, propane and
butane to oxidise potential intermediates in the corresponding alkane metabolism
pathways was investigated by usiamgoxygen electrode (see Chaptes@ction 17).
Oxygen consumption byhole cells in response to the addition of substrates, which
are potential intermediates in alkane metabolisms (e.g. ethanol, propanal, acetone
etc) was investigatedSaturated solutionef gaseous alkaiseand alkens were
prepared by passing gas fronfioatball bladder inflated with the gas through 20 ml
water in 120 ml serum vials. Other substrates were prepared as 0.5M solutions.
Stability of alkaneoxidising enzymes in whole cells was compabgdmeasuring
substratestimulatedoxygen consumption ragevith fresh cells and freezibaw cells.
The oxygen consumption rates were investigated with pregeoven cells using
saturated propane solution as a substrate. Prapama cells were used because it
was known from polypeptide analysis that propgrmawmn cells contained propane
monooxygenase, which is believed to be responsible for propane oxidatizas
found that the oxygen consumption rate with propane by fresh prgpawa cells
was generally equivaletd the rate by freezthawed cells (14.4 8.3 nmol/min/mg
dry cell weight), thus the activity of the enzyme responsible for alkane metabolism
was notdestroyedby the freezethaw process. Therefore, cells weateredfrozen

and thawed wheunsed throughout these oxygen electrode experiments.

3.4.1. Alkane-oxidising enzymes are inducible during growth on alkanes

Gaseous alkanes and alkenes were prepared as sasohtiohsin water.
The volume of solutions used in each rea
measured oxidation rates were not the rates at substrate concenapporaching
kn becausethe solubility of these gases in water was very low. The indweibl
oxidation rates of alkargrown cells in response to alkanes and alkenes are shown
in Table3.4.
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Assay Growth substrate

substrate Glucose Ethane Propane Butane
methane ND ND ND ND
ethane ND 13.6+£0.1 75+0.2 25.8+0.2
propane ND 7.4+0.2 144+ 0.3 36.9+0.0
butane ND 2.0+0.3 8.3+0.1 46.6 +0.3
propene ND 23+x04 45+0.1 16.8 £ 0.3
ethene ND 1.2+0.2 2.1+0.1 58+0.1
butene ND 1.5+0.3 3.0+£0.2 4.8+0.2

NB: ND: Not Detectable

Table 3.4: Oxygen consumption rates of glucoseand alkanegrown cells in
response to alkanes and alkenedhe rates are determined as nmol of oxygen
consumed per min per mg dry cell weight. Standard deviations of triplicate data are

also indicated.

The oxidation rates of alkargrown cells in responde ethane, propane and
butane were significantly higher than the rates of glugpeen cells in response to
those alkanes. This suggested that oxidation of ethane, propane and butane was
inducible during growth on gse alkanes. The alkafreduced ratesf butanegrown
cells were significantly higher than the rates of other cell types. fight be
because membranpermeability of butangrown cells allowed more substrate
uptake than the other cell typd$e results also showed that the alkgnawn cels
could also oxidise etime propene and butene, whiahe not their growth substrates.
The oxygen consumptiorate in response to those alkemveass notdetecable in
glucosegrown cells. This suggested that those alkepetdde an energy sourder
R. jostii strain 8 There was no detectable oxidation rate of any type of cells in
response to methanehis is correlated with growth tests that jostii strain 8 lacks
the ability to grow on methaneee growth profileTable 3.3). Therefore,R. jostii

stran 8 cannot use methane as its carbon and energy source.

The inducible alkane oxidation was also found in other bacteria containing
alkanedegrading enzymes.g alkane monooxygenase. For example, the propane
monooxygenase imR. jostii RHAL, the closestelative toR. jostii strain 8, was
inducible during growth on propati®harp et al., 2007However, other alkanend
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alkeneoxidising activiy was not investigated iR. jostii RHAL1. The oxidation
activities with ethane, propane, butane and ethene were found in -gdlole
Mycobacterium smegmatIC® 155 containing a plasmid carrying a sMMi®e
monooxygenase olycobacteriumsp. NBB4 (MC -155(@Smo)) (Martin et al.,
2014) This sMMOClike monooxygenase belongs to the same family as the propane
monooxygenase iR. jostiistrain 8. Interestingly, the oxidation activities waimall
alkenes were inducible in alkaigeown cells ofR. jostiistrain 8 even though alkenes
are not its growth substrates. This is different to the case Sf1M8(pSmo) that
both small alkanes and alkenes could be metabolized i IM&(pSmo)Martin et

al., 2014)

3.4.2. Oxygen consumption by whole cells in response to alcohols

Alcohols which are intermediates in potential gaseous alkane metabolism
were tested for their ability to inda oxygen consumption R. jostii strain 8 cells
grown on ethane, propane and butane. The substchieed rateswith glucose
grown cells were carried out as a control. Oxidation rates of cells grown on glucose,
ethane, propane and butane in respongeiteary alcohols are shown Figure3.6.
The rates of those types of cells in response to secondary alcohols and diols are

shown inFigure3.7.
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Figure 3.6: Oxygen consumption rates (nmol/min/mg dry cell weight) of whole
cell R. jostii strain 8 grown on glucose, ethane, propane and butane induced by
primary alcohols which are potential intermediates in alkane metabolism

pathways.Error bars indicatedtandard deviations of triplicate data
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Figure 3.7: Oxygen consumption rates (nmol/min/mg dry cell wight) of whole
cell R. jostii strain 8 grown on glucose, ethane, propane and butane induced by
secondary alcohols and diols which are potential intermediates in alkane

metabolism pathways Error bars indicatedtandard deviations of triplicate data
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The ates of oxygen consumption by cells grown on ethane, propane and
butane in response to alcohabkared the same trend. This showed that ethane
propane and butangrown cells probably contained simikanzymes responsible for
oxidation of alcoholsFigure 3.6 showed that rates of oxygen consumptionRyy
jostii strain 8 with primary alcohols are outstanding in cells grown on ethane,
propane and butane while the rates by glugrsgn cells in response to primary
alcohols were significantly lower. This qygsted that these primary alcohols could
induce oxygen consumption rate when cells were grown on alkanes. In contrast, rates
of oxygen consumption by cells grown on alkanes in response to secondary alcohols
and diols Figure3.7) were low and relatively siilar to the rate detected in glucese
grown cells. However, the substrateluced rates by secondary alcohols were still
significant. It was clear that primary alcohols could induce much higher rates of
oxygen consumption by alkasggown cells than secoady alcohols and diols. This
suggested thaprimary alcohols were probably preferred substratesafoohol

dehydrogenasean alkanegrown cells

Among primary alcohols, the oxidation rates by alkgrewn cels in
response to ethanol werefd@dd higher than the rates in response to methanol. The
oxidation rates were even higher when tested alggoen cells with ipropanol
and Xbutanol.This is unsurprising because ethanceprépanol and -butanol are
intermediates in the oxidation of ethane, propang lamtane, which are growth
substrates foR. jostii strain 8.Interestingly,the rates of oxygen consumption in
response to methanol veemuch higher (approximately 6ld) in alkanegrown
cells than the rate iglucosegrown cells. This suggests tratohol dehydrogenases
in alkanegrown cells may have broad substrate specifi@bstrate specificity of
alcohol dehydrogenase(s) in alkagrewn cellsshould be further investigated by
assaying enzyme activities when a particular alcohol acted as aaseib$tris will
also confirm the ability of alkangrown cells to oxidise methanol, which
surprisingly was able to induce oxidation in alkamewn cells. Alcohol
dehydrogenase assay in eeéle extracts from cells grown on alkanesdescribed

later inSection 3.5

The oxidation rates in response to-1aRd 1,3proparediols with all type of

cells werelow, and had no significant difference among the rates of algenen
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cells and glucosgrown cells. This suggested that it is unlikely tRajostii stran 8

could oxidise popane using dioxygenases to produce diols.

The oxidation activity with alcohols in whoekell R. jostii strain 8 was
different to a propane degradétseudomonas fluorescebNRRL B-1244. In the
case ofP. fluorescendNRRL B-1244, 1,2propandiol dehydrogenase activity was
detected in celfree extract from propangrown cells(Hou et al., 1983b)Also, two
different enzymes of this propane degrader were found during growth on propane.
One of them preferred primary alcohols while the other preferred secondary alcohols
(Hou et al., 1983a)In contrast, without purification of alcohol dehydrogenases, it
was clear that the oxadion activity with diols in wholeells ofR. jostiistrain 8 was

significantly low and not inducible during growth on alkanes.

The inducible alcohol dehydrogenase activity was also found in other non
methanotrophs, alkardegrading bacteria such d@sewomonas butanovoraa
butane degraddWangnai and Arp, 2001 Mycobacterium vaccag@OB-5, a propane
degrader(Coleman and Perry, 1985§0rdonia sp. TY-5, a propane degrader
(Kotani et al., 2003)Rhodococcus rhodochrot®NKbl, a propane degrader (Ashraf
and Murrell, 1990).

3.4.3. Oxygen consumption by whole cells in response to other potential

intermediatesof alkane oxidation

Some aldehydes and ketones which are intermediates in subsequent steps in
potential alkane oxidationgghways were testddr their ability tostimulate oxygen
consumptionn wholecells after growth oR. jostii strain 8 on ethane, propane and
butane The oxidation rates of cells grown on different carbon sources in response to

those compounds are showriliable3.5.
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Assay substrate

Growth substrate

Glucose Ethane Propane Butane
Aldehydes
propanal 54+0.1 30.0+0.2 28.7+0.3 25.3+0.2
pyruvaldehyde 58+0.1 44 +0.0 8.4+0.2 13.2+£0.2
acetaldehyde 51+04 10.6 £0.7 88+04 9.6 £0.6
butyraldehyde 35+£05 6.3+0.6 10.9+0.6 31.8+0.0
Ketones
acetone 0.9+0.0 1.0+0.0 7.7+0.2 8.6 +0.0
acetol 25+0.1 3.0+0.1 11.8+0.1 129+0.3
2-butanone 1.3+0.0 0.7+04 155+0.1 13.8+0.2
Carboxylic acids
propionate 3501 3.4+£0.2 13.1+£0.3 13.6+£0.1
acetate 14.8+0.3 29+0.3 55+0.2 12.4+0.3
succinate 1.5+0.0 04+0.1 0.6+0.2 15+0.2
methylacetate 42+0.1 3.1£0.0 7.2%+0.1 11.0+04

Table 3.5: Oxygen consumption rates (nmol/min/mdry cell weight) in response
to potential intermediates in gaseous alkane metabolisms of whatell R. jostii
strain 8 grown on glucose, ethane, propane and butan&tandard deviations of

triplicate data are also indicated

It should be noted that it imore sensible to consider substratgduced rates
among the same type of cells rather than to compareatbsacross all cell types
because each type of cell is likely to contain different enzymes. Atsegual dry
cell weight of eachtype of cellsmay correspond to different growth phasghe
oxygen consumption rates in response to aldehydes were induced in cells grown on
alkanes. This is probably because aldehyde dehydrogenases, enzymes responsible for
the oxidation of aldehydes, in alkageown cellshave broad substrate range. The
oxygen consumption rates in response to ketones were significantly higher in
propane and butangrown cells, while the rates were relatively similar in cells

grown on ethane and glucose. This suggested that the oxiddtioetomes was

79



induced only in cells grown on propane and butane. The oxygen consumption rates
in response to propionate and methylacetate were induced during growth on propane
and butane, but not ethane. In contrast, the substidueed rates by acetatand
succinate in alkangrown cells were negative. This is probably because acetate and
succinatesolutionsare probablytoxic to the cellsn these concentrationalso, cells

may require specific transporters in order to uptake acetate and succinateeinto
cells. The overall trend suggested that it is probable that preamkebutangrown

cells contained similar enzymes which themselves are different from the enzymes in

ethanegrown cells.

The oxidation rates in response to propanal and propiondieh are
intermediates in potential terminal oxidation of propamete higher than the rates
in response to the other substrafBsis suggested th&. jostii strain 8is probably
oxidizing propane via the terminal oxidation pathwayowever, the oxygen
consumption rates in response to intermediates of thetesotinal oxidation of
propane were still significant. This suggested that propane was also probably
oxidisedvia the sukterminal pathway. In additiorthe substrate induced rates with
the intermedites of the subterminal propane oxidation are higher in propased
butanegrown cells than in glucosand ethangrown cells. This indicated that the

subterminal propane oxidatiomas induced by growth on propane and butane.

Other compounsiwhich R. jostii strain 8 could grow on such as naphthalene
was also tested. The oxidation rate in response to naphthalene of all type of cells was
not detectableThis may bebecausenaphthalene is not very soluble in water. Also,

R. jostii strain 8 may have slow response to naphthalene as can be assumed from
slow growth rate on naphthaleiieit took at least two weeks to develop visible

colonies on NMS agar incubated with a few crystals of naphthalene.

3.5.Alcohol dehydrogenase assays

Alcohol dehydrogenasassaygsee Chapter 2, Section 18.8.3)on cellfree
extracts ofR. jostiistrain 8 cells grown on glucose and gaseous alkanes were carried
out in order to investigata range of alcohols which are substrates for alcohol

dehydrogenases in this bacterium.
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In order to ensure that the amount of protein used in the assays was sufficient
to allow maximum activities of the enzymes, the concentration offregll extract
from propanegrown cells was varied from 5, 25 and 100 pg/1 ml reaction volume.
The substrate used this assay was-firopanol at a final concentration of 1 mM.
Each assay was conducted in duplicate. Specific enzyme activities when using 5, 25
and 100 pg of celfree extract were approximately 325, 250 and 35 nmol
NDMA/min/mg protein, respectively. T$ showed that there was a significant
decrease in specific activity when added -t extract was added at a final
concentration of 100 pg/ml. Specific activities from the assays containing 5 and 25
pug/ml of cellree extract were not significantly tfent, but the dtvities were
approximately &-fold higher than the activity from the assay containing 100 pg/ml
of the extract. This suggested that enzyme activity was inhibited by high (up to 100
png/ml) concentratiosof protein. Therefore, in this gy, the concentration of cell

free extracts used was pg/ml.

3.4.4. PQQ-dependent alcohol dehydrogenase assays

According to the literatures, most pyrroloquinoline quinone (RQQ)
dependent alcohol dehydrogenases are methanol dehydrogenases found in
methylotrofhic bacteria(Anthony and Zatman, 1967)t was found that methanol
dehydrogenaseas sometimes able to oxidize etha(hthony and Zatman, 1964)
Ethanol dehydrogenase found Rseudomonas aeruginogalfCC17933 is PQQ
dependen{Groen et al., 1984; Gorisch and Rupp, 19&ihce R. jostii strain 8
could oxidise methanol and ethandai, was interesting to investigate whether
enzymes responsible the oxidation of alcohols are Q@aining enzymes similar
to those found in other bacteri@here are only a few PQQependent alcohol
dehydrogenases found in other types of bacteria. Formm@ea butanol
dehydrogenases i®seudomonas butanovoraare NAD'-independent and PQQ
containing(Vangnai et al., 2002bBimilar toP. butanovoraR. jostii strain 8 could
grow on butane and also oxidise butanol. This became another reason why the PQQ

dependent alcohol dehydrogenase assay was carried olR.vt$tii strain 8.

PQQdependent alcohol dehydrogenases were assayed thsngrtificial

electron acceptor phenazine methosulfate (PMS) coupled to reduction of
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dichlorophenolindophenol (DCPIP). The assay was performed as described in
Chapter 2sectionl18.1 Cellree extract fromMethylocella silvestri8L2 grown on
methane wsa used as a control in order to ensure that the reaction was working as
normal. This is because previous findings showed that this organism contains
methanol dehydrogenase which is PQ€pendent(Chen et al., 2010)Cellree
extracts fromR. jostii strain 8 cultures grown on glucose, ethane, propane or butane
were assayedSubstrates used in this assay were methanol, ethanandl 2
propanol and sland 2butanol.Activities were calculated using a molar absorption
coefficient for DCPIP at 600 nm o1l mM*cm* (ARMSTRONG, 1964)

Specific activities of PMS$ink alcohol dehydrogenaseselating to the
reduction of DCPIAN R. jostii strain 8 grown on alkanes were not dé&ble. The
activities were 10dold lower than specific actity of methanol dehydrogenase in
cell-free extract ofM. silvestris BL2 grown on methane (approximately GLO
nmol/min/mg protein) although the amount of dedle extract oM. silvestrisBL2
used in the assay was 5 times lower than th&. ¢gdstiistrain8. This suggested that
alcohol dehydrogenase(s) R. jostii strain 8 did not depend on the reduction of
DCPIP when PMS was used as electron acceptor. Therefore, it can be concluded that
alcohol dehydrogenase(s) iR. jostii strain 8 is not PQ&@ependent.Another
possible electron acceptor for alcohol dehydrogenase(s) is NADRAD®, so an

NAD(P)H-dependent ADH assay was then carried out.

3.4.5. NAD(P)H-dependent alcohol dehydrogenases

NAD*- and NADP-dependent alcohol dehydrogermseere assayed by
measuringhe formation of NAD(P)H, which can be detected spectrophotometrically
at 340 nm against a blank without substrate. The assays were carried out as described
in Chapter 2section18.2 Substrates used in this assay were the same as these used
in the PQQdependent alcohol dehydrogenase assé@lys. activities of enzynsawvere
calculated using a molar extinction coefficient for NAD(P)H at 340 nm of 6.22x10
Mem?,

It is knownthat bacterial aldehyde dehydrogenase(s) used NAD+ or NADP+
as the coenzyme(Lindahl, 1992; Yoshida et al., 1998)so an aldehyde

dehydrogenases assay was carried out to ensure that thentseagsed in
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NAD*/NADP*-dependent ADH assay were funciiog Instead of using alcohols as
assay substrates, aldehydes were added in the reactions. Generally, aldehyde
dehydrogenases have broad specificity, so only the aldehydes which are potential
intermealiates in gaseous alkane metabolisms were used in this experiment. Specific
activities of NAD-dependent aldehyde dehydrogenases in ethanéreelextracts

when acetaldehyde was used as substrate was 43 nmol/min/mg protein. Such high
activity was also dected from the reaction containing propane-frelk extract with

the addition of propanal as a substrate (specific activity was 33 nmol/min/mg
protein). NAD*-dependent aldehyde dehydrogenase activity of butanefreell
extract was also significantly Hig'9 nmol/min/mg protein) although this was much
lower than the activities detected from ethane and propan&re®kxtracts. The fact

that significant activities of aldehyde dehydrogenases were detected from ethane,
propane and butane céibe extractssuggested that this NABdependent enzyme

assay was functiang.

Cell-free extractsfrom cells grown on thane, propane and butane were
assayed for NADdependent alcohol dehydrogenase activities in response to
alcohols which are potential intermediates corresponding alkane metabolism
pathways. Specific activities detected from all types offcedl extracts were very
low (0-3 nmol/min/mg protein). This suggested that alcohol dehydrogenages in
jostii strain 8 grown on alkanes were not NABependen However, it should be
noted that each type of cdibe extract may contaimanydifferent enzymes. Since
alcohol dehydrogenases R jostii strain 8 were not NADdependentan NADP'-

dependent alcohol dehydrogenase assay was carried out.

The results Isowed that specific activities of alcohol dehydrogenase(s) using
NADP" as electron carriers were very low (approximatekl Gmol/min/mg
protein). This suggested that alcohol dehydrogenase) jostii strain 8 was not
dependent on the reduction of NABPTherefore R. jostii strain 8 is likely to use
another cofactor which mediates alcohol dehydrogenase activity in ldeligever,
optimisation of the assays in order to obtain higher activity could be carried out.
Also, celHree extract oRhodococcushodochrous®NKb1 grown on propane could
be used as a control for this experiment becaupeeviousstudy showed that this
bacterium contained NADPHependent alcohol dehydrogenadéshraf et al.,
1994)
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Another possible cafctor for ADHs inR jostii strain 8 could beN,N-
dimethyt4-nitrosoaniline or NDMA.Evidence for a novel type of NDMAinked
ADH, has been reported ypchenkels, 2000)Theseresearchers suggested that
NDMA could be an artificial cofactor for alcohol dehydrogenaseRhndococcus
erythropolis DSM 1069. Therefore, NDMAlependet ADH assays were carried

out.

3.4.6. NDMA -dependent alcohol dehydrogenases

NDMA-dependent alcohol dehydrogenase assays were carried out as
described in Chapter, Zection 18.3 Activities were calculated using a molar
absorption coefficient for NDMA at 440 nm of 35.4 ritn. Specific activitiegor
each type of celfree extract corresponding to methanol, ethanognt 2propanol

andl1- and 2butanol are shown iRigure3.8-3.13

According to the literature, primary alcohols are preferred substrates for
NDMA -dependent ADHsather thansecondary a&bhols and diol{Schenkels P.,
2000) In order to estimate an appropriate substrate concentration for use tubugh
this assay, concentrations epfopanol used were 1, 2 and 10 mM. The assays were
conducted with celfree extract from propangrown cells. Specific activities of
NDMA -dependent ADHs corresponding to the increasepropanol concentrations
from 1 mM, 2 mM to 10 mM were approximately 400, 250 and 196 nmol/min/mg
protein, respectively. This showed that activities of the enzyme decreased when the
substrate was used at a concentration of 2 mM. The decrease in enzyme activity was
even more significantlyhen using the substrate at a concentration of 10 mM. This
suggested that the increase in final concentrations of the substrate up to 10 mM
resulted in the inhibitory effect of the substratethe enzyme. This inhibitory effect
was also found when addimgher substrates, e.g. ethanehrdpanol, ibutanol, to
the reaction containing cefilee extracts from glucosand other alkarrgrown cells.
Therefore, for this study substrate concentration of 1 mM was used throughout the

assays.
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Assay substrate: methanol
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Figure 3.8: Speific activities of NDMA-linked enzymes in celiffree extracts,
from glucose, ethane, propane- and butane-grown cells, corresponding to the

addition of methanol. Error bars representedngesof duplicate data.

Although methanol is not growth substr&teR. jostiistrain 8, it was used as
assay substrate in this experiment because it could induce oxygen consumption rates
in cell-free extracts from cells grown on gaseous alkanes. NBiM#&d alcohol
dehydrogenases in ethagewn cells had significantligigher activity in response to
methanol than the activities from other cell types. However, it should be noted that

different types of celfree extracts may contain different enzymes.

85



Assay substrate: ethanol
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Figure 3.9: Specific activities of NDMAlinked enzymes in celifree extracts,
from glucose, ethane, propane and butanegrown cells, corresponding to the
addition of ethanol. Error bars representedngesof duplicate data.

Specific activities of celfree extracts of glucoseand propangrown cells
were in the sameange whereas the activities from cdiee extracts of ethaneand

butanegrown cellswere approximately 1.5 to-f2ld higher.

Assay substrate: ipropanol
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Figure 3.10: Specific activities of NDMAlinked enzymes in celifree extracts,
from glucose, ethane, propane and butanegrown cells, corresponding to the

addition of 1-propanol. Error bars representedngef duplicate data.
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Specific activity of celifree extract of ethangrown cells in response to 1
propanol was significantly lower than that from the other types offresl extracts.
There was no significant difference between the activity of-fosdl extract of
glucosegrown cells and that from the extract of butagmewn cells. The highest
activity was detected from ceilee extract of propanrgrown cells which was

approximately Zold higher than the activities from glucose dedle extract.
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Figure 3.11: Specific activities of NDMAlinked enzymes in celfree extracts,
from glucose, ethane, propane and butanegrown cells, corresponding to the
addition of 2-propanol. Error bars representedngesof duplicate data.

Specific activities of celfree extracts of ethane, propane and bugogn
cells in response to-gropanol were significantly higher (approximateh6 4old)
thanrates withcell-free extracfrom glucosegrown cells. However, the activitiés

cell-free extractgrom alkanegrown cells were not significantly different.
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Assay substrate: tbutanol
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Figure 3.12: Specific activities of NDMAlinked enzymes in celifree extracts,
from glucose, ethane, propane- and butane-grown cells, corresponding to the

addition of 1-butanol. Error bars representedngesof duplicate data.

Cell-free extract of butangrown cells had higher activity than the other
types of celifree extracts while there was no significant difference ragnthe
activities from cell extracts of ethanand propangrown cells. Specific activity of
cell-free extract of glucosgrown cells was approximately-fald higher than the

activities of ethane and propane dedle extracts.
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Assay substrate: 2butanol
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Figure 3.13: Specificactivities of NDMA-linked enzymes in celfree extracts
from glucose, ethane, propane- and butane-grown cells, corresponding to the

addition of 2-butanol. Error bars representedngesof duplicate data.

There was no enzyme activity in response-taufnol with cell-free extract
from ethanegrown cells. The highest activity was detected in-trelk extract of
propanegrown cells which was 2-told higher than the activitin cell-free extract
from butanegrown cells and approximatelyf8ld higher thanthe activityin cell-

free extract from glucosgrown cells.

Although the results did not indicate the preferred substrates for alcohol
dehydrogenases iR. jostii strain 8, NDMAdependent enzyme activities were
significantly high. This, not surprisinglguggested that alcohol dehydrogenases in
R. jostii strain 8 were NDMAdependent. The first reported NDMdependent
alcohol dehydrogenases were foundAimycolatopsis methanolig@zan Ophem et
al., 1993) There were also some other bacteria which possess N@#pAndent
alcohol dehydrogenases. For example, it was found that ethanol dehydrogenase in
Rhodococcus erythropoliBK-1 is NDMA-dependen{Pirog etal., 2009) NDMA-
dependent alcohol dehydrogenases were also fourkRhodococcus erythropolis
DSM 1069 (Schenkels and Duine, 2000)n order to study in more detail, the
substrate specificity of alcohol dehydrogenases, optimal conditions for the enzyme

assay may be required and purification of the enzymes could also be catried o
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3.5. Discussion and conclusion

At the start of this work, 26 alkane and alkene degraders had been isolated
from petroleum contaminated soiRhodococcus joststrain 8, which was isolated
from propane enrichment, was selected for further study in théareh because it
contained more than one potential alkalegrading enzymes and it could grow on
various substrate§.he 16S rRNA sequence BY. jostii strain 8 was closely related
to the 16S rRNA sequence Bf jostiiRHAL, a biphenyl degrader which genome
sequence was available, with 99% identity. InterestinBlyjostii strain 8 could
grow on ethane, butane, octane and naphthalene RhjtestiiRHAL could not. The
other difference between these two strains wasRhabstii RHAL could grow on
biphenyl and ethylbenzene, bR. jostii strain 8 could not.Potential alkane
degrading enzymes found R. jostii strain 8 were propane monooxygenase and an
alkB-type alkane monooxygenase. Due to its distinctive atkgeading ability and
the presence ahore than one alkargegrading enzyme systemsRn jostiistrain 8,

this bacterium was worthy of further study.

Oxidation studies on wholeell R. jostii strain 8 were carried out using an
oxygen electrode. Results suggested that the oxidation of efirapane and butane
was inducible during growth on those alkanes. Interestingly, small alkenes such as
ethene, propene and butane could also induce oxygen consumption rates in alkane
grown cells, although those alkenes were not growth substratBs josti strain 8.
Intermediates in potential alkane metabolism such as aldehydes, ketones and
carboxylic acids could also induce oxygen consumption in whole cells. Alcohol
dehydrogenases found i jostiistrain 8 were inducible. It was found that substrate
induced rates with primary alcohols were significantly higher than the rates with
secondary alcohols and diols. Similar to some other propane degraders such as
Mycobacterium vaccadOB-5 (Coleman and Perry, 1985%0rdonia sp. TY-5
(Kotani et al., 2003jand Rhodococcus rhodochroldNKbl (Ashraf and Murrell,
1990), alcohol dehydrogenasesRn jogii strain 8 could oxidise both primary and
secondary alcohols. In contrast, an alcohol dehydrogenase activity wih 1,2
propandiol was detected in célee extract of propanrgrown Pseudomonas
fluorescendNRRL B-1244(Hou et al., 1983b)Alcohol dehydrogenase assays with
cell-free extracts of alkargrown R. jostii stran 8 showed that they are NDMA

dependent. This type of alcohol dehydrogenases was also found in other
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Rhodococcustrains such aRhodococcus erythropoliBK-1 (Pirog et al., 2009and
Rhodococcus erythrgtis DSM 1069 (Schenkels and Duine, 2000n order to
further characteris@alcohol dehydrogenases R. jostii strain 8, establishment of
optimal conditions for enzyme assays and purification of the enzymes could be

carried out.
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Chapter 4

The genome of

Rhodococcus joststrain 8
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4.1. Introduction

Members of the gars Rhodococcusre widespread in the soil environment
(Finnerty, 1992) Rhodococci have been of interest for biotechnological applications
due to their metabolic versatiliyvarhurst and Fewson, 19943enome sequencing
has becme one of thenostuseful tools to reveal potentially novel functional genes
and also to understand specific metabolic pathways present in micidlees. are
12 nonpathogenic Rhodococcusstrains whose genomes have been published
(searched on 15 May 2014A list of thoseRhodococcustrains, to follow with

substrates they were isolated on, is shown in Table 4.1.

According to the available genomes of qmathogenidcRhodococcustrains
listed in Table 4.1, none of them appear to use gaseous alkanesr ggdfezred
growth substrates. Therefore, the genom®&Iloddococcus joststrain 8 is the first
reported genome of a ngrathogenicRhodococcusstrain that utilizes gaseous
alkanes as growth substrates. Study of the genorRe jofstii strain 8 will allowus
to better understand its metabolic potential in the degradation ofctert alkanes

(C,-Cy) and also other substrates.
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Table 4.1: A list of non-pathogenicRhodococcustrains whose genomes have been published.

Organism Substrates which th Size of % GC content References for published
organisms were genome genomes
enriched with (Mbp)

Rhodococcus erythropolGCM2595 Phenol 6.4 62 (Strnad et al., 2014)

Rhodococcus erythropoli3N1 Crude oll 6.5 62 (Shevtsov et al., 2013)

Rhodococcus erythropolRRR4 Cg-Cyon-alkanes, 6.9 62 (Sekine et al., 2006)
branched alkanes
including pristane

Rhodococcus erythropolkP Gasoline 7.2 62 (Tao et al., 2011)
(desulfurization)

Rhodococcus opaciest Benzene 8.8 68 (Na et al., 2005a; Na et al.,

2005b)
Rhodococcus opactD630 Phenyleécane 9.3 67 (Holder et al., 2011a; Chen et

al., 2014)

94



Table 4.1 continued

Organism Substrates which th Size of % GC content References for published
organisms were genome genomes
enrichedwith (Mbp)
Rhod@occus opacusi213 Naphthalene 9.2 67 (Pathak et al., 2013)
Rhodococcus rhodochrodsTCC 21198 Hydrocarbons 6.4 70 (ShieldsMenard et al., 2014)
Rhodocacus rubeBKS 2038 Cholesterol 6.1 69 (Bala et al., 2013Db)
Rhodococcus rubechol4 Steroids 5.4 71 (Fernandez de Las Heras et al
2013)
Rhodococcus jostRHAL Polychlorinated 9.7 67 (McLeod et al., 2006)
biphenyl
Rhodococcus gingshen@Ks 2040 Cholesterol moiety 6.6 62 (Bala et al., 2013a)
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4.2. Genome sequencing foRhodococcus jostistrain 8

Rhodococcus joststrain 8 cells werergwn in a250 ml flask containing 50
ml of NMS with 10% (v/v) of propane in the headspace. The culture was grown to
an OBy of 0.8. Genomic DNA was extracted using a Fast DNA Spin Kit for Soll
(MPBio, Solon, OH, USA)@as described iilChapter 2 section9.1 The DNA sample
was sent to The Genome Analysis Center (TGAC) for Illumina MiSeq sequencing.
Data were produced using 150 bp and 250 bp paired end reads. Both data sets were
combined in order to obtain genome scaffoltise total length of the 540 contigs
was 8,509,286 bp. The average length of contigs was 15,757 bp. The number of
possible missing genes was 128 geramotation and analysis of the assembled
data was carried out through RAST (Rapid Annotation using Subsystem
Technology)(Overbeek et al., 2014The size of the draft geme ofR. jostii strain
8 was approximately 8.5 Mbp with a G+C content of 67%. The genome contains
8,283 open reading frames and 75 tRNAs.

4.3. Subsystems in thgenome ofR. jostii strain 8

All of the annotated genes in the genome were assigned ibgysiams
where the genes were categorized based on their related functions. Gene annotation
within 429 subsystems, with subsystem coverage of 33%, was carried out using
RAST. 67% of genes were not in subsystems. The numbers of genes in subsystems
are shownn Table4.2.
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Subsystem category Number of genes

Cofactors, vitamins, prosthetic groups, pigments 568
Cell wall and capsule 66
Virulence, disease and defense 100
Potassium metabolism 17
Photosynthesis 0
Miscellaneous 76
Membrane transport 71
Iron acquisition and metabolism 20
RNA metabolism 95
Nucleosides and nucleotides 144
Protein metabolism 245
Cell division and cell cycle 27
Motility and chemotaxis 5
Regulation and cell signaling 59
Secondary metabolism 10
DNA metabolism 134
Regqulons 0
Fatty acids, lipids and isoprenoids 535
Nitrogen metabolism 57
Dormancy and sporulation 3
Respiration 246
Stress response 163
Metabolism of aromatic compounds 248
Amino acids and derivatives 876
Sulfur metabolism 76
Phosphorus metabolism 37
Carbohydrates 994

Table 4.2: The number of genes within each subsystem category in the genome

of Rhodococcus jostistrain 8
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4.4. Plasmids and transposable elements

The genes involved in the replication tbe chromosome were found in the
genome ofR. jostii strain 8. ThegyrA, gyrB recF, dnaN dnaA parA and parB
genes were present in the same contig of the genorfe jofstii strain 8. This is
evidence for the presence of complete operon encoding enzymes necessary for
chromosome replication. Thereeatl genes which have been annotated as genes
encoding probable transposasHEsose transposases are belonged to various families
such as 1S4, 1S6, 1S6120, 1IS200 and Tn554.

The genome oR. jostiistrain 8 consists ad chromosome and plasmids. The
genesrepA and repB which are usually foundon small cryptic plasmidén most
actinobacterigDe Mot et al., 1997)vere found in the genome &. jostii strain 8.
Therefore, it is likely thaR. jostii strain 8 possesses at least otesmid. ThetraA
gene encoding relaxase, an enzyhatinitiates plasmid transfer, iR. jostiistrain 8
is most closely related4$0/1,506amino acids) to théraA gene ofRhodococcus
erythropolis(Yang et al., 2007)The dsruption of thetraA gene on a megaplasmid
of R. erythropolisAN12 revealed that the mutant lacked the ability to transfer the
plasmid intoR. erythropolisSQ1(Yang et al., 2007)It was found that the plasmid
pRHL3 in R. jostii RHA1 containingtraA is conjugative(Warren et al., 2004)The
presence ofraA in the genome oR. jostiistrain 8 implied thaR. jostii strain 8 is

likely to be able to transfer conjugative plasstiol other strains.

In order to identify the presence of plasmid DNA in the genone. gbstii
strain 8, pulsedield gel electrphoresis (PFGE) could be carried out. Deep
sequencing could also be carried out in order to idetitérigin of replicationof a
plasmidand some other genes which general sequencing metiiglsnot

According to the comparison betwettre growth prdile of R. jostii strain 8
and growth profile oR. jostiiRHAL (Chapter 3, sectio8.2), it was found thaR.
jostii strain 8 could grow on ethane, butane, naphthalene and octari, jmstii
RHA1 cannot. Also, biphenyl and ethylbenzene are growth substforR. jostii
RHAL, but not forR. jostiistrain 8.R. jostiistrain 8 is therefore different ®. jostii
RHAL. Therefore, it was expected tHat jostiistrain 8 genome should contain genes

responsible for the degradation of ethane, butane, naphéhand octane.
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4.5.The gene encodinga putative naphthalene 12-dioxygenase

The gens encoding naphthalene2ddioxygenase werepresent in the genome of
R. jostii strain 8. The list of putative genes and proteaisnaphthalene 2;
dioxygenase irR. jostiistrain8 and their close relatives is showrTable4.3 The
naphthalene 1;dioxygenase gene clusters Rf jostii strain 8 and those of other

Rhodococcuspp. are shown in Figure 4.1.

Gene Gene product Close relative % amino acid

name identity

rubA rubredoxin R. opacus34 100 (86/86)

narR1 regulatory protein, GntR R. opacu34 100 (230/230)

narR2 putative naphthalene R. opacus34 100 (223/223)
degradatin regulator protein

orfl auxiliary protein, nidF R. opacu§KN14 100 (131/131)

narAa naphthalene dioxygenase larg R. opacus34 99 (464/468)
subunit

narAb naphthalene dioxygenase sme¢ R. opacuf34 100 (172/172)
subunit

orf2 hypothetical protein R. opacu34 100 (90/90)

narB cis-naphthalene dihydrodiol R. opacus34 100 (271/271)
dehydrogenase

narC putative aldolase R. opacusM213 100 (328/328)

orf3 hypothetical protein R. opacu34 100 (137/137)

Table 43: The list of putative genes and proteinsof naphthalene 12-
dioxygenase inR. jostii strain8 and their close relative$ Rhodococcus opacugs
(Takarada et al., 2009)Rhodococcus opacueKN14 (Maruyama et al., 2005nd
Rhodococcus opacid213 (Pathak et al., 2013)
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Figure 4.1 the naphthalene 1,2dioxygenase gne clusters ofR. jostii strain 8 and those of otherRhodococcusspp. i

Rhodococcus sp.

P200, Rhodococcus sp.

P400 and Rhodococcus sp.

NCIMB12038 (Kulakov et al.,, 2005)
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