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Abstract

Advances in synthetic biology enable redesigning microbial cell factories to produce

value-added compounds thus creating the basis for a sustainable future. Achieving

this goal requires the engineering of the mass transfer process, the availability of

substrate and the effective efflux of the products. The transport across the membrane

has been identified to be one of the principle bottlenecks in both whole-cell alkane

biocatalysis and biosynthesis. However, the mechanisms involved have not been

elucidated. A synthetic biology toolbox based on genetically encoded biosensors

represents a promising approach for the non-invasive high-throughput detection

and quantification of compounds transported across the cell membrane.

Here, a novel experimental strategy that uses biosensors to identify outer membrane

proteins relevant to n-alkanes uptake in Escherichia coli was suggested. Firstly, two

transcription factor-based biosensors, namely asalkS-PalkB and alkR-PalkM biosensor,

were characterised to demonstrate the functionality in n-alkane detection both in

vivo and in vitro. The performance of the alkS-PalkB biosensor priginated from

Pseudomonas putida was highlighted in a rapid response (within 2 hours) and high

sensitivity to C8 (at 0.1 µM) yet a rather limited substrate range (C6 to C11). The

alkR-PalkM biosensor Acinatobacter baylyi was superior in its broad substrate range

(C7 to C16) yet showed a slow response (14 hours) and a lower sensitivity to C8 (at 5

µM). The comparison of the substrate profiles of the biosensors in vivo and in vitro



vi

also enabled the identification of permeability through the membrane of E. coli for

n-alkanes (C16).

The biosensor was then deployed in screening the selected single-gene deletion

mutants by comparing the induction fold of the alkane-responsive elements in the

biosensor with that of the parental strain. Deletion of fadL, ompC, ompF and ompN

ORFs coding for outer membrane proteins led to a drop in the signal intensity,

implying a lower alkane bioavailability in those gene-deletion mutants. The up-

take function was then restored by the complementation with the candidate genes

encoded on a plasmid with a controlled expression level.

The identified genes coding for the outer membrane proteins were then deleted from

the chromosome of E. coli to develop a host cell with a reduced n-alkane uptake. The

triple outer membrane protein deletion strain (E. coli ∆fadL ∆ompC ∆ompF) showed

a largely reduced alkanes uptake, exhibiting an induction ratio to C8 and C12 from

the alkR-PalkM biosensor at nearly 1. The host cell with a reduced n-alkane uptake

was then applied in the screening of 10 putative outer membrane proteins from

the OmpW family for n-alkane uptake. Among the 10 putative outer membrane

proteins, three were capable of transporting all the n-alkanes tested from C8 to C14,

namely BSF79 from Litorimicrobium taeanense, AB from Alcanivorax borkumensis and

2×27 from Pseudomonas aeruginosa. NQ from Pseudomonas putida also showed to

be able to transport the n-alkanes from C8 to C13. SHE from Shewenalla sp. and

MARHY from Marinobacter hydrocarbonoclasticus were found to be only accepting

n-alkanes from C8 to C10 as substrates.

Results from this work demonstrated how biosensors can allow the identification

and elucidation of the transport process of alkanes in E. coli. The strategy can

be tailored to understand the transport process of other compounds in any other
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bacterial chassis as well as screening effective transporters for certain compounds

given the availability of large numbers of natural biosensors.





Impact Statement

The bioremediation of alkanes aims to address the environmental issues associated

with petrochemical activities by employing the alkane biooxidation pathway with

microbial host cells. However, the process is hindered by the accessibility of alkanes

to the cellular machinery. Meanwhile, the biosynthesis of alkanes in microbial hosts

is expected to fulfil the demands of alternative transportation fuels for a sustainable

future. Nevertheless, the accumulation of alkanes within the cells is shown to affect

cell viability.

This thesis describes a novel strategy of using biosensors to shed light on the trans-

membrane process of alkanes, which is one of the principle obstacles facing the

alkane biooxidation and alkane biosynthesis. By comparing the substrate range of

the two alkane-responsive biosensors, namely as alkS-PalkB from Pseudonomas putida

and alkR-PalkM biosensor from Acinetobacter baylyi, both in vivo and in vitro, the

permeability of the membrane of E. coli for n-alkanes was revealed, which guides

future research in novel alkane biooxidation enzymes and pathways discovery thus

facilitating the alkane bioremediation.

This work also demonstrates the combination of biosensors and the single-gene

deletion collection in the identification of the association of membrane proteins

native to E. coli in alkane uptake, which provides insights for improving the alka-
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nes bioremediation efficiency as well as harnessing the transporter engineering to

improve tolerance of E. coli to alkanes.

The host E. coli cell with reduced alkanes uptake background developed in this work

can further be customised to suit a particular application by introducing efficient

alkane transporters allowing for either import or export. The host E. coli cell with

reduced alkane uptake background is employed in the screening of putative outer

membrane proteins from the OmpW family for alkane uptake. The putative OMPs

identified add to the library of alkane transporters. This opens up new opportunities

for building synthetic organisms with controlled transport of alkanes for biosensing,

bioremediation or biofuel synthesis.

The results in Chapter 3 have been presented in the format of posters in conferences

and are in preparation for publication in a scientific journal. The results in Chapters

4 and 5 are in preparation for publication in a scientific journal.
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Chapter 1

Introduction

1.1 Alkanes in synthetic biology

One particular class of chemical compounds that attracts attention in synthetic biol-

ogy are alkanes. Interests involved in alkanes are summarised in two aspects. One

is the alkane biosynthesis. Alkanes are saturated hydrocarbons made of carbon

and hydrogen atoms exclusively linked through stable C-C and C-H bonds. The

carbon chain length of alkanes varies from 1 up to over 60 and can either be linear

(n-alkanes), branched (iso-alkanes) or cyclic (cyclo-alkanes). Due to their chemical

properties, alkanes are considered as one of the advanced biofuels which have

similar properties to the currently available petro-based fuels such as gasoline and

diesel. Therefore, they can be used as drop-in fuels in the existing transportation

infrastructures. Moreover, they are superior to the first-generation biofuels in many

aspects, including the higher energy density (30 % higher energy content than bio-

alcohols), lower recovery costs and reduced toxicity (Lennen et al., 2010). Production

of alkanes in a microbial host at the industrial scale is expected to fulfil the demands

of alternative transportation fuels for a sustainable future (Peralta-Yahya et al., 2012).
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Another aspect is the alkane bioremediation. At present, the contamination of

alkanes or other hydrocarbons in both land and seawater resulting from the petro-

chemical activities, is one major environmental problem. Disposal of hydrocarbons

from contaminated sites is generally carried out using the mechanical or chemical

methods, which are limited in effectiveness and costs. Bioremediation refers to the

use of microorganisms to detoxify these contaminants into other simpler or less

harmful compounds (Das and Chandran, 2011). A list of 79 bacterial, 9 cyanobac-

terial, 103 fungal and 14 algal species was reviewed for hydrocarbon degradation,

which provides abundant choices for bioremediation (Magot, 2005). The reported

efficiency of bioremediation ranges from 0.13 % to 82 % for soil microorganisms

and 0.003 % to up to 100 % for marine bacteria (Adebusoye et al., 2007; Hollaway

et al., 1980; Leahy and Colwell, 1990; Mulkins-Phillips and Stewart, 1974). Thus,

hydrocarbon degradation via microorganisms is a versatile and efficient option. The

representative alkane biosynthesis and biooxidation pathways are discussed in the

following sections.

1.1.1 Alkane biosynthesis

Fatty acids are synthesised in vivo in large amounts for their crucial roles in forming

cell membranes. Hence, fatty acids are rich within the cells, which makes them

ideal precursors for alkane production. Schirmer et al. (2010) reported a pathway

consisting of an acyl-acyl carrier protein (ACP) reductase (AAR) and an aldehyde

decarbonylase (ADC) originated from Cyanobacterium, which can use intermediates

from fatty acid metabolism pathways as subtrates and convert them into alkanes

in E. coli. In this pathway, AAR reduces fatty acyl-ACPs to the corresponding

fatty aldehydes, which are subsequently decarbonylated by ADC. Therefore, the

produced alkanes are one carbon shorter than the substrates fatty acyl-ACP. In this
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case, odd chain alkanes, pentadecane (C15) and heptadecane (C17) are produced

from the decarbonylation of even chain fatty aldehydes. Another enzyme, carboxylic

acid reductase (CAR), was reported to be capable of directly converting the free fatty

acids to fatty aldehydes, which are then catalysed into alkanes by ADC (Akhtar

et al., 2013).

Apart from ADC, CER1 (fatty aldehydes decarbonylase) from Arabidopsis thaliana has

also been reported to be able to convert both long- and short- chain fatty aldehydes

into corresponding alkanes (Choi and Lee, 2013; McNevin et al., 1993; Pascal et al.,

2019). A P450 enzyme (CYP4G) from insects was reported to oxidatively produce

alkanes from fatty aldehydes (Qiu et al., 2012). The enzymes and pathways for the

production of fatty acid-derived alkanes are summarised in Figure 1.1. For short

chain alkane biosynthesis, fatty acyl-ACP thioesterase and fatty acyl-CoA synthetase

are introduced to produce short-chain fatty acyl-ACPs, which are then utilised by

the AAR-ADC pathway to produce short-chain alkanes (Choi and Lee, 2013). The

product range of the alkane biosynthetic pathway can be expanded by incorporating

3-oxoacyl-ACP synthase (FabH2) which has a broader substrate range for fatty acid

initiation (Harger et al., 2013).

To increase the yield of alkanes, several metabolic engineering strategies have been

applied to increase the flux of the substrates to the alkane biosynthesis pathway or

/ and blocking the non-essential competing pathways (Jaroensuk et al., 2019). An

exemplified case is that fadE encoding acyl-coenzyme A dehydrogenase was deleted

from E. coli to block the flux of fatty acyl-CoA substrates towards the β biooxidation

pathway resulting in an enhanced yield of short chain alkanes (Choi and Lee, 2013).

The deletion of the genes coding for two aldehyde reductases, namely AHR and

YqhD, from the E.coli production strain was performed to remove their competition

of the aldehyde intermediates with ADC (Patrikainen et al., 2017). Moreover, to
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Fig. 1.1 The pathways and enzymes for the biosynthesis of n-alkanes. The precursors fatty
acyl-ACP and fatty acids for alkane biosynthesis are intermediates from the endogenous fatty
acid metabolism pathways. TesA: acyl-CoA thioesterase, FadD: acyl-CoA synthetase, CAR:
carboxylic acid reductase, CER1: fatty aldehyde decarbonylase. AAR: acyl-ACP reductase,
ADC: aldehyde decarbonylase, CYP4G: a P450 enzyme.

increase the fatty acid pool, the addition of exogenous fatty acids in the growth

media was also shown to contribute to the production of the aliphatic n- and iso-

alkanes and alkenes of various chain lengths that can be directly used in retail fuel

(Howard et al., 2013). The introduction of alternative CoA-dependent butyraldehyde

synthetic pathways to redirect the precursors used for the production of propane was

reported with a titre of 3.40±0.19 mg/L (Menon et al., 2015). Table 1.1 summarises

the major developments and metabolic strategies of alkane biosynthesis.
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Table 1.1 Major reported biosynthesis pathways and metabolic strategies for alkane production

Pathway Metabolic alterations Products Host Yield Reference

AAR-ADC n/a C13, C15, C17 E. coli 300 mg/l Schirmer et al. (2010)

CAR-ADC +TesA, +Sfp C11, C13, C15,

C17

E. coli 2 mg/l Akhtar et al. (2013)

AAR-CER1 ∆fadE, ∆fadR, +FadD, +TesA C9, C12-C14 E. coli 580.8 mg/l Choi and Lee (2013)

CAR-ADC exogenous fatty acids, ∆ahr,

∆yqhD, +FadX, +Fpr, +Ppt

C3, C5, C7 E. coli 135 µM/OD Patrikainen et al. (2017)

CAR-ADC ∆ahr, ∆yqhD, +Tes4, +Sfp, +PetF,

+Fpr, +KatE

C3 E. coli 32 mg/l Kallio et al. (2014)

CAR-ADC Modular variations in precur-

sors and chain extensions

C3-C5, C7, C9 E. coli 4.3 mg/l Sheppard et al. (2016)

AAR-CER1 +CER3, +CYTB5s C27- C31 S.cerevisiae 86 µg/g of DW Bernard et al. (2012)

CYP4G n/a C23, C25, C27 S.cerevisiae Low Qiu et al. (2012)

CAR-ADC ∆faa1, ∆faa4, ∆pox1, +ACL,

+RtME, +Mdh3, +Ctp1, +Rt-

FAS1,2

C13, C15, C17 S.cerevisiae 0.8 mg/l Zhou et al. (2016)
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1.1.2 Alkane biooxidation

The contamination of alkanes and other hydrocarbons in the environment has been

a rising concern over the past decades due to the leakages from the fuel extraction

and processing operations, underground storage and fuels transportation activities

(Souza et al., 2014). The hydrocarbons can form a thin layer on the surface of water,

which prevents the oxygen exchange between air and plants, therefore blocking the

sunlight to phytoplankton, which compromises the marine ecosystems (Sam-Wobo

and Asimiea, 2011). In light of environmental concerns caused by hydrocarbon

contamination, efforts of remediating the contaminated areas are diverse including

but not limited to chemical, physical and biological processes. The attention lies in

the biological activities due to the increasing demand in sustainable approaches and

the ever-expanding knowledge in hydrocarbon biooxidation.

Many microorganisms including fungi, bacteria, algae, and yeasts have been re-

ported to be capable of using alkanes as their sole carbon source (Rojo, 2009). These

alkane-degrading microorganisms can be typically found in ordinary soil, land,

seawater and other alkane-polluted areas (Head et al., 2006). These organisms have

relevant metabolic pathways to derive energy from alkane oxidation processes. The

alkane oxidation process in aerobic microorganisms typically begins with the conver-

sion of the terminal methyl group of alkanes into primary alcohols by alkane hydrox-

ylase, and then an alcohol dehydrogenase transforms the alcohols into aldehydes.

The aldehyde hydroxylase converts the aldehydes into fatty acids, which afterwards

enter the β oxidation cycle (Soussan et al., 2016). The sub-terminal oxidation of

alkanes also occurs in some cases. Secondary alcohols are generated instead of pri-

mary alcohols, which can be further converted into corresponding ketones and then

esters. Different alkane-degrading microorganisms can have distinct metabolisms

and related enzymes could belong to different classes. Enzymes involved in the
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pathways belong to different families. Methane monooxygenases originated from

Methanotrophic Gram negative bacteria was reported to be capable of using short-

chain alkanes as substrate (Austin and Groves, 2011; Ayala and Torres, 2004; Dubbels

et al., 2007; Semrau et al., 2010). Integral membrane non-heme iron monooxygenases,

AlkB family, mainly from the Acinetobacter, Alcanivorax, Burkholderia and Pseudomona

organisms and AlkM family from Acinetobacter can utilise medium and long chain

alkanes (Ayala and Torres, 2004; Van Beilen and Funhoff, 2007). Cytochrome P450

from various organisms has also been found to hydroxylate short and medium

chian alkanes. The enzymes for alkane hydroxylation and their substrate range is

summarised in Table 1.2). To the current knowledge, long chain alkane hydroxy-

lases are not well classified. Several alkane-degradation microorganisms have been

investigated to elucidate the genetic basis and the regulation of alkane-oxidation

pathways.
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Table 1.2 Reported enzymes involved in alkane hydroxylation

Enzyme Organisms Substrate Reference

Soluble methane monooxygenase Methanotrophic Gram negative bacteria,

Pseudomonas Butanovora

C1-C9

(n/iso)

Austin and Groves (2011);

Dubbels et al. (2007); Semrau

et al. (2010)

Particulate methane monoxyge-

nase

Methanotrophic Gram negative bacteria C1-C5 Ayala and Torres (2004)

Alkane hydroxylase (AlkB fam-

ily)

Acinetobacter, Alcanivorax, Burkholde-

ria, Mycobacterium, Pseudomona and

Rhodococcus

C5-C24 Ayala and Torres (2004);

Van Beilen and Funhoff (2007)

Alkane hydroxylase (AlkM fam-

ily)

Acinetobacter baylyi C7-C36 Ratajczak et al. (1998b)

CYP450 Yeast, Acinetobacter, Alcanivorax,

Caulobacter, Mycobacterium, Rhodococcus

and Sphingomonas)

C5-C16 Brzeszcz and Kaszycki (2018);

Van Beilen and Funhoff (2007)

Dioxygenase Acinetobacter C10-C30 Throne-Holst et al. (2007)
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One of the best characterised alkane oxidation pathways is encoded by the alkBFGHKLST

cluster native to Pseudomonas putida GPo1 (van Beilen et al., 2001). The alkane

degradation pathway starts with the assimilation, which is initiated by the outer

membrane protein AlkL (Julsing et al., 2012). The uptake of alkanes through AlkL

was proposed via the lateral opening on its β barrel (Hong et al., 2006). Alkanes

that passed through the AlkL outer membrane protein was then hydroxylated at

their terminal position into terminal alcohols by the AlkBGT alkane hydroxylase

consisting of an integral-membrane monooxygenase (AlkB), a rubredoxin(AlkG),

and a rubredoxin reductase(AlkT) (van Nuland et al., 2016). The initial hydroxyla-

tion is followed by alcohol dehydrogenase (AlkJ), aldehyde dehydrogenase (AlkH)

and Acyl-CoA synthetase (AlkK), resulting in the alcohols produced from the first

hydroxylase step being converted into Acyl-CoA, which subsequently enters the

biooxidation pathway providing energy. The genes of the pathway are located in

two different operons. One operon contains the genes alkS (alkane regulatory protein

AlkS) and alkT (rubredoxin reductase) and is under control of the promoters PalkS1

and PalkS2. The other operon consisting of alkBFGHJKLN is under control of PalkB,

which is activated by the regulatory protein AlkS in the presence of alkanes. The

genes and enzymes involved are shown in Figure 1.2.



10
IntroductionFig. 1.2 The alkane degradation pathway and its regulation in P. putida GPo1. The figure is adapted from Smits (2001).
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Another important genera for alkane degradation within Gram-negative bacteria

is Acinetobacter, which is able to utilise alkanes with 12 or more carbon atoms.

Five genes are reported to be involved in the degradation of long-chain alkanes:

rubAB encoding rubredoxin and rubredoxin reductase respectively, alkM for alkane

hydroxylase, alkR for the regulatory protein AlkR (from AraC-Xyls family) and

xcpR which is a subunit of the general secretion pathway (Ratajczak et al., 1998b).

Unlike in the P. putida where the genes are encoded on OCT plasmid (a plasmid

specifying the octane degradation pathway) (Chakrabarty, 1973), these genes are

scattered over the chromosome rather than in an operon or clustered. The genes

rubAB and xcpR are constitutively expressed. The transcription of alkM strictly

depends on AlkR and is inducible by alkanes of various chain lengths and repressed

by oxidised and hydrophobic alkane derivatives. These enzymes are found in

the soluble fraction of the cell extract, which implies that the n-alkanes should be

slightly dissolved in the cytosol or form oil inclusions within the cell (Tani et al.,

2001). Both AlkS from P. putida GPo1 and AlkR from A. baylyi ADP1 are capable of

regulating the corresponding promoters from which the hydroxylase is transcribed.

However, their mechanisms are distinct. AlkS belongs to the LuxR-UhpA-like

transcriptional regulator and contains an ATP or GTP binding motif, which indicates

the transcriptional regulation involves energy consumption. It was also inferred

that the substrate specificity of AlkS limits the utilisation of various alkanes for P.

putida GPo1. Whereas the utilisation of various alkanes in A. baylyi ADP1 is limited

by the specificity of AlkM (Ratajczak et al., 1998a). This also provides a possible

explanation for a different substrate range of AlkBFGHKL enzymes shown in in vitro

hydroxylation assay from the in vivo hydroxylation assay (van Beilen et al., 1994). To

be specific, in the in vitro hydroxylation assay, no regulation of AlkS was involved.



12 Introduction

Thus, the substrate range for alkane hydroxylation mainly is inferred to depend on

the AlkBGT enzyme cluster.

The effectiveness of alkane biooxidation has been intensively investigated at the lab

scale. The limitations of enzymatic catalysis of alkanes are quite obvious when ap-

plied to bioremediation in a large scale. The isolated native enzymes have relatively

lower activities and stabilities, which makes their implementation difficult. Besides,

some hydroxylases such as P450 from Bacillus megaterium require a continuous addi-

tion of NAD(P) as cofactors, which is not cost-effective at the large scale (Ost et al.,

2000). Whole-cell bioremediation would relieve the situation of enzyme activity or

stability to some extent by providing the enzymes with a more stable and suitable

catalysing environment. However, one of the biggest drawbacks lies in the bioavail-

ability of alkanes to the cellular catabolic machinery as the interaction of alkanes

with cells is the prerequisite before the initiation of the hydroxylation processes. For

now, the understanding of how alkanes pass through the outer membrane is limited,

particularly for long chain alkanes.

1.1.3 Brief summary

Both alkane oxidation and synthesis pathways require an effective passage of the

substrates or products across the cell membrane. For the biooxidation pathways,

alkanes need to be transported into the microorganisms. For alkane biosynthesis

pathways, the products need to be discharged to the extracellular space to avoid

accumulation, which in the meantime provides a driving force for a continuous

production of alkanes. Though many pathways and enzymes for degrading and

producing alkanes or other hydrocarbons have been thoroughly studied as stated in

the previous sections, the transmembrane process of these compounds has not been
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elucidated yet. The mechanisms of the transmembrane process are suggested to dif-

fer depending on the different species investigated, the chain length and properties

of alkanes as well as the physio-chemical characteristics of the environment (Segura

et al., 2012; Wentzel et al., 2007). The different processes for facilitating the uptake of

alkanes or other hydrocarbons are discussed in the following sections.

1.2 Uptake and transmembrane passage of alkanes

1.2.1 Biosurfactants

Biosurfactants are a group of structurally diverse molecules consisting of a hy-

drophilic moiety (an acid, peptide cations, or anions, mono-, di- or polysaccharides)

and a hydrophobic moiety of unsaturated or saturated hydrocarbon chains or fatty

acids, which are usually synthesised by organisms that are able to use hydrocarbons

as their sole carbon source (Neu, 1996). The biosurfactants have been reported to

increase the bioavailability of alkanes to microorganisms by reducing the surface

tension of the water/organic interphase (Ron and Rosenberg, 2002; Zou et al., 2014),

increasing the hydrophobicity of the cell membrane facilitating the hydrocarbon

adherence or decreasing the thickness of lipopolysaccharide on the cell wall (Aparna

et al., 2011). Due to their superior advantages over chemical surfactants regard-

ing low toxicity, biocompatibility with the environment and tolerance to extreme

environmental conditions, biosurfactants have demonstrated their potential in the

bioremediation of hydrocarbons, particularly long chain hydrocarbons (Banat et al.,

2010). The biosurfactants produced by Candida lipolytica were shown to remove 70

% of motor oil from the contaminated cotton cloth as well as 30 % of heavy metals.

Additionally, these surfactants have been formulated into commercial products
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demonstrating their industrial potential (Santos et al., 2017). Wickerhamomyces anoma-

lus CCMA 0358 was reported to produce a thermally stable, salt and pH tolerant

biosurfactant, which was suggested to reduce the surface tension by 41 % within 24

hours and recover 20 % of oil from the sand artificially contaminated by Arabian

Light crude oil (Souza et al., 2018). Pseudomonas aeruginosa isolated from oil contami-

nated seawater was shown to produce biosurfactants that led to the recovery of long

chain alkanes, such as C16-C19, after 1 month of water flooding method followed by

rhamnolipid flooding (Amani et al., 2013). Moreover, the degradation ability was

shown for a wider range of substrates including 2-methylnaphthalene, tetradecane

and pristine (Zhuang et al., 2002). The aforementioned work suggested an important

role of biosurfactants in the bioremediation of hydrocarbons, especially long-chain

hydrocarbons.

1.2.2 Biofilm formation

Biofilm formation was reported to be another powerful adaptive feature of some

microorganisms to overcome the low accessibility of alkanes or other hydrocarbons

(Grimaud, 2010). It was inferred that bacteria could absorb hydrocarbons in the

biofilm layer due to the steeply increased concentration gradient, which in turn

improves the mass transfer of the hydrocarbon from the oil phase to cells (Vaysse

et al., 2011). The marine bacterium Marinobacter hydrocarbonoclasticus SP17 was

shown to form biofilms during growth on n-alkanes from C8 to C28 (Grimaud et al.,

2012). It was revealed that the biofilm forming M. hydrocarbonoclasticus SP17 cells

contained 5 times higher wax esters compared to the detached cells. They also

exhibited rounded or irregularly shaped cytoplasmic inclusions mainly composed

of lipophilic compounds (Klein et al., 2008; Wältermann and Steinbüchel, 2005).

Further proteomic analysis suggested that the biofilm formation on hexadecane-
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water interface led to a global change in cell physiology as 50 % of detected proteins

were reported to be expressed differently when cells were grown on hexadecane

(Vaysse et al., 2009) compared to on acetate. Other than in M. hydrocarbonoclasticus,

the formation of biofilms has been observed in microorganisms such as Alcanivorax

borkumensis SK2 and Oleiphilus messinensis ME102 (Abraham et al., 1998; Golyshin

et al., 2002; Omarova et al., 2019). Biofilm formation was suggested to lead to a

global change in cell physiology. However, the genetic and molecular mechanisms

behind it remain poorly understood. Nevertheless, due to the protection cells gained

from the biofilm matrix, a biofilm-mediated process is proposed to be an alternative

method for hydrocarbon bioremediation (Singh et al., 2006).

1.2.3 Facilitated diffusion mediated by outer membrane proteins

Although biosurfactants and biofilm formation can facilitate substrates to reach

the cell vicinity, the substrates need to reach the interior of cells first to access the

cellular machineries. Several proteins have been reported to transport alkanes or

other hydrocarbons into the cells, including alkane transporter AlkL and toluene

transporter TodX from P. putida, FadL from E. coli for transporting fatty acids and

TbuX from Ralstonia pickettii for toluene transport (Grant et al., 2014; van den Berg,

2010). It was hypothesised that different microorganisms possess different OMPs or

mechanisms for hydrocarbons uptake. Currently, there is no OMP reported in Gram-

positive microorganisms. The following section starts with the unique features of the

outer membranes of the Gram-negative microorganism and the reported proteins

that are suggested to be involved in the uptake of alkanes or other hydrocarbons.
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1.2.3.1 The structure of the outer membrane in Gram-negative bacteria

The outer membrane featured in Gram-negative bacteria is an asymmetric bilayer

of lipopolysaccharides and phospholipids (Nikaido, 2003). The lipid bilayers of

the cell’s outer membrane consist of two monolayers of amphiphilic phospholipid

molecules possessing both hydrophobic tail groups and hydrophilic head groups.

The hydrophobic tail groups of the phospholipid molecules face each other forming

a hydrophobic core, whereas the hydrophilic head groups are exposed to water on

both sides of the membrane. The outer leaflet of the outer membrane is composed of

lipopolysaccharides, which extend outwards to the extracellular space from the sur-

face of the cells as shown in Figure 1.3 (Vergalli et al., 2019). This elaborate and rigid

outer membrane significantly slows down the uptake of small molecules, which

results in an increased resistance to many harmful compounds including antibiotics

when compared to Gram-positive bacteria (Li et al., 2015). It was widly assumed that

the hydrophobic molecules simply intercalate with the phospholipid bilayer due to

the similar hydrophobic nature (Kell et al., 2015; Terrasse and Winterhalter, 2018).

However, the presence of lipopolysaccharides places doubt over this assumption

due to the location and hydrophilic nature of lipopolysaccharides. Additionally, the

assumption that passive diffusion of hydrocarbons down the concentration gradient

occurs is challenged by the fact that the hydrocarbon molecules have an extremely

low solubility in the aqueous phase (Hearn et al., 2009). It has been proposed that

the outer membrane acts as the first line of defence against the external harmful

compounds such as antibiotics, organic solvents, disinfectants and bacteriocins (Han-

cock, 1997; Zgurskaya et al., 2015). However, the OMPs were reported to mediate

the uptake of various molecules required for cell growth or other basic functions

(Vergalli et al., 2019). More OMPs are found to facilitate or enable the uptake of

small, uncharged compounds such as alkanes (Grant et al., 2014), phosphate (Moraes



1.2 Uptake and transmembrane passage of alkanes 17

Fig. 1.3 The outer membrane structure of Gram-negative bacteria. The LPS are exposed
outwards from the cell surface. The hydrophobic tail groups are facing each other forming a
hydrophobic core. Figure is adapted from Sperandeo et al. (2009)

et al., 2007), carbon dioxide (Kai and Kaldenhoff, 2014), ammonium (Wang et al.,

2013), urea (Shayakul et al., 2013), fatty acids (van den Berg, 2005) and even water

(Ishibashi et al., 2011).

Recent studies have reported the trans-membrane transport of phenanthrene (Kalli-

manis et al., 2007), naphthalene (Whitman et al., 1998) and n-hexadecane (Kim et al.,

2002). Two mechanisms have been recognised as the main ways of alkane transport

across the cell membrane: passive facilitated diffusion and energy-dependent active

transport. Proteins with water filled β-barrel channels function passively, which

permits the energy-independent diffusion of the hydrocarbon molecules down the

concentration gradient. Active transporters, such as ATP-binding cassette (ATP)

transporters, utilise ATP as energy source to translocate substrates across the outer

membrane against the concentration gradient.

1.2.3.2 FadL mediating the entry of hydrophobic molecules

The FadL protein family is proposed as mediating passive diffusion of hydrophobic

molecules across the outer membrane in Gram-negative bacteria (van den Berg, 2010;

Van Den Berg et al., 2004). The FadL protein was first established to be involved
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in fatty acids uptake in E. coli (Nunn and Simons, 1978). The fatty acid uptake

role was implied from the work that FadL facilitated feeding the free fatty acids

into the long-chain fatty acyl-CoA in the intracellular pool together with the inner

membrane fatty-acyl CoA synthetase (FadD) (Black and DiRusso, 2003; Black et al.,

1987). Crystal structure and further mutation studies suggested a passive facilitated

diffusion mechanism of hydrophobic compounds (Van Den Berg et al., 2004). Its

crystal structure showed a 14-stranded β barrel with two unique features. Firstly,

there is a small spherical N-terminal hatch that completely blocks the barrel. As a

result, there is no continuous passage through the barrel connecting the extracellular

with periplasmic space. Secondly, no hydrogen bond was formed between one

of the β strands and its neighbouring strands, which leads to the presence of an

inwards-pointing S3 kink interacting with the N-terminus of the hatch within the

lumen of the barrel. The S3 kink is large enough so that the small hydrocarbons are

able to pass through. The crystal structure of FadL is shown in Figure 1.4. Mutants

with a closed or smaller S3 kink showed a dramatically reduced transport activity.

These findings led to the proposed model of lateral diffusion mechanism for small

hydrophobic compounds transporting through the FadL protein family. The lateral

diffusion mechanism assumes that the substrates are captured from the extracellular

media by the low-affinity binding site of the FadL protein. The substrates are

then diffused to the high-affinity binding site down the gradient concentration.

Conformational change of the N-terminal domain and the presence of the S3 kink

create a continuous passage through the barrel wall so that the substrates are released

into the periplasmic space of the cells (Figure 1.5).

Currently, four other proteins from the FadL family have been suggested to facilitate

the uptake of hydrocarbons, TodX from P. putida, TbuX from Ralstonia pickettii, Xyln

from P. putida and Tmox from Pseudomonas mendocina (Kahng et al., 2000; Kasai et al.,
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2001; Ramos-González et al., 2002; Wang et al., 1995). One latest preprint report

suggested another member CymD from P. putida F1 could mediate the entry of

mono-aromatic hydrocarbons through lateral diffusion mechanism (Somboon et al.,

2020). These proteins shared over 20 % sequence identity. The structure of these

proteins contains 14 β-stranded barrels. Most importantly, the structural analysis

revealed the presence of the lateral S3 kink in a similar position supporting the

proposed lateral diffusion mechanism of the FadL protein family. Alkanes with

similar hydrophobicity appear to follow this lateral diffusion mechanism. Apart

from mediating the entry of fatty acids, FadL in E. coli was also suggested to mediate

the entry of octane (Call et al., 2016). Moreover, three homologues of FadL from

Alcanivorax dieselolei B5T were indicated to facilitate alkane uptake (Lai et al., 2012).
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Fig. 1.4 Crystal structure of FadL from E. coli presented in a ribbon view. The S3 kink
showing the lateral opening and the N terminal hatch showing the blockage of substrate
entry via the hatch are indicated with arrows. Figure is adapted from Van Den Berg et al.
(2004).

Fig. 1.5 Lateral diffusion mechanism demonstration. (a). n-alkanes bind to a low-affinity
binding site (L) from the extracellular space. (b). The n-alkanes then diffuse to a high-affinity
binding site (H). (c). The conformational change of the N-terminus and the presence of S3
kink create a continuous passage allowing for n-alkane translocation. The figure is adapted
from Hearn et al. (2009).
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1.2.3.3 OmpW family mediating the entry of hydrophobic molecules

The OmpW family has also been suggested to facilitate the uptake of small hy-

drophobic molecules in Gram-negative bacteria. Prior to the putative functions of

transporting hydrophobic molecules, the OmpW family was suggested to be in-

volved in protecting cells against environmental stresses (Söderblom et al., 2005). The

crystal structure of the OmpW protein showed that it is formed by eight-stranded β

barrels with a deep hydrophobic binding pocket in the barrel interiors (Figure 1.6).

The binding pocket is the place where the LDAO (n-dodecyl-N, N-dimethyl-amine-

N-oxide) is supposed to be bound. The channel activity of transporting hydrophobic

compounds was shown to be blocked by the addition of LDAO. Moreover, more

than two thirds of the internal amino acids are hydrophobic, which indicates the

hydrophobic nature of the internal channel. An important feature of OmpW is the

lateral opening in the similar position to where it is in the FadL family. However,

different from FadL whose channel is nearly blocked by the hydrogen bonds and

the salt bridges at its N-terminal domain, the OmpW protein shows a continuous

lumen of the channel (Hong et al., 2006). The presence of the lateral opening and the

continuous channel of OmpW protein place some uncertainties over its transport

mechanism. It is unclear whether OmpW follows the lateral diffusion mechanism

similar to FadL family or the classic diffusion mode through the channel. Further

site-mutagenesis work by closing the lateral opening sites could potentially shed

light on its transport mechanism.

One representative protein from the OmpW family with a validated role of uptaking

alkanes is AlkL. It was firstly found to be a part of the operon of alkane biooxidation

pathway in P. putida. Direct evidence of alkane uptake was shown in overcoming

mass transfer of C9 and C11 over the outer membrane and boosting catalytic biooxi-

dation of alkanes (Julsing et al., 2012). The alkane transport function was further
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Fig. 1.6 The ribbon view of the crystal structure of OmpW protein from E. coli. A and B are
the views from the side. L, T and S stands for the extracellular loops, periplasmic turn and
β barrel strand, respectively. The * in B shows the position of lateral opening. C is the top
view from the extracellular side showing a continuous lumen of the channel. The figure is
adapted from Hong et al. (2006) for a better demonstration of the structure of OmpW.

validated by the co-expression of AlkL protein as a plug-in, which showed an im-

proved specific yield by up to 100-fold for dodecane biooxidation into fatty alcohols

and acids (Grant et al., 2014). AlkL shares 29 % of sequence identity to OmpW in

E. coli and has a lateral opening in a similar position as in OmpW. Other proteins

from the OmpW family are also inferred to mediate the uptake of hydrophobic

molecules. NahQ from P. putida was shown to be a part of the napthalene degrada-

tion pathway (Eaton, 1994). OprG from P. aeruginosa and DoxH from Pseudomonas

sp. C18 were shown to be required for the growth of the organism on napthalene,

proving evidence of its essential role for its uptake (Denome et al., 1993; Neher

and Lueking, 2009). Furthermore, the crystal structure of OprG showed that the

extracellular sides of the OprG are lined exclusively with hydrophobic amino acids,

which was suggested to form a binding site for the hydrophobic molecules from the

extracellular milieu. Additionally, OprG protein has a lateral opening at the similar
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site to OmpW and FadL family (Touw et al., 2010). The crystal structures of the

proteins from the OmpW family together with biochemical evidence indicate the

potential role of the OmpW family in the transport of hydrophobic molecules.

1.2.4 Active transport

Although genes and proteins involved in the facilitated diffusion of hydrophobic

molecules have been identified, the actual transport mechanism remains elusive.

It was suggested that the facilitated diffusion mechanism is only feasible for low

molecular-weight compounds with an adequate solubility in water phase, which

are meanwhile small enough to pass through the lateral opening of the OmpW or

FadL family proteins (Shao and Wang, 2013). Whitman et al. (1998) showed that

the naphthalene uptake in Pseudomonas fluorescens was sensitive to both energy

inhibitors and naphthalene analogues, such as α-naphthol and 2-methylnaphthalene,

since the naphthalene uptake was nearly completely inhibited by the addition

of sodium azide or 2,4-dinitrophenol. This is contradictive to a previous work

showing that the naphthalene transport occurred via diffusion (Bateman et al.,

1986). More recently, it was shown that the transmembrane process of octadecane in

Pseudomonas sp. DG17 might be mediated via the active transport mechanism as it

was inhibited by the addition of an energy inhibitor NaN3 (Hua and Wang, 2014). Li

et al. (2014b) suggested that the transport of fluoranthene through Rhodococcus sp.

BAP-1 requires energy, indicating an active transport-based mechanism. In fact, there

are some reported proteins that allow for transport of large or rare compounds via an

energy-dependent system against the concentration gradient. Several characterised

examples of exporting organic solvents out of the cell to increase the solvent tolerance

were found in Gram-negative strains, such as AcrAB-TolC and AcrEF-TolC efflux

pumps for n-hexane in E. coli and Ttg pumps (TtgABC, TtgDEF and TtgGHI) for
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toluene, styrene, and p-xylene in P. putida (Li et al., 1998; Tsukagoshi and Aono,

2000). The mechanism of these pumps was shown to require the proton motive

force via the TonB-ExbB-ExbD inner membrane complex (Ramos et al., 2002). There

are two distinct functional domains within this complex. One is that a 22-stranded

β-barrel spans the outer membrane and contains large extracellular loops which

appears to function in ligand binding. The other is a globular N-terminal domain

that folds into the barrel pore, which inhibits the access to the periplasm and forms

into two additional loops for potential ligand binding. The two additional loops

might provide a signalling pathway for the processes of ligand recognition and

TonB-mediated transport. The blockage of the pore indicates that the N terminal

domain undergoes a conformational change to provide ligand with the access to

periplasm across the membrane (Buchanan et al., 1999).

1.2.5 Brief summary

In conclusion, though several transporters have been found for transporting fatty

acids, alkanes or naphthalene, the detailed molecular process still requires further

elucidation. The active transport mechanism remains a poorly understood area. The

FadL and OmpW family were reported to accept short and medium chain alkanes

as substrates. However, the transport mechanisms for high-molecular-weight or

longer chain alkanes have not been identified yet. Additionally, transporters from

Gram-positive microorganisms have not been reported until now.
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1.3 Synthetic biology tools for identifying transport

processes

In the recent decade, increasing efforts have focused on the transmembrane process

of several compounds. The transmembrane process is enigmatic as it mainly involves

localisation changes rather than chemical changes of the compounds (Carpenter

et al., 2008; Kell et al., 2015). For some compounds such as alkanes, the detection

of the change of localisation is even more challenging owing to their relatively

inert property and the lack of the characteristic functional group (Kostecki et al.,

2005). One direct and substantial method of monitoring the transmembrane process

is isotope labelling. The flux of labelled molecules is then measured by Nuclear

magnetic resonance (NMR) or the radioactivity (Albermann et al., 2014). Such

methods enable the absolute quantitative measurements using internal standards

with stable isotopic labels thus providing a conclusive evidence of the role of certain

transporters to be investigated (Vinh, 2019). Nevertheless, this method requires

sophisticated equipment such as Mass spectrometry (MS) or NMR. Additionally,

it involves protective procedures and precautions especially when the radioactive

isotopes are incorporated into biologically active molecules. The following section

highlights several other synthetic biology-based approaches for the identification of

transporter-mediated processes.

1.3.1 Omics-based strategies

The explosion of genome sequencing projects has enabled systematic studies of

membrane proteins and corresponding metabolic networks at the genome scale,

which has generated enormous protein databases with unknown functions. The
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availability of transcriptomics and proteomics offers an effective strategy for identi-

fying genes / proteins that might be associated with particular biological processes.

Rodriguez-Moya and Gonzalez (2015) performed a comparative proteomic analy-

sis of E. coli under the stress of octanoic acid and identified several categories of

proteins expressed in response to short chain fatty acids including oxidative stress,

protein synthesis, metabolic functions as well as transporter and structural proteins.

Similar proteomic analysis was carried out in P. putida KT2440 under the exposure

of a sublethal inhibitory concentration of phenol and revealed the up-regulation of

proteins including the transporters for small molecules (Santos et al., 2004). Ling

et al. (2013) investigated the molecular mechanisms between Saccharomyces cerevisiae

and alkanes by conducting a systematic transcriptomic analysis. This work has

also identified several efflux pumps, which strongly implies that the efflux pumps

could aid the secretion of alkanes thus improving the tolerance. These reports shed

light on the flux of compounds in regard to the enhanced tolerance and the over-

production of compounds of interest. This omics-based strategy has been widely

applied in exploring native transporters, particularly for those transporters whose

differentiated expression is associated with distinct and significant outputs such

as growth (Zhu et al., 2020). However, the efficacy of omics-based strategies is

hindered for several reasons. Firstly, the metabolic transformations within the cells

are often strictly subjected to the stoichiometric control. Secondly, native genes

with large impacts on certain phenotype are rare. Thirdly, a large change in the

level of expression or transcription is not necessarily equivalent to a large effect

on certain phenotypes. Thus, omics-based strategies has been criticized as an in-

appropriate method to identify genes with large impacts on centain phenotypes

(Evans, 2015). In terms of transporter-mediated activities, it should be pointed out

that the trait of enhanced tolerance or production has underlying mechanisms and
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the differentiated transcription or translation level of membrane proteins might

only be an indirect consequence. Thus, the omics-based strategies were more often

coupled with other approaches to substantially assign the role of transport to certain

transporters screened using the omics-based methods.

1.3.2 Gene deletion analysis

Gene deletion analysis is one of the approaches to ascribe the function of transport

to certain transporters guided by a systematic analysis such as transcriptomic and

proteomic strategies stated above. Rodriguez-Moya and Gonzalez (2015) screened

the differentiated expression level of several proteins using the comparative pro-

teomic analysis of E. coli under exogenous octanoic acid stress. The effect of deletion

and overexpression mutants for each of the proteins on growth with octanoic acid

was analysed. To compare the intracellular pH of the ompF deletion and OmpF

overexpression along with the parental strain, OmpF was found to have an impact

on the uptake of octanoic acid. In another report, Ling et al. (2013) also conducted the

knockout of candidate genes screened from the transcriptomic assay and contributed

to the identification of two efflux pumps, Snq2p and Pdr5p, for reducing the intracel-

lular levels of C10 and C11 as well as demonstrating an enhanced tolerance. Having

compared the whole genome comparison of the L-glutamate exporter-deficient strain

with a wild-type strain from Corynebacterium glutamicum, Wang et al. (2018) then

performed the gene deletion and complementation of MscCG2. This established the

role of MscCG2 in L-glutamate export. The collections of non-essential single-gene

deletions from E.coli and S. cerevisiae are ready-to-use resources for studying single

genes in the two most widely-used hosts (Baba et al., 2006; Giaever et al., 2002;

Long and Antoniewicz, 2014). With more genome sequencing projects followed in

different chassis organisms and genome engineering techniques becoming handy,
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the gene deletion is accelerating the scientific research in the profile of single genes

including those encoding putative transporters.

1.3.3 Biosensor-based approach

Another approach arising in the past decade for the identification of transporter-

mediated activities is the use of biosensors. A biosensor is composed of a genetically

encoded sensing element for recognition of a target molecule and a reporting bi-

ological component to transform the interaction of the target molecule with the

sensing element into a dose-dependent and easy-measurable way. The concept of

biosensors originated from cells’ native sophisticated mechanisms to regulate their

growth and behaviours such as sensing the environmental signals (e.g. oxygen level,

temperature and light) and detecting their inherent biosynthetic metabolites (Zhang

and Keasling, 2011). Biosensors are classified into three categories, transcription-

based biosensors, nucleic acid-based biosensors such as aptamers, riboswitches, and

transcription-independent protein-based biosensors (Carpenter et al., 2018). Due

to the fact that biosensors can be tailored for the detection of a diverse range of

compounds, they have demonstrated their versatility in different applications. In the

area of environmental monitoring, biosensors are capable of detecting pollutants re-

motely including explosive residues from mining (Shemer et al., 2015), heavy metals

(Kim et al., 2018b; Ndu et al., 2015), pesticides (Whangsuk et al., 2016), pharmaceuti-

cals (Pham et al., 2015) and most relevant to current work, hydrocarbons (Stiner and

Halverson, 2002; Sun et al., 2017). Biosensors have also been used in diagnostics,

nutrition and treatment, such as quorum sensing for the signs of infection (Wen et al.,

2017), gastrointestinal bleeding by using the heme-sensitive probiotic biosensors

(Mimee et al., 2018), antimicrobial resistance (Azizi et al., 2018) and drug screening

(Brosel-Oliu et al., 2019).
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A major advantage that biosensors offer is that biosensors can evaluate the bioavail-

ability of compounds of interest, which has enabled researchers to explore their

functionality for the identification of the missing components of cellular metabolism,

regulation and transport process. Biosensors have been demonstrated as a power-

ful tool in various aspects of synthetic biology, such as enzyme mutants screening

(Michener and Smolke, 2012), in vivo pathway optimisation (van Sint Fiet et al., 2006)

and novel transporters mining (Genee et al., 2016). The application of biosensors

in transporter identification is particularly of interest in the context of this work.

Genee et al. (2016) demonstrated the use of a thiamine pyrophosphate-responsive

riboswitch as a biosensor for the evaluation of metagenomic DNA libraries derived

from soil and fecal microbiota samples, which led to the identification of a novel class

of thiamine transporters. The aforementioned work also generalised the concept

of biosensors for the identification of transporters for other compounds such as

xanthine. In another study, the MerA biosensor was applied in the evaluation of

several transporters such as the glutathione, cystine /cysteine, and Mer transporters

for the uptake of mercury from Hg-thiol complexes by comparing the uptake rates

in strains with functioning transport systems to strains where these transporters

had been knocked out by deletion of corresponding genes (Ndu et al., 2015). This

concept could be tailored to investigate the transmembrane process of any particular

compound due to the growing number of biosensors for the detection of a variety of

compounds, such as sugars, amino acids, metals, organic acids and hydrocarbons

(Li et al., 2019).

The detection of alkanes is a challenge due to their relatively inert property and the

lack of characteristic functional groups. The gas chromatography (GC) and mass

spectrometry (MS) are the main methods available for alkane quantification, which

are costly and time-consuming (Rogers et al., 2016). Moreover, when it comes to
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identifying the roles of alkane transporters, the general chemical analytical methods

are not well-suited in quantifying alkanes within the cells in a complex intracellular

environment (Wu et al., 2015). The biosensor represents a non-invasive strategy of

quantifying intracellular alkane concentration within the cells at a single-cell level.

Some transcriptional regulatory pathways recognising alkanes have been thoroughly

studied and identified to be crucial in regulating the alkane biooxidation pathways

in their natural hosts (Canosa et al., 2000; Ratajczak et al., 1998b; Yuste et al., 1998),

which makes the biosensing approach for alkane transporters identification possible.

To be specific, there are four transcriptional factors reported: AlkS (Canosa et al.,

2000), AlkR (Ratajczak et al., 1998b), TbtR (Jude et al., 2004) and MexR (Harrison

and Dunlop, 2012). Corresponding alkane biosensors have been constructed and

summarised in Table 1.3. These biosensors mainly originated from Pseudomonas

and Acinetobacter and used GFP, Luciferase and LacZ as reporters because they

can be easily measured. An alternative application of using biosensors has been

reported (Harrison and Dunlop, 2012). In this work, the biosensing element was

fused with an efflux pump instead of colorimetric or fluorescent reporters in order

to achieve real-time feedback control of the in situ alkane biosynthesis. These

reported biosensors have a sensitivity as high as 40 nM and a response time as

short as 15 minutes. However, these reports were mostly from the view of alkane

detection in polluted areas during petrochemical activities (Zhang et al., 2012a)

or in situ detection of synthesised alkanes (Wu et al., 2015) rather than focusing

on the aspect of substrate transport and membrane permeability. To improve the

efficiency of alkane bioremediation and alkane biosynthesis, it is of great potential

to explore functionality of the alkane-responsive biosensors in understanding the

transmembrane process of alkanes.
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Table 1.3 Reported alkane-responsive biosensors

Host System Reporter Source Substrates Sensitivity Response time Reference

E. coli W3110 alkS-PalkB GFP P. putida C6-C10 2 µM (C8) 2 h

Sevilla et al. (2015)
M. hydrocar-

bonoclasticus

VT8

alkS-PalkB GFP P. putida C6-C10 0.5 µM (C8) 4 h

A. borkumensis

SK2

alkS-PalkB GFP P. putida C6-C10 0.5 µM (C8) 4 h

T. oleivorans

Mil-1

alkS-PalkB GFP P. putida C6-C10 0.5 uM (C8) 4 h

A. baylyi ADP1 alkR-PalkM LuxCDABE A. baylyi

ADP1

C7-C36 0.1 mg/l

(C18)

0.5 h Zhang et al.

(2012)

E. coli DH5a alkS-PalkB1 LuxAB A. borku-

mensis

SK2

C14-C20 0.5 nM (C8),

40 nM (C14)

6 h Kumari et al.

(2011)

E. coli DH5a alkS-PalkB LuxAB P. oleovo-

rans

C10-C16 100 nM

(C10)

15 min Sticher et al.

(1997)
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Table 1.3 Reported alkane-responsive biosensors

Host System Reporter Source Substrates Sensitivity Response time Reference

A. baylyi ADP1 alkR-PalkM LacZ A. baylyi

ADP1

C7-C18 100 uM

(C16)

10 h Ratajczak

et al. (1998b)

E.coli mexR efflux pump P. aerugi-

nosa

in situ syn-

thesised C6

Unclear n.a. Harrison et

al. (2012)

E.coli alkR-PalkM GFP A. baylyi

ADP1

products

from AAR-

ADC

n.a. n.a. Wu et al.

(2015)
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1.4 Aims and objectives

Substantiated by the literature review, the thesis aims to address the transmembrane

passage of alkanes in E. coli, which is one of the key issues affecting alkane biosyn-

thesis and biooxidation. The biosensor approach is adopted based on prior reported

evidence in evaluating the bioavailability of certain molecules as well as existing

transcriptional regulatory circuits for alkane detection. In detail, the objectives of

the thesis are as follows:

• To review the recent scientific developments relevant to alkane biosynthesis,

alkane biooxidation, the uptake and transmembrane process of alkanes, and

major strategies of identifying the transporter-mediated activities.

• To establish the whole-cell biosensing approach for evaluating the bioavail-

ability of alkanes by constructing the alkane-responsive biosensors and char-

acterising their response parameters both in vivo and in vitro for an adequate

understanding of both their capabilities and limitations.

• To identify the native OMPs associated with alkane uptake in E. coli using the

biosensor(s) evaluated and the Keio collection of single gene knock-out E.coli

strains.

• To perform the deletion of the identified gene(s) towards the development of

a host E.coli strain with reduced native alkane transport and demonstrate its

applications in identification of putative OMPs from the OmpW family.
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1.5 Thesis structure

Chapter 1 discusses the introduction and background of the research area in this

thesis leading to the most relevant and up-to-date research and the thesis objectives

stated in Section 1.4. The alkane biooxidation and biosynthesis pathways are firstly

introduced and the major obstacles in such processes are summarised, which lays

down one of the principle limitations, i.e. the transmembrane passage of alkanes.

The major synthetic biology strategies of elucidating and engineering the transmem-

brane process are then summarised. Among these approaches, the biosensor-based

strategy is the key focus of the thesis.

Chapter 2 summarises all the strains and plasmids used and constructed in the

work, DNA manipulation including general molecular techniques as well as λ

red recombineering, protein extraction and separation methods, the whole-cell

biosensing assay used most frequently throughout the thesis, and all the other

relevant analytical methods including in vitro transcription and translation and flow

cytometry.

In Chapter 3, the alkS-PalkB biosensor is firstly fully characterised in vivo and the

limited substrate range of the alkS-PalkB biosensor is highlighted, which led to the

construction of the alkR-PalkM biosensor. The in vitro transcription-translation assays

were performed to elucidate the substrate range of the two biosensors as well as the

permeability for n-alkanes through the E. coli membrane.

In Chapter 4, the alkR-PalkM biosensor in the combination with the E. coli single-gene

deletion collection is used to identify the selected OMPs in their association with

alkane uptake. Another set of plasmids for OMPs expression were then constructed

in this chapter to allow for the compatibility with the biosensor plasmids and a

rheostatic controlled expression of the OMPs. The OMP expression plasmid was
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then co-expressed alongside with the biosensor to evaluate if the loss of uptake can

be rescued by its overexpression.

Following Chapter 4 where the native OMPs had been identified for the association

with the n-alkane uptake, Chapter 5 demonstrates the development of a host E. coli

cell with reduced native alkane uptake using the λ Red recombineering approach.

Furthermore, to demonstrate the applicability of the host cell with reduced native

alkane uptake, the host cell was employed in the identification of the putative OMPs

from the OmpW family for their roles in n-alkane uptake.

The final chapter summarises the major findings from the thesis and provides

suggestions for further research.





Chapter 2

Materials and Methods

2.1 Strains, plasmids and media

The strains and plasmids used and constructed in this work are listed in Tables 2.1

and 2.2, respectively. The schematic maps of the selected plasmids indicated in Table

2.2 are shown in Appendix A. A. baylyi ADP1 was incubated in Nutrient broth (1 g/l

beef extract, 2 g/l yeast extract, 5 g/l peptone and 5 g/l NaCl, pH 7.0) at 30 °C, 250

rpm (25 mm amplitude). All E. coli cells were incubated in LB broth (10 g/l tryptone,

5 g/l yeast extract, 10 g/l NaCl, pH 7.0) with the exception of E. coli Rosetta cells

for the preparation of crude cell-extract for cell-free TX-TL reactions, which were

incubated in 2×YT-P media (16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl, 0.04

M K2HPO4 and 0.22 M KH2PO4). All chemicals used in this work were purchased

from Sigma-Aldrich unless specified otherwise.
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Table 2.1 Strains used in this work

Strains Description / Genotype Reference

E. coli BW25113 K12 derivatives, the parental strain of the

Keio collection of the single-gene knockouts.

F-, ∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-,

rph-1, ∆(rhaD-rhaB)568, hsdR514

Datsenko and Wan-

ner (2000)

E. coli DH5α Commerical high-efficient chemically compe-

tent cells. ∆(argF-lac)169, φ 80dlacZ58(M15),

∆ phoA8, glnX44(AS), λ-, deoR481, rfbC1,

gyrA96(NalR), recA1, endA1, thiE1, hsdR17

Invitrogen, USA

E. coli

BL21(DE3)

Rosetta

Enhanced expression of proteins that contain

codons rarely used in E. coli that encoded

on the pRARE CamR plasmid. F-, ∆ ompT,

hsdSB(rB-, mB-), gal, dcm (DE3)

Loyevsky et al. (2003)

E. coli JW2341

(Keio ∆fadL)

From the Keio collection, fadL replaced

by the kanamycin resistance casesste. F-,

∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-,

∆fadL752::kan, rph-1, ∆(rhaD-rhaB)568,

hsdR514

Baba et al. (2006)

E. coli JW2203

(Keio ∆ompC)

From the Keio collection, ompC replaced

by the kanamycin resistance casesste. F-,

∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-,

∆ompC768::kan, rph-1, ∆(rhaD-rhaB)568,

hsdR514

Baba et al. (2006)

to be continued



2.1 Strains, plasmids and media 39

Table 2.1 Strains used in this work

Strains Description / Genotype Reference

E. coli JW0912

(Keio ∆ompF)

From the Keio collection, ompF replaced

by the kanamycin resistance casesste. F-,

∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-,

∆ompF746::kan, rph-1, ∆(rhaD-rhaB)568,

hsdR514

Baba et al. (2006)

E. coli JW1371

(Keio ∆ompN)

From the Keio collection, ompN replaced

by the kanamycin resistance casesste. F-,

∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-,

∆ompN740::kan, rph-1, ∆(rhaD-rhaB)568,

hsdR514

Baba et al. (2006)

E. coli JW1248

(Keio ∆ompW)

From the Keio collection, ompW replaced

by the kanamycin resistance casesste. F-,

∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-,

∆ompW764::kan, rph-1, ∆(rhaD-rhaB)568,

hsdR514

Baba et al. (2006)

E. coli JW5503

(Keio ∆tolC)

From the Keio collection, tolC replaced

by the kanamycin resistance casesste. F-,

∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-,

∆yolC732::kan, rph-1, ∆(rhaD-rhaB)568,

hsdR514

Baba et al. (2006)

to be continued
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Table 2.1 Strains used in this work

Strains Description / Genotype Reference

E. coli JW0231

(Keio ∆phoE)

From the Keio collection, phoE replaced

by the kanamycin resistance casesste. F-,

∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-,

∆phoE759::kan, rph-1, ∆(rhaD-rhaB)568,

hsdR514

Baba et al. (2006)

E. coli JW1312

(Keio ∆ompG)

From the Keio collection, ompG replaced

by the kanamycin resistance casesste. F-,

∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-,

∆ompG756::kan, rph-1, ∆(rhaD-rhaB)568,

hsdR514

Baba et al. (2006)

E. coli JW3846

(Keio ∆ompL)

From the Keio collection, ompL replaced

by the kanamycin resistance casesste. F-,

∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-,

∆ompL737::kan, rph-1, ∆(rhaD-rhaB)568,

hsdR514

Baba et al. (2006)

E. coli ∆fadL

∆ompC::cat

ompC replaced by the chloramphenicol

resistance cassette in E. coli JW2341 fadL

knockout mutant. F-, ∆(araD-araB)567,

∆lacZ4787(::rrnB-3), λ-, ∆fadL752::kan,

∆ompC768::cat,rph-1, ∆(rhaD-rhaB)568,

hsdR514

This work (Chapter 5)

to be continued
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Table 2.1 Strains used in this work

Strains Description / Genotype Reference

E. coli ∆fadL

∆ompC

ompC deleted from E. coli JW2341 (fadL

knockout mutant). F-, ∆(araD-araB)567,

∆lacZ4787(::rrnB-3), λ-, ∆fadL752, ∆ompC768,

rph-1, ∆(rhaD-rhaB)568, hsdR514

This work (Chapter 5)

E. coli ∆fadL

∆ompC

ompF::cat

ompF replaced by the chloramphenicol resis-

tance cassette in fadl ompC deletion mutant.

F-, ∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-,

∆fadL752, ∆ompC768, ∆ompF746::cat, rph-1,

∆(rhaD-rhaB)568, hsdR514

This work (Chapter 5)

E. coli ∆fadL

∆ompC

∆ompF::cat

ompF deleted from the fadL ompC

deletion mutant. F-, ∆(araD-araB)567,

∆lacZ4787(::rrnB-3), λ-, ∆fadL752, ∆ompC768,

∆ompF746, rph-1, ∆(rhaD-rhaB)568, hsdR514

This work (Chapter 5)

A. baylyi ADP1 Wild type. DSMZ repository number 24193 Lab collection (Barbe

et al., 2004)

Table 2.2 Plasmids used in this work

Plasmids Description Reference

alkS-PalkB plas-

mid

Pc-alkS-PalkB-sfgfp biosensor plasmid. Chlo-

ramphenicol resistance, CoE1 replication ori-

gin

Lab collection

to be continued
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Table 2.2 Plasmids used in this work

Plasmids Description Reference

alkR-PalkM plas-

mid (v1)

PalkR-alkR-PalkM-sfgfp biosensor plasmid. The

elements PalkR, alkR and PalkM were amplified

from A. baylyi ADP1 and assembled with the

alkS-PlakB plasmid backbone.

This work (Chap-

ter 3)

alkR-PalkM plas-

mid (v2)

PalkS-alkR-PalkM-sfgfp biosensor plasmid. The

transcription of alkR was under the control of

the PalkS promoter amplified from alkS-PalkB

plasmid.

This work (Chap-

ter 3

alkR-PalkM plas-

mid (v3)

Pc-alkR-PalkM-sfgfp biosensor plasmid. The

transcription of alkR was under the control of

a constitutive promoter (BBa_J23103).

This work (Chap-

ter 3

pUMP AL OMP AlkL expression plasmid. PrhaBAD pro-

moter. Kanamycin resistant. pBR322 origin.

The plasmid map is shown in Appendix A.1

Lab collection

pUMP NQ OMP NQ expression plasmid. PrhaBAD pro-

moter. Kanamycin resistant. pBR322 origin.

Lab collection

pUMP CAS OMP CAS expression plasmid. PrhaBAD pro-

moter. Kanamycin resistant. pBR322 origin.

Lab collection

pUMP SHE OMP SHE expression plasmid. PrhaBAD pro-

moter. Kanamycin resistant. pBR322 origin.

Lab collection

pUMP MA OMP MA expression plasmid. PrhaBAD pro-

moter. Kanamycin resistant. pBR322 origin.

Lab collection

to be continued
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Table 2.2 Plasmids used in this work

Plasmids Description Reference

pUMP MP OMP MP expression plasmid. PrhaBAD pro-

moter. Kanamycin resistant. pBR322 origin.

Lab collection

pUMP 2×27 OMP 2×27 expression plasmid. PrhaBAD pro-

moter. Kanamycin resistant. pBR322 origin.

Lab collection

pUMP AB OMP AB expression plasmid. PrhaBAD pro-

moter. Kanamycin resistant. pBR322 origin.

Lab collection

pACYC177 Cloning vector containing the p15a origin of

replication. Ampicillin and kanamycin resis-

tant. The plasmid map is shown in Appendix

A.2.

New England Bio-

labs, UK

pASKAfadL ASKA plasmid library. The FadL expression is

under the control of the T5 lac promoter with

His6 tag at the N terminus. Kanamycin resis-

tant. pMB1 replication origin.

Kitagawa et al.

(2005)

pACYCrha-

fadL-6his

OMP expression plasmid. The FadL protein is

under the control of PrhaBAD amplified from

pUMP AL plasmid and assembled with the pA-

CYC177 backbone. Ampicillin resistant, His6

tag at the C terminus, p15a origin.

This work (Chap-

ter 4)

pACYCrha-

ompC-6his

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at the C terminus,

p15a origin.

This work (Chap-

ter 4)

to be continued
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Table 2.2 Plasmids used in this work

Plasmids Description Reference

pACYCrha-

ompN-6his

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at the C terminus,

p15a origin.

This work (Chap-

ter 4)

pACYCrha-

ompF-6his

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at the C terminus,

p15a origin.

This work (Chap-

ter 4)

pSIJ8 λ red recombinase (Exo, Bet and Gam) is un-

der the control of the ParaBAD and the flippase

expression is under the control of the PrhaBAD.

Ampicillin resistant. Temperature sensitive

replicon. The plasmid map is shown in Ap-

pendix A.4

(Jensen et al.,

2015).

pKD3 Template plasmid for frt-flanked chloram-

phenicol resistance cassette. Ampicillin resis-

tant. The plasmid map is shown in Appendix

A.5.

(Datsenko and

Wanner, 2000)

pEX-K168-

MARHY

pEX-K168 standard vector used for gene syn-

thesis. MARHY was synthesised and flanked

by NdeI and NcoI site.

Eurofins Ge-

nomics, Germany

pEX-K168-MA pEX-K168 standard vector used for gene syn-

thesis. MA was synthesised and flanked by

NdeI and NcoI site.

Eurofins Ge-

nomics, Germany

to be continued
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Table 2.2 Plasmids used in this work

Plasmids Description Reference

pEX-K168-

BSF79

pEX-K168 standard vector used for gene syn-

thesis. BSF79 was synthesised and flanked by

NdeI and NcoI site.

Eurofins Ge-

nomics, Germany

pACYCrha-

MCS-His6

Empty plasmid as a control. A multiple

cloning site was cloned after the PrhaBAD and

with His6 tag before TAA stop codon. Ampi-

cillin resistant. p15a origin. The plasmid map

is shown in Appendix A.3.

This work (Chap-

ter 5)

pACYCrha-

BSF79 His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

pACYCrha-MA

His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

pACYCrha-

MARHY His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

pACYCrha-

SKP52 His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

to be continued
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Table 2.2 Plasmids used in this work

Plasmids Description Reference

pACYCrha-

AlkL His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

pACYCrha-

CAS His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

pACYCrha-MP

His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

pACYCrha-NQ

His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

pACYCrha-

ACIAD His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

pACYCrha-227

His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

pACYCrha-AB

His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

to be continued
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Table 2.2 Plasmids used in this work

Plasmids Description Reference

pACYCrha-

SHE His6

OMP expression plasmid. PrhaBAD promoter,

Ampicillin resistant, His6 tag at C terminus,

p15a origin.

This work (Chap-

ter 5)

2.2 Cell culture

2.2.1 General procedures for cell culture

For long-term storage, the cells were usually stored at -80 °C with 15 % v/v glycerol.

The recovery was accomplished by streaking from the -80 °C glycerol stock to LB

agar plates supplemented with corresponding antibiotics. All E. coli cell cultures

were started with inoculating from a single colony and grown in a 50 ml falcon tube

containing 10 ml of LB broth for 9-16 hours. Then, a certain amount of overnight

culture was inoculated at the inoculum ratio equivalent to the initial OD600nm of 0.05

into the Erlenmeyer flasks with 4×headspace in culture media, allowing for further

analysis. All E. coli cultures were grown at 37 °C, 250 rpm unless specified other-

wise. Antibiotics including chloramphenicol, ampicillin and kanamycin dissolved

in ethanol (for chloramphenicol) or water were filter sterilised and added into the

cell culture when required at the working concentration of 34 µg/ml, 100 µg/ml

and 50 µg/ml, respectively.
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2.2.2 Competent cells preparation

2.2.2.1 Chemically competent cell preparation

To prepare chemically competent E. coli cells, a single colony of cells to be prepared

was inoculated to a 50 ml falcon tube containing 10 ml of LB broth and incubated at

37 °C, 250 rpm for 16 hours. Then a 500 µl of the overnight culture was sub-cultured

in a 250 ml shake flask containing 50 ml LB broth and grown at 37 °C, 250 rpm to

OD600nm around 0.3-0.4. The cells were pelleted by centrifugation at 4,000 rpm for

10 min at 4 °C. The supernatant was discarded fully and and resuspended in 10 ml

of pre-chilled 100 mM sterile MgCl2. After washing with MgCl2 3 times, the cell

pellets were finally resuspended in 1.25 ml ice-cold CaCl2. The mixture was then

incubated on ice for 1-3 hours to increase the competency. After incubation, 250 µl

ice-cold 50 % glycerol was added to the cells. A 25 µl of the cell suspension was then

aliquoted for the transformation with plasmids or kept at -80 °C.

2.2.2.2 Electro-competent cell preparation

For preparing the electro-competent cells subjected to λ red recombineering, a final

concentration of 15 mM L-arabinose was added upon inoculation to enable the

expression of Gam, Exonuclease and Beta recombinases from the ParaBAD promoter.

The cells were harvested by centrifugation at 4,000 rpm for 10 min at 4 °C. The

supernatant was discarded fully and the pellet was washed with 10 ml of the pre-

chilled 10% glycerol for 4 times. Finally, the pellet was fully resuspended in 250

µl of ice-cold 10 % glycerol. A 50 µl of the cell suspension was then aliquoted for

transformation with dsDNA or kept at -80 °C.
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2.3 DNA manipulation

2.3.1 General procedures

The genomic DNA was extracted using the Genomic-tip 100/G (Qiagen, Germany)

following the manufacturer’s standard protocols. PCR reactions for generating

dsDNA for the purpose of cloning using the Q5 HotStart polymerase master mix

(New England Bio-labs, UK) were performed under the conditions listed in Table

2.3. Colony PCR reactions were carried out using HotStart Taq polymerase master

mix (New England Bio-labs, UK) following the manufacturer’s standard protocols

and the cycling conditions are shown in Table 2.4. All the oligonucleotides were

synthesised by Sigma-Aldrich, UK. The PCR products were either PCR purified

using Monarch PCR & DNA Cleanup kit (New England Bio-labs, UK) or gel-purified

using Monarch DNA gel extraction kit (New England Bio-labs, UK) depending on

the specificity of amplifications. DNA fragments were joined by Gibson Assembly

or restriction-digestion-ligation according to the protocols from the manufacturer

(New England Bio-labs, UK). Plasmids were prepared using QIAprep Spin Mini-

prep Kit (Qiagen, Germany) and quantified using Nanodrop (Thermo Fisher, USA).

DNA samples including PCR products and plasmids were separated by agarose gel

electrophoresis with the agarose concentration at 0.8 % w/v and ethidium bromide

concentration at 0.8 µg/ml for gel visualisation in TBE buffer (Invitrogen, USA). The

DNA samples were sequenced by Eurofins Genomics for the confirmation of the

correct DNA manipulation.
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Table 2.3 PCR cycling parameters using HotStart Q5 poly-
merase

Step Temperature Time

Initial denaturation 98 °C 30 s

30 cycles
98 °C 10 s
Tm* 20 s
72 °C 25 seconds / kb

Extension 72 °C 2 min
Hold 12 °C

* The annealing temperature (Tm) of each PCR reaction
was estimated using the NEB Tm calculator (http://
tmcalculator.neb.com/)

Table 2.4 Colony PCR cycling parameters using HotStart
Taq polymerase

Step Temperature Time

Initial denaturation 95 °C 15 min

30 cycles
95 °C 25 s
Tm* 45 s
68 °C 1 minute / kb

Extension 68 °C 5 min
Hold 12 °C

* The annealing temperature (Tm) of each PCR re-
action was estimated using the NEB Tm calculator
(http://tmcalculator.neb.com/)

http://tmcalculator.neb.com/
http://tmcalculator.neb.com/
http://tmcalculator.neb.com/
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2.3.2 Cloning methods

2.3.2.1 Gibson Assembly

Gibson Assembly was used in most of the plasmids construction in this work. The

oligonucleotides for Gibson Assembly were designed to have around 50 nt-overlap

between the two DNA fragments joining together. The purified DNA fragments

were quantified using Nanodrop (Thermo Fisher, USA) and joined using the Gibson

Assembly Master Mix (New England Bio-labs, UK) following the manufacturer’s

instructions (Gibson et al., 2009). The mixture obtained from Gibson Assembly was

subsequently digested with DpnI-HF (New England Bio-labs, UK) in CutSmart

buffer (New England Bio-labs, UK) at 37 °C for 2 hours to remove the background

plasmids. Afterwards, 4 µl of the mixture was transformed into 50 µl of the commer-

cial competent E. coli DH5 α cells for further screening.

2.3.2.2 Restriction enzyme digestion and ligation

The restriction enzyme digestion-ligation method was used in the construction of

the OMP expression plasmids in Chapter 5. The oligonucleotides for amplifying

the OMP inserts were designed to have the overhang allowing for NdeI and NcoI

digestion. The purified amplified fragments together with the backbone plasmid

were then digested by NdeI-HF and NcoI-HF (New England Bio-labs, UK) following

the manufacturer’s protocol with the exception that the digestion time was set for

2 hours for an enhanced digestion efficiency. The DNA fragments were joined by

T4 ligase (New England Bio-labs, UK) under the recommended conditions and the

products were transformed into 50 µl of commercial competent E. coli DH5α cells.
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2.3.3 The construction of the alkR-PalkM biosensor plasmids

The plasmid backbone used for the biosensor is pSB50C7, which is an alkS-PalkB

biosensor responding to short-chain alkanes. DNA fragment containing alkR gene

coding for alkane-responsive AlkR transcriptional regulator along with its native

promoter PalkR and promoter sequence PalkM for alkM coding for n-alkane hydroxy-

lase was amplified from A. baylyi ADP1 using ab forward and reverse primers. They

were then joined with the DNA fragments amplified from the alkS-PalkB biosensor

using alkS-PalkB forward and reverse primers. The second version of the alkR-PalkM

biosensor was constructed by joining DNA fragment (PalkS) amplified from the

alkS-PalkB biosensor using PalkS forward and reverse primers and DNA fragment

containing the backbone of the biosensor amplified by alkR-PalkM forward and

reverse primers. To reduce the fluorescent background noise, the final version of

the alkR-PalkM biosensor was constructed by replacing the promoter for driving

the transcription of AlkR in the second version of alkR-PalkM biosensor into an-

other weaker promoter (BBa_J23103) (Kelly et al., 2009). It was accomplished by

joining the Pc bridge containing the constitutive promoter with the DNA fragment

amplified using alkR-PalkM v2 forward and reverse primers. The sequence of the

oligonucleotides for the construction of the biosensors is listed in Table 2.5 with the

overlap sequence for Gibson Assembly underlined.

Table 2.5 Oligonucleotides used for the construction of alkR-PalkM biosensors

Oligo Name Sequence (5’ to 3’) Description

ab fwd ATCCGGCTTTTTTATTATTTTCATGATTGCTG

GCGATAGT GTTTAGGAGATTGT

To amplify

alkR-PalkM sequence

from A. baylyi ADP1ab rev CTCCTTCTTAAAAGATCTTTAGTGAATCCTT

TCTTGTTATCCTCTATTCATACTGC
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Table 2.5 Oligonucleotides used for the construction of alkR-PalkM biosensors

Oligo Name Sequence Description

alkS-PalkB

fwd

ATAACAAGAAAGGATTCACTAAAGATCTTT

TAAGAAGGAGATATACATATGCGTAAAGG

To amplify the

backbone of the

biosensor excluding

alkS-PalkB cassette.

alkS-PalkB

rev

ACTATCGCCAGCAATCATGAAAATAATAAA

AAAGCCGGATTAATAATCTGGCTTTTTATA

TTCT

alkR-PalkM

fwd

CCGACTGCAAAAGACTTTGACATAGGTTTT

TTGGACG

To amplify the

backbone of

alkR-PalkM

excluding the PalkR.

alkR-PalkM

rev

GCGAGAATAGCATAATGGATGCACTTAGTA

AAATTTTTG

PalkS fwd GTGCATCCATTATGCTATTCTCGCGCCAGC To amplify PalkS

promoter from

alkS-PalkB biosensor

PalkS rev TGTCAAAGTCTTTTGCAGTCGGCCAGAAAT

AG

alkR-PalkM

v2 fwd

TCCCTAGGACTGAGCTAGCTATCAGGACTT

TGACATAGGTTT TTTGGAC

To amplify the

backbone of

alkR-PalkM biosensor

excluding the PalkS.

alkR-PalkM

v2 rev

ACTAGAGAAAGAGGAGAAATACTAGATGG

ATGCACTTAGTAAAATTTTTG

Pc bridge CTAGTATTTCTCCTCTTTCTCTAGTAGCTAG

CATAATCCCTAGGACTGAGCTAGCTATCAG

Oligo bridge for re-

placing the promoter

for alkR.
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2.3.4 The construction of the plasmids for OMPs expression

The plasmid backbone used for the OMPs expression was pACYC177 which has

a low-copy p15a origin allowing for the compatibility with the biosensor plasmid.

The gene coding for the kanamycin resistance in pACYC177 was disrupted by

digestion with HindIII-HF and XhoI-HF. They were then assembled with the rhaRS

and PrhaBAD amplified from the pUMP AL constructed previously in the lab using

rhaRSP forward and reverse primers and the ompF amplified from ompF1 forward

and reverse primers by Gibson Assembly. The His6 tag was inserted between the

ompF and the stop codon TAA by amplifying the backbone using ins6his forward and

reverse primers using KLD enzyme mix (New England Bio-labs, UK). To construct

an empty plasmid for control, the ompF was then replaced by bridging the backbone

amplified from pAYCYrha-ompF-His6 using BMCS forward and reverse primers

with MCS bridge. A NcoI restriction digestion site was also introduced in the MCS

bridge allowing for further easier cloning of OMPs. The genes coding for the OMPs

were cloned downstream of the PrhaBAD promoter either by Gibson Assembly or

restriction enzyme digestion and ligation (MARHY, BSF79 and MA). The sequence

of the oligonucleotides for the construction of the OMPs expression plasmids is

listed in Table 2.6 and the overlap or overhang sequence is underlined.

Table 2.6 Oligonucleotides for the construction of OMP expression plasmids

Oligo name Sequence (5’ to 3’) Desription

ompF1 fwd GAGGTAAAACATATGATGAAGCGCAATATT

CTGGCAG

To amplify ompF

from E. coli

ompF1 rev GTGACGACTGAATCCGGTGAGAATGGCAA

ATTAGAACTGGTAAACGATACCCACAGC
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Table 2.6 Oligonucleotides for the construction of OMP expression plasmids

Oligo name Sequence (5’ to 3’) Description

rhaRSP fwd TATGAGCCATATTCAACGGGAAACGTCTTG

CTGTAAAACGACGGCCAGTGCC

To amplify the rhaRS

and PrhaBAD from

pUMP AL.rhaRSP rev AATATTGCGCTTCATCATATGTTTTACCTCCT

ATGACTAGTGTCG

ins6his fwd CATCATCATTAATTTGCCATTCTCACCGG To insert His6 after

ompFins6his rev ATGATGATGGAACTGGTAAACGATACCCAC

BMCS fwd GGGTACCGAGCTCGAATTCCCATGGCATCA

TCATCATCATCATTAATTT

To amplify the

backbone of

pACYCrha-ompF-

His6

BMCS rev GTCGACCTGCAGGCATGCAAGCTTCATATG

TTTTACCTCCTATGACTAG

MCS bridge AAGCTTGCATGCCTGCAGGTCGACTCTAGA

GGATCCCCGGGTACCGAGCTCGAATTCCC

ATGG

To bridge with the

backbone

fadL fwd CACTAGTCATAGGAGGTAAAACATATGAGC

CAGAAAACCCTGTTTACAAAG

To amplify fadL from

E. coli

fadL rev GAATGGCAAATTAATGATGATGATGATGAT

GGAACGCGTAGTTAAAGTTAGTACCG

BfadL fwd GTACTAACTTTAACTACGCGTTCCATCATCA

TCATCATCATTAATTTGCCATTCTC

To amplify the

backbone joining fadL

BfadL rev CTTTGTAAACAGGGTTTTCTGGCTCATATGT

TTTACCTCCTATGACTAGTG

ompC fwd CACTAGTCATAGGAGGTAAAACATATGAAA

GTTAAAGTACTGTCCCTCCTGG

To amplify ompC

from E. coli
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Table 2.6 Oligonucleotides for the construction of OMP expression plasmids

Oligo name Sequence (5’ to 3’) Description

ompC rev GAATGGCAAATTAATGATGATGATGATGAT

GGAACTGGTAAACCAGACCCAGAG

BompC fwd GGGTCTGGTTTACCAGTTCCATCATCATCAT

CATCATTAATTTGCCATTCTC

To amplify the

backbone to

assemble with ompCBompC rev CCAGGAGGGACAGTACTTTAACTTTCATAT

GTTTTACCTCCTATGACTAGTG

ompN fwd CACTAGTCATAGGAGGTAAAACATATGAAA

AGCAAAGTACTGGCACTTTTAATTCC

To amplify ompN

from E. coli

ompN rev GAATGGCAAATTAATGATGATGATGATGAT

GGAACTGATAAACCAGACCTAAAGCG

BompN fwd CGCTTTAGGTCTGGTTTATCAGTTCCATCAT

CATCATCATCATTAATTTGCCATTCTC

To amplify the

backbone to

assemble with ompNBompN rev GGAATTAAAAGTGCCAGTACTTTGCTTTTCA

TATGTTTTACCTCCTATGACTAGTG

NQ fwd GTCATAGGAGGTAAAACATATGATAAAAAA

ACTGTTCCTTACGTGCTTTGTTTACTGTTC

To amplify NQ from

the pUMP NQ

NQ rev CAAATTAATGATGATGATGATGATGCCATGG

GAATTGGCGTCCGATCG

BNQ fwd CGATCGGACGCCAATTCCCATGGCATCATC

ATCATCATCATTAATTTG

To amplify the

backbone joining NQ

BNQ rev GAACAGTAAACAAAGCACGTAAGGAACAG

TTTTTTTATCATATGTTTTACCTCCTATGAC

CAS fwd GTCATAGGAGGTAAAACATATGAGTTTTTCT

AATTATAAAGTAATCGCG

To amplify CAS from

the pUMP CAS
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Table 2.6 Oligonucleotides for the construction of OMP expression plasmids

Oligo name Sequence (5’ to 3’) Description

CAS rev CAAATTAATGATGATGATGATGATGCCATG

GGAAAACATACGACGCACCAAGAC

BCAS fwd GTCTTGGTGCGTCGTATGTTTTCCCATGGCA

TCATCATCATCATCATTAATTTG

To amplify the

backbone to

assemble with CASBCAS rev CGCGATTACTTTATAATTAGAAAAACTCATA

TGTTTTACCTCCTATGAC

MP fwd GTCATAGGAGGTAAAACATATGTCCGGCCT

GCTCGGC

To amplify MP from

the pUMP MP

MP rev CAAATTAATGATGATGATGATGATGCCATGG

GAACTGCAGCAGCAACCCGG

BMP fwd CCGGGTTGCTGCTGCAGTTCCCATGGCATC

ATCATCATCATCATTAATTTG

To amplify the

backbone to

assemble with MPBMP rev GCCGAGCAGGCCGGACATATGTTTTACCTC

CTATGAC

MA fwd GTCATAGGAGGTAAAACATATGTGTTACGA

AAAATTGCAGTTTTAC

To amplify MP from

the pUMP MP

MA rev CAAATTAATGATGATGATGATGATGCCATG

GAAAGCGATATGCGACACCG

BMA fwd CGGTGTCGCATATCGCTTTCCATGGCATCAT

CATCATCATCATTAATTTG

To amplify the

backbone joining MA

BMA rev GTAAAACTGCAATTTTTCGTAACACATATGT

TTTACCTCCTATGAC

227 fwd CACTAGTCATAGGAGGTAAAACATATGCGT

AAGTCCTGGCTTACCGC

To amplify 227 from

the pUMP 227
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Table 2.6 Oligonucleotides for the construction of OMP expression plasmids

Oligo name Sequence (5’ to 3’) Description

227 rev CAAATTAATGATGATGATGATGATGCCATGG

GAACTTGTAGCCGAAACCGATCAT

B227 fwd TTTCGGCTACAAGTTCCCATGGCATCATCAT

CATCATCATTAATTTG

To amplify the

backbone to

assemble with 227B227 rev AAGCGGTAAGCCAGGACTTACGCATATGT

TTTACCTCCTATGACTAGTG

SHE fwd CACTAGTCATAGGAGGTAAAACATATGATG

AATAAAAATATCGTTTCTACTGTTATC

To amplify SHE from

the pUMP SHE

SHE rev CAAATTAATGATGATGATGATGATGCCATGG

GAAAGTGTAGCCAACGCTAATC

BSHE fwd GATTAGCGTTGGCTACACTTTCCCATGGCAT

CATCATCATCATCATTAATTTG

To amplify the

backbone to

assemble with SHEBSHE rev GATAACAGTAGAAACGATATTTTTATTCATC

ATATGTTTTACCTCCTATGACTAGTG

aciad fwd CACTAGTCATAGGAGGTAAAACATATGGGA

CGTATTCTGATGAAAAAAT

To amplify ACIAD

from A. baylyi ADP1

aciad rev CAAATTAATGATGATGATGATGATGCCATGG

GAAGCGGTAGCCCACAC

Baciad fwd TGTGGGCTACCGCTTCCCATGGCATCATCAT

CATCATCATTAATTTG

To amplify the

backbone for ACIAD

Baciad rev ATTTTTTCATCAGAATACGTCCCATATGTTTT

ACCTCCTATGACTAGTG

AB fwd CACTAGTCATAGGAGGTAAAACATATGAAA

CTGCGAGGACCGG

To amplify AB from

the pUMP AB
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Table 2.6 Oligonucleotides for the construction of OMP expression plasmids

Oligo name Sequence (5’ to 3’) Description

AB rev CAAATTAATGATGATGATGATGATGCCATGG

GAAACGATAGCCCACACCG

Bab fwd CGGTGTGGGCTATCGTTTCCCATGGCATCAT

CATCATCATCATTAATTTG

To amplify the

backbone to

assemble with ABBab rev TTTTCCCGGTCCTCGCAGTTTCATATGTTTTA

CCTCCTATGACTAGTG

2.3.5 λ red recombination

To generate E. coli mutants with reduced n-alkane uptake, λ red recombineering was

applied in the deletion of the gene(s) of interest from E. coli chromosome according

to the protocol described by Sharan et al. (2009), Datsenko and Wanner (2000) and

Jensen et al. (2015) with modifications adapted to the available equipment in the

lab. Specifically, the E. coli strain of choice was made chemically competent and

transformed with the temperature-sensitive plasmid pSIJ8 containing λ Red recom-

bineering genes (exo, bet and gam). Their transcription is controlled by an arabinose

inducible promoter ParaBAD and regulated by AraC, and a flippase (encoded by flp)

recombinase regulated by RhaRS and PrhaBAD. The transformants were recovered

at 30 °C and selected on LB agar plates supplemented with ampicillin. An isolated

colony of the transformants was then made electro-competent as described in Section

2.2.2.2.

Oligonucleotides used to amplify FRT-flanked chloramphenicol resistance cassettes

from pKD3 are listed in Table 2.7. The oligonucleotides were designed to have
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48-52 bp up- and down-stream of the target gene and 17-23 bp to amplify the

chloramphenicol resistance cassettes from pKD3. The principles of primer design

for recombination and verification are illustrated in Figure 2.1a. The PCR products

for recombination were verified by DNA electrophoresis and then purified.

The electro-competent cells were mixed gently with approximately 300 ng of the

PCR products for recombination. The mixture was then transferred to a pre-chilled 1

cm gap cuvette (Bio-rad, USA). The dsDNA products were then electroporated into

the electro-competent E. coli cells of choice under the preset EC1 program (1 pulse at

1.8 kV, 25 µF capacitance and 200 Ω resistance) using MicroPulser Electroporator

(Bio-rad, USA). The cells were recovered by the immediate addition of 1 ml of SOC

media to the cuvette and transferred to a sterile eppendorf tube and incubated at 30

°C, 250 rpm for 2 hours. After recovery, the cells were plated on the LB agar plates

supplemented with ampicillin and chloramphenicol for antibiotic selection and LB

plate as a control and incubated at 30 °C overnight.

Colony PCR was then carried out to verify the successful replacement of the gene

of interest with the chloramphenicol resistance cassette using the VerCat forward

primer and corresponding downstream reverse primer. For further removal of the

chloramphenicol marker, the verified colony of successful recombination was then

inoculated in LB broth containing ampicillin and chloramphenicol at 30 °C, 250 rpm

for overnight and then sub-cultured to a 250 ml shake flask containing 50 ml of

LB media with ampicillin. The flippase recombinase expression was then induced

by the addition of a final concentration of L-rhamnose at 1 mM when OD600nm

reaches 0.2. Further incubation at 30 °C, 250 rpm for 6 hours was then carried

out prior to plating the cell culture on the LB agar plates with ampicillin and LB

agar plates with ampicillin and chloramphenicol as control. The removal of the

chloramphenicol resistance cassette was then verified by colony PCR using the
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upstream and downstream primers and further confirmed by sequencing. The pSIJ8

plasmid from the confirmed colonies with successful integration and deletion was

cured by growing them at 37 °C, 250 rpm for up to 3 generations.

Table 2.7 Oligonucleotides used for gene deletions from the genome of E. coli

Oligo Name Sequence (5’ to 3’) Description

DompFP1Cat fwd AAACAGGACCAAAGTCCTGTTTTTT

CGGCATTTAACAAAGAGGTGTGCT

ATGTGTAGGCTGGAGCTGCTTC

Deletion of ompF from

the genome

UompFP2Cat rev ATTGACGGCAGTGGCAGGTGTCAT

AAAAAAAACCATGAGGGTAATAA

ATACATGGGAATTAGCCATGGTCC

VerDelompF fwd TCAGGGTAACGGGAGATTTAC Verification of ompF

deletionVerDelompF rev GATGCCTGCAGACACATAAAGAC

DompCP1Cat fwd AAAACAATGAAAAAAGGGCCCGC

AGGCCCTTTGTTCGATATCAATCGA

GAGTGTAGGCTGGAGCTGCTTC

Deletion of ompC from

the genome

UompCP2Cat rev TGCAGTGGCATAAAAAAGCAAATA

AAGGCATATAACAGAGGGTTAATA

ACCATGGGAATTAGCCATGGTCC

VerDompC fwd TTTAAGTTCGGCGCTGCG Verification of ompC

deletionVerUompC rev AGGCATCCGGTTGAAATAG

VerCat fwd GCAACTGACTGAAATGCCTC Forward primer verify-

ing the replacement with

cat



62 Materials and Methods

(a) (b)

(c)

Fig. 2.1 Overview of using λ Red recombineering system to replace the target gene with
chloramphenicol resistance cassette and further deletion. (a). Primer design for amplifying
the chloramphenicol resistance cassette and verifying the replacement and deletion. (b).
Schematic design showing the λ Red mediated recombination and the chromosome of the
E. coli mutants with successful replacement. (c). Chromosome of the E. coli mutants with
further deletion of the chloramphenicol resistance cassette.
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2.4 Protein analysis

2.4.1 Protein fraction preparation and cell envelope extraction

For whole-cell lysate preparation, a 2 ml cell culture was centrifuged at 8,500×g

for 5 min and subsequently 150 µl of BugBuster Protein Extraction Reagent (Sigma-

Aldrich, USA) was added to the pellet. The mixture was rested at room temperature

with periodically gentle shaking for 15 mins for a thorough cell lysis. Samples

were then spun down at 12,000 ×g for 15 mins at 4 °C and the supernatant was

kept as the whole-cell protein fraction. Protein quantification was carried out using

Bradford reagent (Bio-Rad, USA) with BSA as the standard. Around 20 µg of total

protein were then adjusted with water to a total volume of 30 µl and another 30 µl of

2×Tris-Glycine SDS Sample buffer ( 4% SDS, 20% glycerol, 10% 2-mercaptoethanol,

0.004% bromphenol blue and 0.125 M Tris HCl, pH 6.8). The mixture was then boiled

at 95 °C for 15 mins before SDS-PAGE analysis.

The cell envelope fraction was extracted for the purpose of analysing the OMP

expression localisation. The cell envelope extraction method was adapted from

Quan et al. (2013) with slight modifications. Generally, 1 ml of cells was harvested

by centrifuging at 8,500×rpm for 5 min at 4 °C. The supernatant was discarded

completely and the cell pellet was gently and fully resuspended in 1 ml of Tris-

sucrose-EDTA buffer (200 mM Tris-HCl, 500 mM sucrose and 1 mM EDTA, pH 8.0)

with protease inhibitor cocktail (cOmplete™, EDTA-free Protease Inhibitor Cocktail,

Sigma-Aldrich, USA) added prior to use. The cell resuspension was incubated on

ice for 2- 3 hours followed by centrifugation at 16,000×g for 30 min at 4 °C. The

supernatant containing the cell envelope fraction was transferred to a new tube

and kept at -20 °C. The pellets were considered as the cytoplasmic fractions and

kept at -20 °C. The cell envelope extraction fraction was then concentrated by TCA



64 Materials and Methods

precipitation as follows, 100 % (w/v) TCA was added to the cell envelope extraction

at the volume ratio of 1:4 and the mixture was then incubated on ice for 2-3 hours.

The cell envelope proteins were spun down by centrifugation at 21,000×g for 5

min. The protein pellet was then washed three times with 200 µl of ice-cold acetone

and spun at 21,000×g for 5 min. Finally, the remaining acetone was removed by

heating the protein pellet at 95 °C for 5 min. For further SDS-PAGE and western

blot analysis, the proteins were then resuspended in 30 µl of water and 30 µl of the

2×Tris-Glycine SDS Sample buffer (Invitrogen, USA) followed by boiling at 95 °C

for 15 mins.

The cytoplasmic fraction from the membrane protein extraction process was lysed

by adding 150 µl of BugBuster Protein Extraction Reagent. Protein quantification

was carried out by Bradford assay using BSA as the standard. Similarly, around 20

µg of total protein were then diluted with water bringing to a total volume of 30 µl

followed by the addition of another 30 µl of 2×Tris-Glycine SDS Sample buffer. The

mixture was heated up at 95 °C for 15 mins before loading on the SDS-PAGE gels.

2.4.2 Western blot for OMPs expression and localisation analysis

20 µl of the whole-cell lysate, cytoplasmic fraction or cell-envelope fraction samples

were loaded onto the 4-20 % Mini-PROTEAN® TGX Precast Protein gels (Bio-rad,

UK) and then ran on the gel at 180 V for approximately 40 min. After, the SDS-

PAGE gel was equilibrated in the transfer buffer (25 mM Tris, 192 mM glycine, 20 %

methanol, pH 8.3) for 5 min. The proteins were then semi-dried electrophoretically

transferred from the SDS-PAGE gel onto the 0.2 µm PVDF membrane (Bio-rad,

USA) at a constant amplitude at 2.5 A for 7 min using the Trans-blot Turbo system

(Bio-rad, USA). The PVDF membrane was then washed with TBS-T buffer (50 mM
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Tris-HCl, 150 mM NaCl, 0.1 % Tween-20, pH 7.5) for three times (5 mins each) and

blocked with 5 % skimmed milk in TBS-T buffer followed by incubation with mild

shaking for overnight at 4 °C. The membrane was washed again with TBS-T buffer

for three times (10 mins each) and probed with the Anti-6×His tag antibody-ChIP

Grade (Abcam, UK) suspended in the TBS-T buffer with 2.5 % skimmed milk at

a dilution ratio of 1:1,250 at room temperature with shaking for 2 hour, and then

probed with an HRP-conjugated anti-Rabbit IgG secondary antibody (Invitrogen,

USA) suspended in the TBS-T buffer with 2.5 % skimmed milk at a dilution ratio of

1:10,000 for 1 hour at room temperature. The membrane was then incubated with

Pierce ECL Western Blotting Substrate solution mixture (Invitrogen, USA) for 5 min

prior to the detection using the Amersham Imager (GE Healthcare, USA) according

to the manufacturer’s instruction.

2.5 Whole-cell biosensing assay

E. coli strains harbouring biosensor plasmids were grown overnight from single

colonies and then sub-cultured in LB broth using inoculum ratio equivalent to the

initial OD600nm of 0.05 and grown to OD600nm of 0.6-0.8 for alkR-PalkM biosensor

or OD600nm of 0.8-1.0 for alkS-PalkB biosensor. Cells harbouring both biosensor

plasmid and OMP expression plasmid were supplemented with L-rhamnose at a

final concentration of 0.5 mM to enable the expression of OMPs upon inoculation

if needed. Cell suspensions were loaded into a 7 ml screw-cap glass vial which

was screwed tightly to avoid the evaporation of alkanes. Each vial contained 2 ml

of cell suspension. The alkane induction assay was initiated by adding 20 µl pure

alkanes, hexane, heptane, octane, nonane, decane, undecane, dodecane, tridecane,

tetradecane, pentadecane, hexadecane or heptadecane (referred as C6, C7, C8, C9,
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C10, C11, C12, C13, C14, C15, C16 or C17, respectively) into the vial or adding stock

solutions of alkanes dissolved in ethanol or DMSO. During the induction, the vials

containing E. coli BW25113 harbouring the alkS-PalkB biosensor were incubated at 37

°C for up to 3 hours and those harbouring alkR-PalkM constructs were induced at 30

°C with agitation at 250 rpm for up to 14 hours before fluorescence measurements.

For fluorescence measurement, the cell samples were diluted for 4 times using

LB broth and a total volume of 200 µl of the diluted suspension was then loaded

into black, clear bottomed 96-well plates (Thermo Fisher, USA) for measuring the

absorbance at 600 nm and fluorescence (excitation at 485 ±15 nm; emission at 520 ±15

nm) using CLARIOstar Plus Plate reader (BMG Labtech Inc., UK). An equal volume

of LB broth was also loaded as blank. The values were presented as normalised

fluorescence by dividing the fluorescence by absorbance at 600 nm. All the samples

for plate readings were prepared in triplicates.

2.6 In vitro transcription-translation (TX-TL)

2.6.1 The preparation of the crude cell-extract

The crude cell-extract was prepared from E. coli BL21 (DE3) Rosetta according to

the protocol described by Sun et al. (2013) with minor modifications. Briefly, a

single colony of the E. coli BL21 (DE3) Rosetta was inoculated in a 50 ml falcon

tube containing 10 ml 2×YT-P media supplemented with chloramphenicol. After

overnight culture, it was then sub-cultured to a 250 ml shake flask containing 50 ml

2×YT-P media supplemented with chloramphenicol at an inoculum size of 0.5 % v/v

and grown to an OD600nm of 2. A 25 ml of the culture was then inoculated into a 2 l

shake flask containing 500 ml 2×YT-P media supplemented with chloramphenicol
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and grown at 37 °C, 250 rpm. The cells were subsequently harvested at 5,000×g

for 12 min at 4 °C when the OD600nm reaches 2. The supernatant was completely

discarded and the pellet was fully washed with 20 ml of S30A buffer (14 mM Mg-

glutamate, 60 mM K-glutamate, 0.1 mM Tris, 2 mM DTT, pH 7.7 adjusted by acetic

acid) twice. The cells were finally resuspended in 1 ml of S30A buffer per 1 g of cell

mass.

The cell resuspension was lysed on ice by sonication at an output frequency of 20

kHZ and an amplitude of 50 % for 30 seconds followed by 1-min cooling on ice

for 10 cycles. After sonication, the samples were centrifuged at 4 °C for 10 mins

at 12,000×g. The supernatant was then transferred to a new eppendorf tube and

3 µl of 1 M DTT (Thermo Fisher, USA) was added per 1 ml of lysate followed by

incubation at 37 °C for 80 mins. The samples were spun down again at 4 °C for 10

mins at 12,000×g. The clear supernatant was dialysed using GeBAFlex-maxi dialysis

tube (8 kDa MWCO, Generon) in 900 ml of S30B buffer (14 mM Mg-glutamate, 60

mM K-glutamate, 5 mM Tris, 1 mM DTT, pH 8.2) for 3 hours on a stirrer at 4 °C.

The samples were then centrifuged again at 4 °C for 10 mins at 12,000×g. A 1.5 ml

supernatant was aliquoted per tube and was flash frozen by liquid nitrogen and

stored at -80 °C.

2.6.2 In vitro TX-TL reaction set-up

The energy source of the TX-TL reaction was prepared as a 14×stock in 70 mM

of HEPES buffer (pH 8.0) containing ATP and GTP at 1.5 mM, CTP and UTP at

0.9 mM, each amino acids (L-Alanine, L-Asparagine, L-Cysteine, L-Glutamic Acid,

L-Histidine, L-Leucine, L-Methionine, L-Proline, L-Arginine, L-Aspartic Acid, L-

Glutamine, Glycine, L-leucine, L-Lysine, L-Phenylalanine, L-Serine, L-Threonine,
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L-Tryptophan, L-Tyrosine and L-Valine) at 1.5 mM, 3-PGA at 30 mM, CoA at 0.26

mM, NAD at 0.33 mM, cyclic AMP at 0.75 mM, E. coli tRNA at 0.2 µg/ml, folinic

acid at 0.068 mM, and spermidine at 1 mM.

Each cell-free reaction was loaded into the individual wells of a 96-well black plate

with clear flat bottom and set up at a final volume of 50 µl in the energy source

solution (components and their concentrations are listed above) in 70 mM of HEPES

buffer (pH 8.0), Mg-glutamate at 14 mM, K-glutamate at 60 mM, and PEG-8000 at 1.5

% making up 66% (v/v) of the total reaction, and 33% (v/v) of the crude cell-extract

prepared from E. coli BL21 (DE3) Rosetta. The biosensor plasmid was added at the

final concentration of 5 nM as the DNA template. A final concentration of alkanes at

1% v/v was added as inducer or an equivalent concentration of ethanol as a control.

Alkanes were dissolved in ethanol as stock solution for a higher solubility in the

TX-TL reactions. The plate was then incubated in the plate reader (Clariostar, BMG

biotech) at 30 °C for a period of 14 h and the fluorescence (excitation at 485 ±15

nm, emission at 520 ±15 nm) was measured every 15 min with 45 s double orbital

shaking at 500 rpm before each measurement.

2.7 Flow cytometry

Flow cytometry was performed as an alternative method to demonstrate the mem-

brane integrity and the GFP expression of alkR-PalkM biosensor. The GFP expression

level from the E. coli cells carrying alkR-PalkM biosensor was collected via the fluo-

rescence detector FL1 (533±33 nm). SYTOX red dead cell stain (Thermo fisher, USA),

which is able to enter the cells with sacrificed membrane, was used to determine the

membrane integrity and its signal was collected via FL4 channel (661±16 nm). Cells

subjected to flow cytometry assays were washed twice with 100 mM of PBS buffer
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(pH 7.5) to reduce the background noise from the culture media or small particles

and adjusted to the final concentration of 1× 105-1×107 cells per ml. For staining

purpose, 1 µl of SYTOX red dead cell stain was added to the 1 ml of cell suspension.

The mixture was rested at room temperature for at least 15 min away from light.

For data analysis, at least 30,000 cell events were collected using flow cytometer

(BD Accuri C6, USA) at the preset slow flow rate. The thresholds of SSC-H (side

scatter) and FSC-H (forward scatter) were set at 5,000 and 10,000, respectively. The

GFP-negative cells were gated by loading the E. coli BW25113 cells as control and

SYTOX red-positive cells were gated by loading the heat-killed E. coli BW25113 cells

incubated with SYTOX red dead cell stain.

2.8 Bioinformatics

The protein Basic Logic Alignment Search Tool (BLAST) was performed using non-

redundant protein database against the sequence of AlkL protein originating from P.

putida. The BLAST parameters included an expected threshold at 10, scoring matrix

using BLOSUM62, gap cost at existence 11 and extension 1. The returning sequences

with sequence identity higher than 25 % were taken into consideration. Phylogenetic

tree showing relatedness of the candidate homologues inferred in Chapter 5 was

constructed using Maximum Likelihood method and Jones-Taylor-Thornton (JTT)

matrix-based method (Jones et al., 1992). Specifically, the sequences alignment was

initially performed by MAFFT 7.0 using default settings. The initial tree for the

heuristic search was obtained automatically by applying Neighbour-Joining and

BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model,

and then selecting the topology with superior log likelihood value. The phylogeny

was evaluated using bootstrapping method at replications of 100. Evolutionary
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analyses were conducted in MEGA X (Mac OSX) (Kumar et al., 2018; Stecher et al.,

2020)

The cleavage of the signal peptide from the OMPs was predicted using the SignalP

5.0 (http://www.cbs.dtu.dk/services/SignalP/) (Petersen et al., 2011).

2.9 Statistical analysis

Experiments were performed in biological triplicates if possible. Otherwise, technical

triplicates were performed instead. The paired parametric student t test (unless

specified) was used to evaluate the statistical significance. It was performed using

GraphPad Prism software (GraphPad, California, U.S.). The p values were calculated

and are presented as ns for p>0.05, * for p≤ 0.05, ** for p≤0.01 and *** for p≤0.001.

http://www.cbs.dtu.dk/services/SignalP/


Chapter 3

Development and characterisation of

two biosensors for n-alkane detection

3.1 Introduction

Using synthetic biology approaches for production, biosensing and biodegradation

of fossil-fuel constituents such as alkanes has attracted increased attention. On top of

these applications, a tight control over the transport process of alkanes is critical, so

that cells can be directed to uptake or export and to start utilising or producing at the

appropriate time during propagation. Several microorganisms have been reported

to possess various pathways to oxidise alkanes or hydrocarbons, but the accessibility

of such substrates remains as a bottleneck for an effective biodegradation (Hua and

Wang, 2014). Several alkane biosynthetic pathways have also been reported in E.

coli (Choi and Lee, 2013; Schirmer et al., 2010) and in S. cerevisiae (Buijs et al., 2015).

However, over-accumulation of the products within cells could cause the loss of

membrane integrity and potentially lead to a reduction in yield and even the death

of cells (Lennen et al., 2011). Thus, controlling the transport of alkanes across the
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membrane will be crucial for the development of cell factories for applications in

alkane bioremediation and next-generation of alkane biosynthesis. Despite this, the

passage of alkanes across the membrane barrier has received relatively low attention

and is poorly understood. One of the major challenges was speculated to be the

quantification of the intracellular alkanes owing to their relatively inert property

and the lack of the characteristic functional group (Kostecki et al., 2005).

A genetically encoded biosensor constituting an allosterically regulated transcription

factor and a biological reporter offers an alternative method for translating the alkane

concentration within the cells into an easily measurable indicator, thus allowing for

the measurement of intracellular alkanes (Rogers et al., 2016). In the past decade, the

whole-cell biosensors have drawn increasing attention and their applications have

spanned over a broad range of fields, including environmental pollutants detection

(Kim et al., 2018a; Stiner and Halverson, 2002; Stocker et al., 2003), clinical diagnosis

(Wen et al., 2017) and high-throughput enzyme screening (Michener and Smolke,

2012). Notably, there have also been reports of using the biosensor in evaluating

the bioavailability of mercury in bacteria (Ndu et al., 2015). This chapter aims to

adopt a similar strategy to measure the intracellular alkane concentration by using

alkane-responsive biosensors.

Meanwhile, in the rising era of synthetic biology, the cell-free TX-TL system has been

proposed as a more flexible, stable and portable minimal factory for cellular activities

compared with those in whole-cell system (Shin and Noireaux, 2012). The cell-free

TX-TL system containing the basic biological machineries, building blocks for DNA,

RNA and proteins, and energy source essential for transcription and translation has

been used widely in the production of proteins (Caschera and Noireaux, 2014; Gan

and Jewett, 2014; Garamella et al., 2016) as well as various applications of using

more complex genetic circuits (Lopreside et al., 2019; Niederholtmeyer et al., 2015;
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Wen et al., 2017). Moreover, the cell-free TX-TL system is not constrained by a

cell wall, thus enabling the direct access of substrates and nutrients to the cellular

machineries (Hodgman and Jewett, 2012). On this basis, it was hypothesised in

this work that the membrane permeability or uptake of alkanes could be revealed

by comparing the signal intensity of the alkane-responsive biosensor from in vivo

(whole-cell biosensing) with in vitro (cell-free TX-TL system).

Although some alkane-responsive biosensors have been reported, their applications

for biosensors were more focused on alkane detection in polluted areas during petro-

chemical activities rather than systematic investigations in the aspect of substrate

transport and membrane permeability. To facilitate the application of biosensors

in understanding the membrane limitations for alkane uptake and for the use of

biosensors in the high throughput quantification of intracellular alkanes, it is of great

importance to characterise the biosensors both in vivo and in vitro. In this chapter, the

use of two biosensors for n-alkane detection is demonstrated and their response time

and dynamic range are characterised. For the elucidation of the uptake of alkanes in

E. coli, the substrate profiles of the two biosensors were also investigated with the

aid of AlkL and further in cell-free in vitro settings.

3.2 alkS-PalkB biosensor

3.2.1 Genetic structure of the alkS-PalkB biosensor

The alkS-PalkB biosensor was constructed from the previous work and stored in

the lab (Folliard et al., 2015). The core units of the alkS-PalkB biosensor are gene

encoding AlkS transcriptional regulatory protein derived from P. putida GPo1 and

its responsive promoter PalkB, from which the gene coding for sf GFP was under
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Fig. 3.1 Schematic diagram of the alkS-PalkB biosensor plasmid. The plasmid replicates
from a high copy origin CoE1 and contains an antibiotic marker conferring resistance to
chloramphenicol. The gene alkS coding for AlkS regulatory protein and its native constitutive
promoter PalkS and corresponding cognate promoter PalkB is originated from the P. putida.
The blue circle shown represents the ribsome binding site. The red hexagon stands for the
terminator.

its control and therefore transcribed. The AlkS regulatory protein activates the

promoter PalkB in the presence of n-alkanes from C6 to C10 thus allowing for the

conversion of the concentration of intracellular alkanes into a detectable output

signal - green fluorescence which can be easily measured by spectrophotometry

(Reed et al., 2012). The schematic diagram of the plasmid is illustrated in Figure 3.1.

3.2.2 In vivo characterisation of the alkS-PalkB biosensor

3.2.2.1 Time-dependent response of the alkS-PalkB biosensor in E. coli BW25113

to C8

The response of the alkR-PalkB biosensor to C8 was monitored over time to determine

the optimal time required for fluorescence detection. C8 was chosen as the example
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Fig. 3.2 Time course normalised fluorescence curve after the addition of C8 at final concen-
tration of 1% v/v. Values are presented with error bars indicating the standard deviations of
the mean (n=3).

inducer because the respond of the alkS-PalkB biosensor to C8 was reported to

be significant and strong (Reed et al., 2012). Thus, C8 was hypothesised to be a

reasonable candidate to evaluate the time-dependent response of the alkS-PalkB

biosensor. To do this, the cells were grown to OD600nm around 1.0 and then C8 was

added to the cell suspension at a final concentration of 1 % v/v as reported in our

previous work (Call et al., 2016), which is equivalent to a molarity concentration

of 61 mM. It is worth mentioning that the solubility of C8 at 37 °C was reported

to be 61 µM (Marche et al., 2003). Hence, the concentration of octane added in the

whole-cell biosensing assay is 1,000 higher than its solubility in water. A control

assay without C8 addition was performed in parallel. The absorbance at 600 nm

and fluorescence were monitored every 30 min. As shown in Figure 3.2, alkS-PalkB

biosensing system presented a good response to C8 compared to the control assay.

The increase in fluorescence occurred upon the addition of C8. After about 150 min,

the normalised fluorescence levelled off and reached a 2.4-fold of increase compared

to the control.
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3.2.2.2 Dose-dependent response of the alkR-PalkB biosensor in E. coli BW25113

to C8

The sensitivity and linearity of the alkS-PalkB biosensor to C8 were characterised

by analysing the fluorescence in the presence of C8 at a range of concentrations

(0.1 µM, 0.2 µM, 0.5µM, 1 µM, 2 µM, 5 µM, 10 µM, 20 µM, 50 µM, 100 µM, 200 µM,

500 µM and 1 mM). Stock solutions of C8 were prepared in DMSO for reasons of

solubility. The control assays were conducted by adding the same volume of DMSO

to the cell suspension. Based on the time course results (Figure 3.2), all induction

assays were conducted for an period of 2.5 h. The alkS-PalkS biosensor in E. coli

BW25113 was able to respond to C8 as low as 0.1 µM (Figure 3.3, zoomed panel). The

sensitivity of the alkS-PalkB biosensor shown in this experimental setting is higher

than it was hosted in E. coli W3110 as reported by Sevilla et al. (2015). Previous

work has reported an even higher sensitivity (100 nM) than this work while using

luciferase as the reporter (Sticher et al., 1997) (Table 3). The linearity of C8 response

lies between 5 µM to 100 µM (R2 = 94.97%, data not shown). No significant increase

in GFP expression was observed when the final C8 concentration in cell suspension

was above 200 µM.

3.2.2.3 Substrate profile of alkS-PalkB biosensor in E. coli BW25113

To assess the substrate specificity and also accessibility of alkanes to cells, a range

of n-alkanes with different chain lengths were tested for induction of the alkS-PalkB

biosensor by adding C6 to C16 to the cell suspension. The assays without adding any

alkanes were prepared as a control (Figure 3.4). The result for C6 is not presented in

Figure 3.4 because a significant decrease of absorbance at 600 nm was observed after

the addition of C6 at a final concentration of 1 % v/v, implying that the majority
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Fig. 3.3 Dose-dependent response of the alkS-PalkB biosensor to different concentrations of
C8. The zoomed panel shows the dose-dependent response of the alkS-PalkB biosensor to
C8 concentrations in the range of 0.1 µM to 0.5 µM. Values are presented with error bars
indicating the standard deviations of the mean (n=3).

of cells were killed by C6 at a final concentration of 1 % v/v (equivalent to a final

molarity concentration of 75 mM). Further experiments by adding C6 solution

dissolved in DMSO at final concentration of 1 mM showed a strong increase of

normalised fluorescence (data not shown). It is also noticeable from Figure 3.4 that

alkS-PalkB biosensor has a strong response to n-alkanes from C7 to C10 and a slight

increase of response to C11 whereas longer-chain-length n-alkanes failed to induce

GFP expression. This is consistent with findings reported in previous studies (Sticher

et al., 1997, Reed et al., 2012).

It was reported that co-expression of AlkL as a plug-in has led to an improved

specific yield by up-to 100-fold for C12 biooxidation into fatty alcohol and fatty aicds,

which established the role of AlkL in alkane uptake (Grant et al., 2014). In this work,

to investigate if the low response of alkS-PalkB system to n-alkanes of chain length

above C11 was due to the substrate specificity of AlkS regulatory protein or the
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Fig. 3.4 Substrate profile of alkS-PalkB biosensor to different chain lengths of n-alkanes at
a final concentration of 1 % v/v. Dashed line indicates the baseline of the control assays.
Values are presented with error bars indicating the standard deviations of the mean (n = 3).
The one-tailed p value of the fluorescence towards different chain length of n-alkanes against
control was calculated as <0.0001 (***), <0.0001 (***), <0.0001 (***), <0.0001 (***), 0.0109 (**),
0.02382 (ns), 0.4997 (ns), 0.0.0565 (ns), 0.1087 (ns) and 0.0509 (ns) from left to right.

accessibility of alkanes with a longer chain length, the pUMP AL plasmid carrying

the gene encoding AlkL whose transcription is under the control of a rhamnose-

inducible promoter PrhaBAD was introduced to E. coli BW25113 harbouring alkS-

PalkB, similarly. Different expression levels for the control in different cell samples

were observed in Figure 3.5. The author of this thesis hypothesised that it was

mainly due to the different metabolic burden of different cell samples. The cells

carrying both the biosensor and the AlkL outer membrane expression plasmid have

higher metabolic burden, which might lead to a different expresion level of proteins.

Figure 3.5 shows that the alkS-PalkB biosensing elements had a stronger response

towards C11 and C12 with the aid of AlkL compared to that from cells without

the expression of AlkL. Moreover, n-alkanes with a chain length longer than 13

still failed to trigger GFP expression even with the expression of AlkL. Thus, it is

reasonable to conclude that the alkS-PalkB biosensing unit has a fast and sensitive

response to short n-alkanes but a rather limited substrate range for medium- or long

n-alkanes.
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Fig. 3.5 Bar charts showing the fluorescent response of alkS-PalkB biosensor under the
condition when AlkL expression was induced by rhamnose (right) or not induced (middle).
The E. coli BW25113 only carrying the alkS-PalkB biosensor plasmid is shown on the left. The
dashed lines represent the normalised fluorescence for the control assay, respectively. The
final concentration of all alkanes in the biosensing assay was at 1 % v/v. Values are presented
with error bars indicating the standard deviations of the mean (n = 3). The one-tailed p values
from the paired t test were calculated as <0.0001 (***), <0.0001 (***), <0.0001 (***), 0.0003 (***),
0.0561 (ns), 0.0613 (ns), 0.0702 (ns), 0.1231 (ns), 0.0923(ns), 0.0782 (ns) and 0.0782 (ns) from
left to right for the whole-cell biosensing assays which E. coli BW25113 cells carry alkS-PalkB
biosensor plasmid only. The one-tailed p values from the paired t test for the whole-cell
biosensing assays which E. coli BW25113 cells carry the alkS-PalkB biosensor plasmid and
AlkL expression plasmid without rhamnose induction were calculated as <0.0001 (***),
<0.0001 (***), <0.0001 (***), 0.0007 (***), 0.0563 (ns), 0.0602 (ns), 0.0551 (ns), 0.0920 (ns), 0.0872
(ns), 0.1101 (ns) and 0.1249 (ns) from left to right. The one-tailed p values from the paired
t test for the whole-cell biosensing assays which E. coli BW25113 cells carry the alkS-PalkB
biosensor and pUMP AL and AlkL expression was induced by 0.5 mM rhamnose were
calculated as <0.0001 (***), <0.0001 (***), 0.0002 (***), <0.0001 (***), 0.0007 (***), 0.0008 (***),
0.0767 (ns), 0.0589 (ns), 0.0611 (ns), 0.2019 (ns) and 0.1992 (ns) from left to right.
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3.3 alkR-PalkM biosensor

3.3.1 Development of the alkR-PalkM biosensor

The alkS-PalkB biosensor is robust in terms of its sensing performance, such as a short

response time and a high detection sensitivity. Its n-alkane detection spectra hampers

the application since it only responds to short-chain alkanes. It was hypothesised

that the limited substrate specificity is due to the alkane-binding pocket of AlkS

protein structure (Reed et al., 2012). It was then sought to develop a biosensor for

medium- and long- chain n-alkanes based on the naturally occurring alkane-sensing

regulatory protein AlkR and its cognate promoter PalkM from A. baylyi ADP1. It is

reported that A. baylyi ADP1 is able to utilise long-chain n-alkanes above 12 carbon

atoms as sole carbon source. Similar to P. putida GPo1, the oxidation of alkanes

is achieved by the three-component alkane monooxygenase complex composed

of AlkM, RubA and RubB, in which the transcription of alkM depends strictly on

AlkR and is induced by n-alkanes (Ratajczak et al., 1998b). The effectiveness and

broad detection capabilities of whole-cell bacterial biosensing using alkR-PalkM

has been reported by Zhang et al. who fused the luxCDABE gene with PalkM in

the chromosome and employed the A. baylyi ADP1 as the host strain (Zhang et al.,

2012a). Herein, this inducible system was replicated in a more widely used host E.

coli and developed for sensing the medium and long-chain alkanes.

The first attempt for constructing the alkR-PalkM biosensor was unsuccessful. Based

on the gene localisation of alkR and alkM (Figure 3.6), it was firstly sought to clone

PalkR-alkR-PalkM cluster into the biosensor backbone, which resulted in the alkR-

PalkM biosensor (ver. 1) (Figure 3.7a). However, the addition of C8 was not able

to initiate the GFP expression (data not shown). It was then speculated that the

unsuccessful induction of biosensing elements by alkanes was because the native



3.3 alkR-PalkM biosensor 81

Fig. 3.6 Gene localisation of alkR and alkM in the genome of A. baylyi ADP1. The genes alkR
and alkM are transcribed from their own promoters PalkR and PalkM in opposite directions.

(a) (b)

Fig. 3.7 Schematic diagrams of alkR-PalkM constructs. (a). The first attempt that alkR is
controlled by its native promoter. (b). The second construct which alkR is transcribed from
PalkS.The red hexagon represents the terminator. The blue circle shown refers to the ribsom
binding site.

promoter of alkR was not recognised by the E. coli host. Another potential reason is

that the transcription from PalkR was too low so that a low expression level of AlkR

regulatory protein was not enough to activate the transcription of gfp from PalkM.

Taking account of the effectiveness of alkS-PalkB biosensor which employed PalkS to

drive the transcription of alkS, it was then attempted to replace the promoter for alkR

into the PalkS to generate the second version of the alkR-PalkM biosensor (Figure

3.7b). To verify the inducibility of the alkR-PalkM system and assess its potential

for quantifying intracellular alkanes, further tests involving the time course, dose-

dependent response and substrate range were carried out.
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3.3.2 In vivo characterisation of the alkR-PalkM biosensor

3.3.2.1 Time-dependent response of the alkR-PalkM biosensor in E. coli BW25113

to C8

The cells were grown to OD600nm around 0.6-0.8 and a final concentration of 1%

v/v of C8 was added to the culture. Each vial was incubated at 30 °C, 250 rpm.

Control assays without C8 addition were carried out in parallel. The absorbance at

600 nm and fluorescence were monitored every 1.5 h. It can be noted from Figure 3.8

that the GFP expression was initiated upon the addition of C8, gradually enhanced

over induction and reached the maximum after 14 h. A similar gradual increase

pattern was also observed in the control assay although the strength of response

was as low as 1-fold after 14 hours. Thus, it is reasonable to conclude that this

alkR-PalkM system could roughly estimate the concentration of intracellular alkanes

even though the background noise exists. It was hypothesised that the high basal

activity of the alkR-PalkM system was mainly attributed to the expression level of

AlkR regulatory protein based on these two attempts and that alteration of the

promoter for alkR led to a varied fluorescent response. It might also be the presence

of internal metabolites which can be recognised by AlkR triggered the induction of

the alkR-PalkM biosensing system.

3.3.2.2 Dose-dependent response of the alkR-PalkM biosensor in E. coli BW25113

to C8

A similar dose-dependent response of the alkR-PalkM biosensor was conducted using

C8 as an inducer. As shown in Figure 3.9, the alkR-PalkM has a lower sensitivity

when compared to the alkS-PalkB biosensor. The initial fluorescence increased at

5 µM followed by a gradual increase at concentrations in the range of 5-20 µM,
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Fig. 3.8 Plot showing the change of normalised fluorescence over time following the addition
of C8 at final concentration of 1% v/v. Values are presented with error bars indicating the
standard deviations of the mean (n=3).

reaching a plateau at 20 µM. This biosensor is not able to detect C8 below 5 µM

(Figure 3.9, zoomed panel) whereas that of alkS-PalkB is 0.1 µM (Figure 3.3). It was

hypothesised that the sensitivity was sacrificed by the high background noise.

3.3.2.3 Substrate profile of alkR-PalkM biosensor in E. coli BW25113

Different chain lengths of n-alkanes from C7 to C16 were used to assess the substrate

specificity of alkR-PalkM biosensor to elicit information in its specificity and to assess

the native transport capability of E. coli BW25113. It was conducted by adding

n-alkanes to the cell culture followed by the incubation at 30 °C, 250 rpm for 14 h

according to the optimal time determined (Figure 3.8). As shown in Figure 3.10, the

alkR-PalkM biosensor is able to detect n-alkanes with chain length in the range of

C7-C16 when hosted in E. coli. It suggested that E. coli cells possess some unknown

mechanisms allowing for the uptake of C7-C16, thus leading to a significant response

from the alkR-PalkM biosensor. It is noticeable that the induction ratio of PalkM from

C7 to C11 is decreasing, probably due to the decreasing solubility of these alkanes.



84 Development and characterisation of two biosensors for n-alkane detection

Fig. 3.9 Dose-dependent response of the alkR-PalkM biosensor towards different concen-
trations of C8. The zoomed panel shows the dose-dependent response of the alkR-PalkM
biosensor to C8 concentrations in the range of 0.1 µM to 10 µM. Values are presented with
error bars indicating the standard deviations of the mean (n=3).

As an alternative method to demonstrate that long-chain n-alkanes are recognised by

alkR-PalkM biosensor, the AlkL outer membrane protein was again expressed along

with the alkR-PalkM biosensor by co-introducing the pUMP AL and alkR-PalkM

biosensor plasmids to E. coli BW25113. Figure 3.10 illustrates that an improved

fluorescent response to n-alkanes from C10 to C15 was observed in the assays when

AlkL expression was induced by 0.5 mM rhamnose when compared to the control

and the assays without addition of rhamnose. This also demonstrates that the

improved bioavailability of n-alkanes mediated by the AlkL can be observed from

the whole-cell biosensing. However, it is still unclear whether the alkR-PalkM system

is able to detect n-alkanes with chain length above C16 due to the extremely low

solubility of n-alkanes (>=C17), the unclearly defined substrate range of AlkL, the

elusive transport capability or unknown transport mechanisms in E. coli.

Flow cytometry was further used to investigate if the fluorescent response was

due to the loss of membrane integrity because of 14 hours of exposure to C12-C16

n-alkanes or the transport activity across the cell membrane. SYTOX red dead cell
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Fig. 3.10 Substrate profile of alkR-PalkM biosensor when it is harboured in E. coli BW25113
(left), E. coli BW25113 with co-transformation of pUMP AL (no rhamnose induction, middle)
and E. coli BW25113 with co-transformation of pUMP AL which AlkL expression was
initiated by 0.5 mM rhamnose (right). The dashed lines indicate the baseline of normalised
fluorescence of the control assays respectively. The final concentration of all alkanes in the
biosensing assay was at 1 % v/v. Values are presented with error bars indicating the standard
deviations of the mean (n = 3). The one-tailed p values from paired t test were calculated as
<0.0001 (***), <0.0001 (***), <0.0001 (***), <0.0001 (***), 0.0113 (*), <0.0001 (***), 0.0007 (***),
<0.0001 (***), <0.0001 (***), 0.0171 (**) and 0.1238 (ns) from left to right for the whole-cell
biosensing assays which E. coli BW25113 cells carry the alkR-PalkM biosensor plasmid only.
The one-tailed p values from the paired t test for the whole-cell biosensing assays which E.
coli BW25113 cells carry the alkR-PalkM biosensor plasmid and AlkL expression plasmid
without rhamnose induction were calculated as 0.0003 (***), 0.0006 (***), 0.0026 (**), 0.0004
(***), 0.0004 (***), <0.0001 (***), 0.0001(***), <0.0001 (***), 0.0012 (**), <0.0001 (***) and 0.3080
(ns) from left to right. The one-tailed p values from the paired t test for the whole-cell
biosensing assays which E. coli BW25113 cells carry the alkR-PalkM biosensor plasmid and
AlkL expression induced by 0.5 mM rhamnose were calculated as 0.0008 (***), 0.0071 (**),
0.0326 (*), 0.0139 (*), 0.0476 (*), <0.0001 (***), <0.0001(***), <0.0001 (***), <0.0001 (***), 0.0270
(*) and 0.4073 (ns) from left to right.
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stain which can enter the cells with compromised membrane but cannot penetrate

cells with intact cell membrane was applied. C15 was used as an example as a

relative long chain n-alkane in the flow cytometry assay. Green fluorescence (FL1)

histogram exhibited two populations for the samples without C15 induction. The

larger population was at a basal level of GFP expression and a smaller population

showed the leaky expression of GFP (Figure 3.11c and 3.11a). This corresponds

with the Figure 3.8 showing a slight increase of GFP expression of the cell samples

without n-alkane induction over time. After induction by C15, it is clear that the

dominating population shifted towards a higher GFP expression level after 14 hours

of exposure to C15, which also proved that C15 did trigger the biosensing elements

in alkR-PalkM biosensor (Figure 3.11c and 3.11b). Besides, no apparent change of cell

population in terms of dead and live cells was observed (Figure 3.11d). Additionally,

only 1.14 % of cells (Figure 3.11b and Figure 3.11c) were suffering from both a loss

of membrane integrity and high GFP intensity, indicating that C15 entered the E.

coli cells by some unknown transport activity rather than through the sacrificed

membranes.
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(a) (b)

(c) (d)

Fig. 3.11 Flow cytometry density plots show the signal intensity from FL1 channel at 533±33
nm (green fluorescence) and FL4 channel at 661±16 nm (SYTOX red) for E. coli BW25113 cells
harbouring alkR-PalkM biosensor to evaluate the membrane integrity and GFP expression
after the exposure to C15 for 14 hour (b) and control (a). The dot plots show four rectangular
gates. Q1 SYTOX (+) GFP (-), Q2 SYTOX (+) GFP (+), Q3 SYTOX (-) GFP (+) Q4 SYTOX (-)
GFP (-). Log-scaled histograms of the (c) FL1 and (d) FL4 channel from E. coli BW25113
harbouring alkR-PalkM biosensor plasmid induced by C15 (red) and no addition of alkanes
as a control (blue). After treatment, cells were resuspended in PBS buffer (pH 7.5) and
adjusted to a final concentration at 1 × 105 - 1×107 per ml. 1 µl of SYTOX red dead cell stain
was added to 1 ml of the cell resuspension. 30,000 cells were collected and detected via FL1
and FL4 channels. The GFP negative cells were gated by loading the E. coli BW25113 cells
as control and the SYTOX red positive cells were gated by loading the heat-killed E. coli
BW25113 cells after incubation with SYTOX red stain.
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3.3.2.4 Modification of the alkR-PalkM biosensor

Based on the observation that replacing the PalkR promoter for AlkR with PalkS

altered the response from the alkR-PalkM biosensor, it was then hypothesised that

altering the promoter for AlkR would result in an different expression level of AlkR

and thus the response from the biosensor. To improve the dynamic range and

sensitivity of alkR-PalkM biosensor (ver. 2), further modification was made to the

promoter for driving the transcription of the alkR in alkR-PalkM biosensor (ver. 2)

by replacing it into a relatively weak and constitutive one, BBa_J23103 (Figure 3.12)

(Zhang et al., 2012b). This was achieved by designing an oligonucleotide with 24

nt overlap with the backbone and then bridged using Gibson Assembly and thus

forming the final construct named as alkR-PalkM biosensor (ver. 3) (Figure 3.12).

The sensitivity of alkR-PalkM biosensor (ver. 3) was evaluated and compared with

alkR-PalkM biosensor (ver. 2). As illustrated in Figure 3.13, it is obvious that the

background noise of alkR-PalkM biosensor (ver. 3) is lower than that of alkR-PalkM

biosensor (ver. 2), reduced by nearly 50 %. A wider dynamic range of alkR-PalkM

biosensor (ver. 3) is noted as well. The alkR-PalkM biosensor (ver. 3) now can detect

C8 as low as 0.5 µM.

3.4 The substrate profile of the two biosensors in vitro

3.4.1 In vitro TX-TL reaction

With the emergence of cell-free system providing a powerful approach to expand the

capabilities of the natural biological systems, it also enables the substrates to bypass

the cell walls and have direct access to the inner transcriptional and translational
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Fig. 3.12 The schematic diagram of the final construct of the alkR-PalkM biosensor plasmid
which employs a constitutive promoter (BBa_J23103) to drive transcription of alkR. The
underlined sequence represents the -35 and -10 boxes.

Fig. 3.13 Comparison of fluorescent response of the two constructs against different concen-
trations of C8. Values are presented with error bars indicating the standard deviations of the
mean (n=3)
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workings of the cell (Hodgman and Jewett, 2012). The in vitro TX-TL system was

set up to profile the substrate range of the biosensors to different chain length of n-

alkanes without the limitation of cell membranes. To assess if the in vivo functionality

of genetic regulatory system of the two biosensors can be recapitulated in the in vitro

TX-TL system, the commercial E. coli cell-free system (Promega, UK) was initially

attempted according the manufacturer’s protocol and C8 was used as the inducer.

No significant difference of the green fluorescent signal was observed between the

control samples and the induced samples (data not shown). It is likely due to that the

RNA polymerase used for transcribing the biosensing elements is not T7 polymerase

whereas the commercial system has been optimised for maximising the protein

yields expressed from the T7 promoter (Shin and Noireaux, 2010). A more versatile

in vitro cell-free reaction system was then set up following methods described in

Section 2.6 using C8 as the inducer. The E. coli BL21(DE3) Rosetta strain was chose

for the preparation of crude cell-extract for cell-free TX-TL reactions rather than E.

coli BW25113 host used in Sections 3.2.2.3 and 3.3.2.3. One of the reasons was that the

E. coli BL21(DE3) Rosetta strain has been engineered to be deficient in two proteases,

OmpT and Lon (Khambhati et al., 2019). Hence, a relatively high cell-free protein

productivity has been observed in the TX-TL reactions which use E. coli BL21(DE3)

Rosetta strain for preparing the crude cell-extract (Adachi et al., 2019). Moreover, the

E. coli BL21(DE3) Rosetta strain has been demonstrated to be successful in cell-free

TX-TL reactions for various applications (Sun et al., 2013, 2014; Wen et al., 2017).

Additionally, it is unlikely that the cellular transcription and translation machineries

in the E. coli BL21(DE3) Rosetta strain are different from that in the E. coli BW25113

due to they share the same genes for core transcription and translation functions

(Monk et al., 2016). As shown in Figure 3.14, the genetic regulatory system of the two

biosensors was shown to be functional in the in vitro TX-TL system, able to respond
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(a) (b)

Fig. 3.14 The change of fluorescence over time for the two biosensors in the in vitro TX-TL
reaction. (a). alkS-PalkB and (b). alkR-PalkM. The TX-TL was set-up in a 96-well black plate
with clear bottom at a final volume of 50 µl comprising of 66% of the energy source solution
(concentration of each component is listed in Section 2.6.2), 33 % of the crude cell-extract
prepared from E. coli BL21 (DE3) Rosetta, final concentration of the biosensor plasmid at
5 nM and that of octane (dissolved in ethanol) at 1% v/v as inducer or 1% v/v of ethanol
as control. The reactions were carried out in the plate reader at 30 °C for 14 h and the
fluorescence (excitation at 485 nm, emission at 520 nm) was measured every 15 min with 45
s double orbital shaking at 500 rpm before each measurement. Values are presented with
error bars indicating the standard deviations of the mean (n=3).

to C8 and produce sf GFP at 8-fold compared to the control assay within 4 hours

for alkS-PalkB biosensor (Figure 3.14a) and 3-fold compared to that of the control

assay within 10 hours for alkR-PalkM biosensor (Figure 3.14b). Also, the decrease

of the green fluorescence towards the end of incubation is probably owing to the

presence of the active protease during the cell extract preparation or the protein

aggregation which halts the fluorescent detection as precipitations in the cell-free

TX-TL reactions were observed.

3.4.2 Substrate profile of the two biosensors in the in vitro TX-TL

reactions

The n-alkanes were added to the in vitro TX-TL reactions following the protocols

described in Section 2.6.2. The fluorescent response for the two biosensors is shown

in Figure 3.15.
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In the in vitro TX-TL reactions, the alkS-PalkB biosensor displayed a strong activation

when induced by C7, C8, C9 and C10, which is consistent with the substrate speci-

ficity in the in vivo whole-cell biosensing assay (Figure 3.4). A mild activation was

observed when induced by C11, C12 and C13, which is consistent with the substrate

specificity in the whole-cell biosensing assay under the conditions of AlkL being

co-expressed alongside with the alkS-PalkB biosensor (Figure 3.5) and no activation

when induced by C16, C17 and C20 (Figure 3.15a). It is worth mentioning that the

C20 was also tested in the in vitro TX-TL reactions whereas C20 was shown to be

insoluble and formed waxy crystals when the TX-TL reactions were conducted at 30

°C even with the addition of co-solvent ethanol or DMSO. It is unclear whether the

lack of response to C20 was due to the technical difficulties in solubility or limited

substrate specificity of the two biosensors.

As shown in Figure 3.15b, a strong fluorescent output of the alkR-PalkM biosensor

remained in the in vitro assay when the C7-C15 were added, which is similar to the

in vivo assay (Figure 3.10). Whereas the induction fold (up to 3 times for C15) of the

in vitro assay of the alkR-PalkM biosensor was improved when compared to that of

the in vivo assay, indicating that the cell membrane might hamper the diffusion or

transport of the substrate. A significant although weak fluorescent output of the

alkR-PalkM biosensor was also detected towards C16 and C17, whose responses

were not observed in the in vivo assay. This indicates that C17 is not able to cross

the cell membrane or the bioavailability of C17 is too low to be recognised by the

alkR-PalkM biosensor in this experimental setting. The comparison of the fluorescent

response towards n-alkanes with different chain lengths in in vivo with in vitro are

summarised in Table 3.1.
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(a) (b)

Fig. 3.15 The substrate profiles of the two biosensors in the in vitro TX-TL reactions. (a)
alkS-PalkB and (b) alkR-PalkM. The TX-TL reactions were set up in a 96-well black plate with
clear bottoms at a final volume of 50 µl comprising of 66% of the energy source solution
(concentration of each components is listed in Section 2.6.2), 33 % of the crude cell-extract
prepared from E. coli BL21 (DE3) Rosseta, final concentration of the biosensor plasmid at
5 nM and that of octane (dissolved in ethanol) at 1% v/v as inducer or 1% v/v of ethanol
as control. The reactions were carried in the plate reader at 30 °C for 6 h for alkS-PalkB,
10 h for alkR-PalkM respectively. The fluorescence (excitation at 485 nm, emission at 520
nm) was measured every 15 min with 45 s double orbital shaking at 500 rpm before each
measurements. Values are presented with error bars indicating the standard deviations of
the mean (n=3). The one-tailed p values from the unpaired t test for alkS-PalkB biosensor in
TX-TL reactions were calculated as <0.0001 (***), <0.0001 (***), <0.0001 (***), <0.0001 (***),
0.0001 (***), 0.0047 (**), 0.0008 (***), 0.0168 (*), 0.0745 (ns) and 0.3674 (ns) from left to right.
The one-tailed p values from the unpaired t test for alkR-PalkM biosensor in TX-TL reactions
were calculated as <0.0001 (***), <0.0001 (***), 0.0005 (***), <0.0001 (***), <0.0001 (***), <0.0001
(***), <0.0001 (***), 0.0007 (***), <0.0001 (***) and 0.0025 (**) from left to right.
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Table 3.1 The summary on membrane limitations of E. coli on n-alkane uptake.

Substrate

alkS-PalkB alkR-PalkM

in vitro

(cell-free)

in vivo in vitro

(cell-free)

in vivo

Whole-cell +AlkL Whole-cell +AlkL

C7 ***b *** *** *** *** ***

C8 *** *** *** *** *** ***

C9 *** *** *** *** *** ***

C10 **c *** *** *** ** ***

C11 *d n.d. * *** ** ***

C12 * n.d. * *** ** ***

C13 * n.d. n.d. *** ** ***

C14 * n.d. n.d. *** ** ***

C15 * n.d. n.d. *** ** ***

C16 n.d.e n.d. n.d. *** * *

C17 n.d. n.d. n.d. *** n.d. n.d.

C20a n.d. n.d. n.d. n.d. n.d. n.d.

a Waxy particles were observed in the assays when C20 was added indicating a low solubility of

C20 in the TX-TL reactions.

b *** represents a strong fluorescent response (induction ratio > 2).

c ** represents a fairly strong fluorescent response (induction ratio between 1.25 and 2).

d * represents a weak fluorescent response (induction ratio between 1 and 1.25).

e n.d. is abbreviated as not detected (statistically insignificant).
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3.5 Discussion

Although E. coli is one of the best-understood platform organisms and has been de-

veloped for various biotechnological and even industrial uses, much is still unknown

about the alkane uptake or efflux process occurring in E. coli, the possible gene(s)

involved and the regulation(s) and mechanisms(s) behind it. One major technical

challenge is the quantification of the intracellular alkanes. The detection of the alka-

nes traditionally relies on highly sensitive and specific methods in analytic chemistry

such as GC and MS. However, such methods are difficult to be implemented when it

comes to distinguishing the intracellular alkanes which are available to the biological

system and those that exist in the cell culture or in the environment. Biosensors can

complement the analytical chemical methods by detecting the biologically available

alkanes.

A widely used biosensor for n-alkanes is the alkS-PalkB system from P. putida GPo1

which has been developed in the previous work in the lab. It was firstly characterised

to evaluate its advantages and limitations in serving the purpose of understanding

the permeability of E. coli membrane for n-alkanes. The time-dependent response of

alkS-PalkB to C8 in this work was similar to the previous reports that the alkS-PalkB

system hosted in E. coli BW25113 was able to respond quickly within 2 hours to

reach its maximum response and sensitively with a detection threshold at 0.1 µM

(Jaspers et al., 2001; Sevilla et al., 2015; Sticher et al., 1997). With prior knowledge

of its limited detection range when hosted in E. coli (Sticher et al., 1997), the AlkL

was co-expressed alongside with the alkS-PalkB biosensor aiming to gain more

information of its substrate range. Consistent with Reed et al. (2012), it was found

that the alkS-PalkB biosensor only responded to alkanes up to C11. However, the

co-expression of AlkL enabled a stronger improvement of the signals to C11 and C12.
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This is in line with previous reports and in vitro enzymatic analysis that P. putida

is able to utilise the C12 as sole carbon source indicating its native alkBFGHKLST

pathway is capable of recognising C12 for further hydroxylation (Grant et al., 2014;

van Beilen et al., 1994; Van Beilen et al., 2005). C13-C16 still failed to initiate the GFP

expression with the aid of AlkL, which led to the conclusion that the substrate limit

of AlkS regulatory protein restricts the detection of medium and long- chain alkanes.

Successful reports revealed another regulatory protein AlkR and its cognate pro-

moter PalkM with a detection range from C7 to C36 n-alkanes when hosted in its

native A. baylyi ADP1 (Zhang et al., 2012a). Another biosensor alkR-PalkM from A.

baylyi ADP1 has been reported to be able to in situ detect biosynthesised alkanes

from the AAR-ADC pathway when hosted in E. coli (Schirmer et al., 2010; Wu

et al., 2015). To replicate this system in E. coli in this experimental setting, the first

attempt involving using the constitutive promoter PalkR native to A baylyi ADP1 to

drive the transcription of AlkR and then activate PalkM which is fused with gfp was

unsuccessful. Then, the promoter driving the transcription of alkR was replaced by a

constitutive promoter (BBa_J23103).

However, the final alkR-PalkM biosensor construct showed a rather slow response

within 14 hours when compared with the alkS-PalkB biosensor. The slow response

was similarly observed when it was hosted in A. baylyi ADP1 due to that its response

is inferred to be associated with growth phases (Ratajczak et al., 1998b). Nevertheless,

Zhang et al. (2012a) introduced a point mutation in the native PalkM promoter within

the alkR-PalkM intergenic region in the genome of A. baylyi, which was reported to

overcome the growth phase transition thus leading to a shortened response time

within 3 hours. Moreover, a weak fluorescent increase over time from the control

(Section 3.3.2.1) and a small population with higher GFP expression from the log-

histogram (Figure 3.11c) suggested a leaky expression from the alkR-PalkM biosensor,
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which was not reported when it was hosted in A. baylyi ADP1. Additionally, the

weak fluorescent signal over time was not observed in the in vitro cell-free TX-TL

system (Figure 3.14b). Thus, it is hypothesised that the leaky expression from the

alkR-PalkM when harboured in E. coli is likely due to certain metabolites present

in E. coli could also trigger the alkR-PalkM biosensor. The substrate range of the

alkR-PalkM biosensor was then characterised in vivo. It was observed that alkR-PalkM

was able to detect n-alkanes from C7 to C16 (Figure 3.10). This is in line with Wu

et al. (2015) that in situ produced alkanes, mainly C13, C15 and C17, were able to

trigger the alkR-PalkM biosensor. Figure 3.10 also confirmed that C7-C16 alkanes can

transverse the membrane of E. coli, which is consistent with the previous findings

that the alkanes produced in E. coli were also found extracellularly (Schirmer et al.,

2010). Simultaneously, any significant response of the alkR-PalkM to C17 was not

observed even when the AlkL was co-expressed (Figure 3.10), which is consistent

with a previous report that the addition of C17 outside of the cells cannot trigger

the alkR-PalkM biosensor (Wu et al., 2015). Flow cytometry results using C15 as an

example also showed that C15 was able to initiate the GFP expression as a result of

some unknown transport activities across the intact E. coli cell membrane instead of

compromised cell membranes. Aside from the difference in the substrate range of

the two biosensors, it was noted from Figures 3.5 and 3.10 that the response of the

alkS-PalkB biosensor to C11 and C12 and that of the alkR-PalkM biosensor to alkanes

from C10 to C15 were significantly enhanced when AlkL was co-expressed. This

highlighted the potential of applying biosensors in the identification and validation

of transporter proteins.

The development of synthetic biology extends the capability of exploring the natural

biological systems. Cell-free system is one of the major developments, which not only

enhances the production of proteins in a more stable way, but also provides a direct
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access for the substrates to the inner workings of the cells. In order to understand

the membrane limitation for n-alkane uptake of E.coli, in vitro TX-TL was applied in

exploring the substrate range of the two biosensors. The two biosensors continued to

show their functionality in the in vitro cell-free system, but their substrate specificity

was shown to be distinct from each other and the in vivo whole-cell biosensing assays.

While the alkS-PalkB failed to show any response towards C11 onwards in whole-cell

assays, the expression of AlkL improved its response slightly towards C11 and C12.

Further, in the in vitro assay, the alkS-PalkB displayed a wide substrate range up to

C15, although the response was relatively weak. For the alkR-PalkM biosensor, it

responded strongly to C7-C9, fairly strongly to C10-C15 and weakly to C16 in whole-

cell assays. The co-expression of AlkL improved its fluorescent signal of C10-C15,

whereas no improvement of response was shown to C16. This indicated that the

AlkL acts upon n-alkanes with chain length less than C16. However, the alkR-PalkM

biosensor exhibited strong response towards C7-C17, whereas notably there was no

response to C17 observed in any of the in vivo assays. On this basis, it can be inferred

that C7 to C16 are permeable through the E. coli membrane. Whereas, the entry of

C17 through the E. coli cell membrane was greatly hindered. This is the first report

to elucidate the membrane permeability of E. coli for n-alkanes by comparing the in

vivo and in vitro performance of the biosensor. This elucidation of the permeability of

E. coli membrane for n-alkanes could also guide future in vivo development of alkane

biooxidation pathway engineering and the alkane biooxidation enzyme discovery.

3.6 Conclusion

In conclusion, a comprehensive performance profiling of two alkane-responsive

biosensors both in vivo and in vitro was demonstrated. The alkS-PalkB biosensing
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cassette was highlighted for its rapid response and sensitivity but a rather limited

substrate range. Therefore, the construction and characterization of a new biosensor

for the measurement of a broad range of alkanes were then described. The E. coli host

strain apparently expressed alkR and recognised PalkM promoter well enough to

allow a workable system. More importantly, the employment of AlkL co-expression

and the set-up of the cell-free TX-TL system allowed for the identification of the

substrate specificity of AlkL (C10-C15) as well as the cut-off length of the native

n-alkane uptake by E. coli (C16). This work validated that the AlkL could facilitate

the n-alkane uptake. However, it remains unclear if the n-alkanes cross the E. coli

membrane by active transport systems or simply diffusion or the aid of porins

facilitating diffusion. The work has enabled the high-throughput evaluation of the

alkane transport capabilities of E. coli host. The biosensors constructed could provide

a useful and effective tool for strain screening or further transporter identification.





Chapter 4

Identification of outer membrane

proteins involved in n-alkane uptake

in E. coli

4.1 Introduction

Deciphering the microbial transmembrane process and the roles of membrane pro-

teins has several significant implications. The development of cell factories for

manufacturing biofuels is challenged by a sufficient uptake of substrates and a con-

tinuous efflux of the products whose over-accumulation is directly associated with

toxicity (Mukhopadhyay, 2015). Also, the efficient bioremediation of hydrocarbons

is greatly limited by the bioavailability of substrates in the environment to cellular

machineries (Xu et al., 2018). Moreover, combating bacterial infections will need

strategic approaches of ensuring the entry of antibiotics (Delcour, 2009).
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The importance of understanding the transmembrane process of compounds has

driven many scientific investigations. Earlier reports have shown that the biosur-

factant synthesis and the biofilm formation can substantially facilitate the access of

hydrocarbons from the organic phase to the cell surface of hydrocarbon-degrading

microorganisms (Gertler et al., 2009; Ron and Rosenberg, 2002). However, the

transfer of hydrocarbons from the cell vicinity to the cell interior remains elusive.

Meanwhile, the role of membrane proteins is underestimated. Even for E. coli, one of

the best-understood model organisms that has been developed for various biotech-

nological uses such as the production of fatty acids, alkanes and other energy-dense

compounds, 53 % of the putative membrane transporters currently have not been

experimentally validated, despite that the membrane transporters contribute 12.6

% of the ORFs in its genome (Genee et al., 2016). This could be due to the technical

difficulties of studying membrane proteins, such as their partially hydrophobic

surfaces, high flexibility and lack of stability (Carpenter et al., 2008). Additionally,

membrane proteins mainly involve localisation changes of the compounds instead

of chemical changes. In this sense, traditional chemical analytical approaches are

less likely to evaluate the transmembrane processes (Kell et al., 2015). Moreover,

for small molecules, particularly hydrocarbons, there is a widespread assumption

that they might cross the membrane simply by diffusion or intercalation with the

phospholipid bilayer due to their hydrophobic nature similar to the cell membranes

(Hua and Wang, 2014; Kell et al., 2015). However, the contributions of membrane

proteins to the flux of such compounds are not negligible given the fact that AlkL is

crucial in alkane uptake in P. putida (Grant et al., 2014; Julsing et al., 2012). There are

an abundance of data arising from the interaction of cells with hydrophobic com-

pounds, which includes the changes in the transcriptional and translational levels of

membrane proteins, which provide evidence that certain membrane proteins can
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affect the entry of such compounds into the cells and their exit from the cells for an

increased or decreased tolerance of the cells to these compounds (Han et al., 2007;

Lennen et al., 2011; Royce et al., 2014).

Biosensors are analytical devices for detecting certain chemical substances and re-

porting their concentrations with an easily measurable indicator, which could allow

a non-invasive and rapid quantification of certain compounds including alkanes.

Another major advantage of biosensors is that they only respond to substrates that

have entered the cells. These benefits have enabled the applications of biosensors in

the identification of desired enzyme mutations, functional mining of novel trans-

porters and optimisation of biosynthetic pathways for naringenin and glucaric acid

production (Genee et al., 2016; Michener and Smolke, 2012; Raman et al., 2014).

In Chapter 3, the functionality of biosensors for in vivo alkane detection has been

established. It also has been shown that short and mid-chain n-alkanes can pass

through the membrane of E. coli thus activating the biosensing elements. Further-

more, it was observed that the co-expression of AlkL could improve the bioavailabil-

ity of alkanes leading to a stronger response from the biosensor. This finding formed

the hypothesis that the deletion of certain membrane proteins that contribute to the

n-alkane uptake could also be identified by a reduced response from the biosensor.

Additionally, the Keio collection constructed by Baba et al. (2006) is a comprehensive

library of E. coli knock-out mutants for 3985 non-essential genes out of 4288 genes in

the E. coli K-12 genome. The Keio collection provides a powerful tool to allow the

evaluation of the impact of gene knockouts on the flux of a compound of interest. By

coupling with the alkane-responsive biosensor, the Keio collection can be applied in

assessing the contribution of individual membrane protein to the n-alkane uptake

by comparing the response from the biosensor.
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In this chapter, a convenient strategy which can facilitate the screening of OMPs

native to E. coli that may be associated with the n-alkane uptake is described. The

approach mainly employed the E. coli Keio single gene deletion collection and the

alkR-PalkM biosensor (ver. 3) that has a wider substrate range in vivo compared to

the alkS-PalkB biosensor as demonstrated in Chapter 3 (Figure 3.5 and 3.10). The

strategy of comparing the induction fold of the alkR-PalkM biosensor harboured in

the selected single-gene deletion mutants with that from the alkR-PalkM biosensor

harboured in the parental strain E. coli BW25113 was adopted. The role of the

candidate genes was validated further by restoring its expression encoded on a

different plasmid in the deletion strain and comparing the induction fold again.

4.2 Rationale

The aim of this chapter is to identify the OMPs native to E. coli that might take

part in n-alkane uptake. To accomplish this aim, the genes previously found to be

involved in the import of alkanes and other hydrophobic compounds were primarily

targeted. Several genes that have been identified as having a dual role in export and

improved tolerance to hydrocarbons were added. Furthermore, those genes that

have shown up-regulation or down-regulation at the transcriptomic and proteomic

level in the presence of similar hydrophobic compounds, such as fatty acids, were

also considered. The EcoCyc E. coli database (https://ecocyc.org/) was also of

great importance for providing resources of the membrane protein candidates with

comprehensive experimental data and metabolic regulations (Keseler et al., 2017).

The selection of target genes with a putative role in n-alkane uptake are listed in

Table 4.1.

https://ecocyc.org/
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Table 4.1 Target gene(s) with putative n-alkane uptake role

Gene Rationale for selection Reference

ompW 29% sequence identity with AlkL. Hypothesised to

have the function of transporting small hydrophobic

molecules across the OM with evidence from crystal

structure.

(Hong et al., 2006)

ompF General porin with an aqueous channel. A 16-fold of

decreased transcription under the stress of octanoic

acid was observed. Enhanced fatty acid tolerance and

production were observed in ompF deletion mutant.

(Royce et al., 2014;

Tan et al., 2017)

ompC General porin with an aqueous channel. Decreased

abundance of OmpC under the exposure of octanoic

acid in transcriptomic and proteomic data.

(Rodriguez-

Moya and Gonza-

lez, 2015; Royce

et al., 2014)

fadL Proven function as an OM channel for the transport of

long-chain fatty acid and aromatic hydrocarbons with

evidence from the crystal structure.

(Hearn et al., 2008;

Royce et al., 2014;

Tan et al., 2017)

phoE Putative function of transporting medium chain fatty

acids, organic and inorganic phosphates.

(Korteland et al.,

1982)

tolC A component of the AcrAB-TolC efflux pump for ex-

porting substrates such as antibiotics, detergents, and

organic solvents. Experimental evidence in alleviating

fatty acids toxicity.

(Aono et al., 1998;

Foo and Leong,

2013; Fralick,

1996)

ompG Facilitated diffusion of large sugars expressed only

under certain conditions.
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Table 4.1 Target gene(s) with putative n-alkane uptake role

Gene Rationale for selection Reference

ompL OmpG porin family.

ompN General porin. High homology to OmpF. Transport of

hydrophilic solute similar to ompC.

(Prilipov et al.,

1998)

To analyse the impact of the selected genes on the alkanes import, the strategy of

expressing the selected OMPs differentially was adopted. Firstly, the target gene

deletion mutants were located in the E. coli Keio library, made chemically competent

and subsequently transformed with the alkR-PalkM biosensor (Section 2.2.2.1). The

whole-cell biosensing assay for the selected gene-deletion mutants was then followed

as described in Section 2.5. Then, the induction fold of the biosensing elements from

the Keio mutants was compared with that of the parental strain harbouring alkR-

PalkM biosensor. Secondly, gene overexpression was conducted by co-expressing

the OMP together with the alkR-PalkM biosensor in the corresponding gene deletion

mutant. To further evaluate if the over-expression of the corresponding OMPs could

complement the loss of response from the biosensor, the induction fold from the

biosensing element was compared again between the gene-deletion mutant and the

OMP co-expression mutant. The workflow is illustrated in Figure 4.1.
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(a)

(b)

Fig. 4.1 The workflow of using alkR-PalkM biosensor in the screening of putative gene(s)
native to E. coli involved in the n-alkanes import. (a). Gene deletion. The selected single
gene deletion mutants from E. coli was transformed with the alkR-PalkM biosensor. The
whole-cell biosensing assay was carried out to evaluate the induction fold from the alkR-
PalkM biosensor harboured in the single gene-deletion mutant and the parental strain E.
coli BW25113. (b). Gene over-expression. The OMP encoded on another plasmid was
co-expressed alongside with the alkR-PalkM biosensor in the corresponding deletion strain.
The induction fold from the alkR-PalkM biosening element in the OMP co-expression mutant
was compared with that from the deletion strain harbouring alkR-PalkM biosensor only.
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4.3 E. coli Keio collection screening

Following the approach described in Section 4.2, deletion mutants that exhibit a

statistically significant decrease in the induction fold with respect to the parental

strain indicate the involvement of that particular OMP in the uptake of the n-alkanes

tested, herein C8 and C12. Firstly, the selected single-gene deletion strains from the

E. coli Keio collection were transformed with the alkR-PalkM biosensor. Secondly,

the whole-cell biosensing assays of the selected single-gene deletion mutants and

the parental strain were carried out as described in Section 2.5. The incubation was

conducted for 12 - 14 h as the maximum fluorescent response of the alkR-PalkM

peaked at 13 h (Figure 3.8). The fluorescent response was converted to induction

fold by dividing the normalised fluorescence from the samples with the addition of

alkanes against the control (without n-alkane addition).

The result of the Keio collection screening using alkR-PalkM biosensor is shown in

Figure 4.2. Overall, a decrease of induction fold from the biosensing element was

observed in more than one single-gene deletion strain and not one of the single-gene

deletion could cause a full reduction of the biosensing response (the response from

tolC deletion will be discussed later). Additionally, there was no significant change

in the final OD600nm from the selected single-gene deletion strains (The tolC deletion

strain will be discussed later), which indicates there is no significant impact of those

gene deletion on the cell growth. This led to the initial conclusion that alkanes can

enter E. coli cells via multiple channels (i.e. porins) with varying specificities.

To be specific, as shown in Figure 4.2, the induction fold change of the biosensing

element from the ompW, phoE or ompG gene deletion strain showed insignificant

difference when compared to that from the parental strain, which indicated that no

significant impact on the C8 or C12 uptake was observed in this setting (p>0.05).
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The OmpW was selected for its relatively sequence identity with AlkL (28.66 %).

Previous structural analysis indicated that OmpW forms an 8-stranded β-barrle with

a long and narrow hydrophobic channel and the channel activity can be blocked

by the addition of LDAO, which suggested that OmpW family could be involved

in the transport of small hydrophobic molecules across the OM (Hong et al., 2006).

However, the result for ompW is not in agreement with this structural analysis. One

possible explanation for no evident uptake in this setting could be its inadequate

levels in transcription and translation (Li et al., 2014a). Thus, its deletion barely

affects the induction fold of the alkR-PalkM biosensing element. Similarly, although

PhoE was inferred to be involved in the transport of medium chain fatty acids

(Nikaido, 2003), phoE deletion again had no significant impact on the change of

induction fold of the biosensing element in this experimental setting, potentially due

to the previous finding that its synthesis is only initiated under phosphate limitation

(Koebnik et al., 2000; Korteland et al., 1982). For OmpG, which is suggested to

be involved in the transport of carbohydrates and monosaccharides (Fajardo et al.,

1998), its deletion was observed to have no impact on the response from the biosensor.

Based on the insignificant impact on the change of induction fold from the alkR-

PalkM biosensing element, further investigations into the OmpW, PhoE or OmpG

were not carried out.

The strongest decrease in induction fold of the biosensing element from the tolC

mutant as low as 0.68 ± 0.049 was noted from Figure 4.2. Along with the decreased

induction fold, a retarded growth and longer lag phase of the ∆tolC mutant compared

with that of the parental strain E. coli BW25113 (data not shown) were also observed.

The ∆tolC deletion cells showed a significant drop of OD600 nm (0.556 ± 0.032) in

comparison with that of the parental strain (1.024 ± 0.035) after 12 hours’ exposure

to C8. As reported elsewhere, TolC is a key component of the AcrAB-TolC multidrug
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Fig. 4.2 Induction fold of the alkR-PalkM biosensing element from the selected E. coli Keio
mutants and the parental strain E. coli BW25113 as a control in response to C8 and C12. The
induction ratio was calculated by dividing normalised fluorescence of the samples with the
addition of C8 or C12 (at a final concentration of 1% v/v) by the samples without alkanes
addition. The error bars shown represent the standard deviation from biological triplicates.
The dashed lines indicate the baseline of the induction fold of the biosensing element in
the E. coli BW25113. The two-tailed p values from the unpaired t test for comparing the
induction fold of the alkR-PalkM biosensor harbouring in each deletion mutant to C8 with
that in the parental strain are calculated as 0.0504 (ns), 0.0697 (ns), 0.0036 (**), <0.0001 (***),
<0.0001 (***), <0.0001 (***), <0.0001 (***), <0.0001 (***) and <0.0001 (***) from left to right.
The two-tailed p values from the unpaired t test for comparing the induction ratio of the
alkR-PalkM biosensor harbouring in each deletion mutant to C12 are calculated as 0.9156
(ns), 0.5872 (ns), 0.0501 (ns), <0.0001 (***), 0.8925 (ns), 0.0030 (**), <0.0001 (***), <0.0001 (***)
and <0.0001 (***) from left to right.
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efflux pump in E. coli exporting hydrophobic compounds (Du et al., 2014; Lennen

et al., 2013). Additionally, it is reported that the deletion of TolC leads to membrane

stress and the dissipation of the proton motive force caused by the decreased rate of

NADH oxidation (Dhamdhere and Zgurskaya, 2010). Besides acting as a component

in the AcrAB-TolC efflux pump, TolC has also been revealed to be part of another

major pump MacAB-TolC actively exporting antibiotics and polypeptide virulence

factors (Fitzpatrick et al., 2017). Another two pumps, EmrAB-TolC (Puértolas-

Balint et al., 2020) and MdtABC-TolC (Li and Nikaido, 2016), are reported to export

a wide range of harmful substances, which allows cells to develop resistance to

these substances. It is reasonable to conclude that deletion of tolC will lead to

the disruption of export systems in E. coli, which further results in an unbalanced

homeostasis. Thus, it is inferred that the significant decrease in the induction fold is

more likely due to the death of cells from the over-accumulation of intracellular C8

rather than its possible role in C8 uptake. Although the role of TolC in the uptake of

organic solvents remains unclear, these reports provide clues that the export function

of TolC is more important than its uptake function. Thus, towards the aim of creating

a host cell with reduced alkane uptake, the deletion tolC was not considered further

in order to minimise the disruption of the export systems in E. coli.

From Figure 4.2, the fadL deletion displayed a sharp and significant decrease in the

induction fold of the alkR-PlakM biosensing element to both C8 and C12, nearly

bringing the induction fold towards C8 to 1.029 ± 0.079 and towards C12 to 1.528 ±

0.230 when compared with the induction fold from the parental strain to C8 at 2.020

± 0.081 and C12 at 1.900 ± 0.043, respectively. Supported by the crystal structure

that FadL as a ligand gated channel serves the function in the uptake of long-chain

fatty acids (C12 - C18), FadL could also possibly work as a channel allowing for the

passage of C8 and C12 due to the similar hydrophobic properties (Hearn et al., 2009;
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Lepore et al., 2011; Van Den Berg et al., 2004). Another report presented that the

intracellular transformation rates of fatty acids and hydroxy fatty acids were highly

related to the expression level of FadL (Jeon et al., 2018). The expanded substrate

profile was also evidently supported by the whole-cell bioconversion of octane into

octanol and octanoic acid using the alkBGT alkanes monooxygenase complex system

in E. coli. It was shown that the FadL deletion led to a significant reduction in the

production of octanol and octanoic acid compared with the parental strain (Call

et al., 2016). The experimental setting in this work also provides evidence that FadL

can mediate the uptake of C8 and C12 into the cells as its deletion resulted in a

strong and significant decrease in the response from the alkR-PalkM biosensor to C8

and a significant decrease to C12.

A decreased induction fold to C8 at 1.618 ± 0.093 and an even lower induction fold

to C12 at 1.251 ± 0.140 in the ompF deletion strain were found when compared to

the induction fold from the parental strain was at 2.020 ± 0.081 and 1.900 ± 0.043,

respectively (Figure 4.2). For the ompC deletion strain, only a reduction of induction

fold to C8 at 1.126 ± 0.158 was noticed and no significant change of the induction

fold to C12 was found in this experimental setting. The results herein showed some

agreement with other reports focused on fatty acid uptake. The transcriptional and

translational levels of both ompC and ompF were observed to be decreased when the

E. coli cells were exposed to octanoic acids. It was hypothesised that the decreased

level was to prevent the entry of octanoic acid (Rodriguez-Moya and Gonzalez, 2015;

Royce et al., 2014). Furthermore, Tan et al. (2017) showed that the ompF deletion

mutant improved tolerance to octanoic acid, which suggested the role of OmpF in the

uptake of short-chain fatty acids. In another study, OmpF and FadL proteins were

simultaneously deleted from an envR / gusC / mdlA triple deletion E. coli strain, which

resulted in both higher extracellular and total free fatty acids production (Shin and
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Lee, 2017). The authors hypothesised that the deletion of FadL and OmpF blocked

the re-entry of short-chain and medium-chain fatty acids, which afterwards led to

the improved titres of the fatty acids (Shin and Lee, 2017). Additionally, it is shown

in this experimental setting that the deletion of ompF or ompC is associated with a

lower activation of the biosensing element in the presence of C8 and C12 (Figure 4.2).

Based on the evidence from the aforementioned reports and the experimental results

suggesting their association with toxic compounds tolerance and uptake, OmpF and

OmpC were investigated further in this work.

It is evident from Figure 4.2 that the deletion of ompN reduced the induction fold

of the biosensing element greatly towards C8 to 1.48 ± 0.081 and C12 to 1.005 ±

0.074. As suggested by Prilipov et al. (1998) and Saier Jr et al. (2016), OmpN has

been identified as another non-specific porin with a high similarity in its biochemical

and functional properties to OmpC and OmpF proteins. Additionally, it has been

reported that ompN was among the genes whose up-regulation could significantly

improve the production of isoprenoid in E. coli (Wang et al., 2014). Hence, ompN was

investigated further for its association with the alkane uptake in this work.

4.4 Complementation of the OMPs

4.4.1 Construction of plasmids for OMP expression

As an initial assessment to evaluate if the absence of the selected OMPs could lead

to a decrease of induction fold, four candidate proteins, FadL, OmpC, OmpF and

OmpN, were screened. To evaluate if the decreased response from the biosensor

can be restored by the over-expression of the OMP in the corresponding deletion

strain, it was firstly attempted to co-express the OMP from the available ASKA
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plasmid collection, which uses the T5 lac promoter to drive the transcription of the

gene with a His6 tag at the N terminus on a high-copy replication origin pMB1

(Figure 4.3a) (Kitagawa et al., 2005). The pASKAfadL was used as proof of concept

and transformed into the E. coli JW2341 (Keio ∆fadL) and grown in the LB broth as

described in Section 2.2.1. Different concentrations of IPTG were added to the cell

culture when the OD600 nm reached 0.6. Incubation at 30 °C , 250 rpm was followed

for another 12 - 14 hours before the final OD600 nm measurement was taken. Figure

4.3b shows the effect of IPTG concentration for FadL expression on the growth

of cells. A strong drop in the OD600nm was observed upon the addition of IPTG

as low as 0.05 mM, which raised the potential issues of using the ASKA plasmid

collection for this study. It is clear that the strong and poorly controlled expression

from the T5 lac promoter on a high copy plasmid has impaired the cell growth. One

potential reason behind this is that the over-expression of the OMP could lead to

the saturation of the Sec pathway translocating the pre-matured OMPs across the

cytoplasmic membrane (Tsirigotaki et al., 2017). Additionally, the His6 tag on the

N terminus might hamper the Sec pathway recogising the signal peptide of the

pre-matured protein. The cleavage of the signal peptide for successful translocation

also poses uncertainties for the localisation analysis using western blot as a part

of the experimental design. Furthermore, the overload of OMPs could lead to an

imbalanced homeostasis and eventually the death of cells (Wagner et al., 2007).

To eliminate the potential issues for the over-expression of OMPs, a plasmid vec-

tor was constructed allowing for a tighter control over the OMP expression and

compatibility with the biosensor plasmid as described in Section 2.3.4. The final

construct of the plasmid map is shown in Figure 4.4. The OMP was encoded on a

backbone conferring ampicillin resistance with a low-copy p15a origin chosen for

the compatibility with the biosensor plasmid. The transcription was initiated by
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(a) (b)

Fig. 4.3 (a.) The description of ASKA plasmid collection. The target gene was under the
control of the T5 lac promoter with a His6 tag on the N terminus on the pMB1 high-copy
replicon. (b.) The impact of different concentrations of IPTG on the growth of cells when
FadL was expressed from the ASKA plasmid. Different concentrations of IPTG were added
into the cell culture of E. coli JW2341 (Keio ∆fadL) harbouring pASKAfadL when the OD600 nm
reached 0.6. Final OD600 nm measurements were taken after another 14 hours of incubation
at 30 °C, 250rpm. The values are presented as mean with error bars showing the standard
deviations from the biological triplicates.

the PrhaBAD promoter and regulated by the transcription factors RhaR and RhaS

for a rhamnose concentration-dependent and tunable control (Hjelm et al., 2017). A

His6 tag was added at the C terminus of the protein for localisation analysis using

western blot.

4.4.2 FadL overexpression in ∆fadL strain

Following the whole-cell biosensing assay of the fadL deletion compared with the

parental strain, the deletion of fadL showed a decreased induction fold to C12

and particularly to C8. It was speculated that the over-expression of FadL in the

fadL deletion would restore the response from the biosensing element. Using the

OMP expression plasmid described in Section 4.4.1, the FadL expression plasmid

(pACYCrha-fadL-His6) was transformed into the E. coli JW2341 (Keio ∆fadL) together

with the alkR-PalkM biosensor and the whole-biosensing assay was conducted again
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Fig. 4.4 Design of the plasmid vector for OMP expression. The target gene was placed
downstream of a rhamnose-inducible promoter regulated by RhaR/S with a His6 tag on the
C terminus on a low-copy replicon backbone with ampicillin resistance.

under the condition that FadL expression was initiated by 0.5 mM L-rhamnose

compared with no addition of rhamnose as a control.

As shown in Figure 4.5a, a similar pattern of the fluorescent response to C8 and C12

in the fadL deletion strain harbouring the pACYCrha-fadL-His6 without induction by

rhamnose was observed when compared to the strain harbouring the biosensor only.

Additionally, poor growth was not observed when the FadL expression was induced

by 0.5 mM rhamnose. This indicates a tighter regulation of the PrhaBAD promoter.

As expected, a significant improved induction ratio of the alkR-PalkM biosensor to

C8 and C12 at 2.56 ± 0.482 and 2.20 ± 0.384, respectively, in the FadL expression

strain when compared to the samples without incorporation or induction of the FadL

expression was observed. The FadL protein expression, as evidenced by western

blot, was successful initiated and able to fold into the membrane as FadL expression

was shown in the cell envelope fraction (Figure 4.5b). This result provides further

evidence that FadL, previously identified as a channel for the passage of fatty acids,

can also be involved in the uptake of n-alkanes, C8 and C12, probably due to their

similar hydrophobic nature to fatty acids.
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(a)

(b)

Fig. 4.5 (a). The fluorescent response of alkR-PalkM biosensor under the condition when
FadL expression was induced by rhamnose (dark grey) or not induced (light grey) in the E.
coli JW2341 (∆fadL) strain. The E. coli JW2341 (∆fadL) only carrying the alkR-PalkM biosensor
plasmid is shown in black on the left. Values are presented with error bars indicating the
standard deviations of the mean (n = 3). The induction ratios of C8 or C12 over control in
each experimental set are shown above the bars. The two-tailed p values from the unpaired
t test for comparing the induction ratio of C8 and C12 in the FadL over expression strain
with the fadL deletion strain are calculated as 0.0095 (**) and 0.0094 (**) from left to right.
(b). Western blot for the detection of FadL expression of the whole-cell lysate, cytoplasmic
fraction and cell envelope extraction samples. Lanes 1, 4 and 7 show E. coli ∆fadL + alkR-
PalkM. Lanes 2, 5 and 8 show E. coli ∆fadL + alkR-PalkM + pACYCrha-fadL-His6 with 0 mM
rhamnose induction. Lanes 3, 6 and 9 show E. coli ∆fadL + pACYCrha-fadL-His6 with 0.5
mM rhamnose induction. 20 µg total protein of whole-cell lysate and cytoplasmic fraction
samples were loaded on the gel. Cell envelope proteins were extracted by TSE method and
concentrated using TCA precipitation. The FadL protein is estimated to be 46.74 kDa and is
indicated by the arrow on the blot image.
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4.4.3 OmpF overexpression in ∆ompF mutant

Similarly, to assess if the expression of OmpF in the ompF deletion strain could re-

establish the fluorescent response of the alkR-PalkM biosensor, the plasmid encoding

OmpF under the control of the PrhaBAD promoter was co-transformed into the

ompF deletion strain together with the alkR-PalkM biosensor. As shown in Figure

4.6a, an enhanced induction ratio to C8 (1.99 ± 0.139) and C12 (2.37 ± 0.236) is

observed when the OmpF expression was initiated by 0.5 mM rhamnose, compared

with the ompF deletion strain at 1.68 ± 0.203 and 1.26 ± 0.532 in the same set of

experiments, respectively. It provides supportive evidence that the n-alkane (C12)

uptake might also be mediated via OmpF. A relative lower level of normalised

fluorescence was observed in the E. coli JW2341 harbouring both the alkR-PalkM

biosensor and the pACYCrha-fadL-6his plasmid without induction by rhanomse. It

was hypothesised that it might due to the different metabolic burden caused by the

pACYCrha-fadL-6his plasmid.

Unlike FadL which is exemplified as a channel transporting fatty acids via a stable

lateral opening in the β-barrel wall (van den Berg, 2010), OmpF belongs to the

General Bacterial Porin (GBP) family. It is a constitutively expressed porin allowing

the entry of a wide range of nutrients including carbohydrates (Saier Jr et al., 2016).

It is also reported that the passage through OmpF is non-specific and mainly via

diffusion (Koebnik et al., 2000). The expression and localisation of OmpF on the

cell envelope of the ompF deletion mutant were observed when its expression was

induced by 0.5 mM rhamnose from Figure 4.6b. Moreover, Figure 4.2 suggested that

the deletion of ompF led to the decrease of induction fold of the alkane-responsive

biosensor. The over-expression of OmpF in the ompF deletion strain could restore the

response, implying a potential role of OmpF in the uptake of alkanes. However, the

abundance of OmpF and its role in maintaining membrane integrity cast doubt on its
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direct impact on the alkane uptake. It is reported that the change of major membrane

proteins, such as OmpF, can alter the metabolic exchange of the cells, disturb the

intracellular metabolic processes and eventually affect the expression level of any

proteins (Arunmanee et al., 2016). The work thus far showed the association of

OmpF with C8 and C12 uptake whereas the mechanism behind this observation

remains unclear.
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(a)

(b)

Fig. 4.6 (a). The fluorescent response of alkR-PalkM biosensor under the condition when
OmpF expression was induced by rhamnose (dark grey) or not induced (light grey) in the
E. coli JW0912 (∆ompF) strain. The E. coli JW0912 (∆ompF) only carrying the alkR-PalkM
biosensor plasmid is shown in black on the left. Values are presented with error bars
indicating the standard deviations of the mean (n = 3). The induction ratios of C8 or C12 over
control in each experimental set are shown above the bars. The two-tailed p values from the
unpaired t test for comparing the induction ratio of C8 and C12 in the OmpF over-expression
strain with the ompF deletion strain are calculated as 0.0894 (ns) and 0.0294 (*) from left
to right. (b). Western blot for the detection of OmpF expression of the whole-cell lysate,
cytoplasmic fraction and cell envelope extraction samples. Lanes 3 and 6 show E. coli ∆ompF
+ alkR-PalkM. Lanes 1, 4 and 7 show E. coli ∆ompF + alkR-PalkM + pACYCrha-ompF-His6 with
0 mM L-rhamnose induction. Lanes 2, 5 and 8 show E. coli ∆ompF + pACYCrha-ompF-His6
with 0.5 mM L-rhamnose induction. 20 µg total protein of whole-cell lysate and cytoplasmic
fraction samples were loaded on the gel. Cell envelope proteins were extracted by TSE
method and concentrated using TCA precipitation. The OmpF protein is expected at a size
of 38.5 kDa and indicated by the arrow on the blot image.
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4.4.4 OmpC overexpression in ∆ompC mutant

OmpC belongs to the General Bacterial Porin (GBP) family and shares 63 % sequence

identity and has similar functions to OmpF (Baslé et al., 2006). The deletion of ompC

led to a decrease of the signal from the biosensing element to C8 as observed in

Figure 4.2. The co-expression of OmpC was then followed in ompC deletion strain.

As shown in Figure 4.7a, the complementation of OmpC with a plasmid encoding

the OmpC native to E. coli was able to bring the induction fold of the alkR-PalkM

higher towards C8 to 2.56 ± 0.482 and towards C12 at 2.20 ± 0.198, compared with

the ompC deletion to C8 at and C12 at 1.23 ± 0.099 and 1.03 ± 0.532, respectively. The

reduction in the response to C12 was not observed in the ompC deletion, whereas a

slight elevation of the response to C12 was seen when the OmpC was over-expressed.

The western blot result confirmed its expression, folding and incorporation into

the membrane as a clear band was shown at around 40 kDa in the cell envelope

extraction fraction when the OmpC expression was induced by the addition of 0.5

mM of rhamnose (Figure 4.7b).
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(a)

(b)

Fig. 4.7 (a). The fluorescent response of alkR-PalkM biosensor under the condition when
OmpC expression was induced by rhamnose (dark grey) or not induced (light grey) in the
E. coli JW2203 (∆ompC) strain. The E. coli JW2203 (∆ompC) only carrying the alkR-PalkM
biosensor plasmid is shown in black on the left. Values are presented with error bars
indicating the standard deviations of the mean (n = 3). The induction ratios of C8 or C12
over control in each experimental set are shown above the bars. The two-tailed p values
from the unpaired t test for comparing the induction ratio of C8 and C12 in the OmpC over
expression strain with the ompC deletion strain are calculated as 0.0095 (**) and 0.0094 (**)
from left to right. (b). Western blot for the detection of OmpC expression of the whole-
cell lysate, cytoplasmic fraction and cell envelope extraction samples. Lanes 1, 4 and 7
show E. coli ∆ompC + alkR-PalkM. Lanes 2, 5 and 8 show E. coli ∆ompC + alkR-PalkM +
pACYCrha-ompC-His6 with 0 mM rhamnose induction. Lanes 3, 6 and 9 show E. coli ∆ompC
+ pACYCrha-ompC-His6 with 0.5 mM rhamnose induction. 20 µg total protein of whole-cell
lysate and cytoplasmic fraction samples were loaded on the gel. Cell envelope proteins were
extracted by TSE method and concentrated using TCA precipitation. The OmpC protein is
expected at a size of 38.3 kDa and indicated by the arrow on the blot image.
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4.4.5 OmpN overexpression in ∆ompN mutant

In addition to aforementioned FadL, OmpC and OmpF OMPs, OmpN was another

OMP exhibiting a drop in the signal from the biosensor to both C8 and C12 in the

previous screening assay. Figure 4.8a shows that the co-expression of OmpN in

the ompN deletion strain can offset the response from the biosensor in the ompN

deletion strain with the induction fold to C8 at 2.27 ± 0.209 and C12 at 1.74 ± 0.187

whereas the induction fold from ompN deletion strain was at 1.26 ± 0.082 and 1.20

± 0.070, respectively. The western blot image confirmed the expression of OmpN

and incorporation into the membrane as an expected clear band was shown in the

cell envelope fraction of the samples where OmpN expression was induced by 0.5

mM rhamnose (Figure 4.8b). The result herein showed that the altered expression

level of OmpN could also affect the bioavailability of C8 and C12.
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(a)

(b)

Fig. 4.8 (a). The fluorescent response of alkR-PalkM biosensor under the condition when
OmpN expression was induced by rhamnose (dark grey) or not induced (light grey) in the
E. coli JW1371 (∆ompN) strain. The E. coli JW1371 (∆ompN) only carrying the alkR-PalkM
biosensor plasmid is shown in black on the left. Values are presented with error bars
indicating the standard deviations of the mean (n = 3). The induction ratios of C8 or C12
over control in each experimental set are shown above the bars. The two-tailed p values
from the unpaired t test for comparing the induction ratio of C8 and C12 in the OmpN
over expression strain with the ompN deletion strain are calculated as 0.0015 (**) and 0.0471
(*) from left to right. (b). Western blot for the detection of OmpN expression from the
whole-cell lysate and cytoplasmic fraction and cell envelope extraction samples. Lane 1, 4
and 7 show E. coli ∆ompN + alkR-PalkM. Lane 2, 5 and 8 show E. coli ∆ompN + alkR-PalkM +
pACYCrha-ompN-His6 with 0 mM rhamnose induction. Lane 3, 6 and 9 show E. coli ∆ompN
+ pACYCrha-ompN-His6 with 0.5 mM rhamnose induction. 20 µg total protein of whole-cell
lysate and cytoplasmic fraction samples were loaded on the gel. Cell envelope proteins were
extracted by TSE method and concentrated using TCA precipitation. The OmpN protein is
expected to be 40.2 kDa and indicated by an arrow on the blot image.
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4.5 Discussion

Understanding the microbial uptake of alkanes has significance in bio-remediation

of the petroleum-contaminated areas. There has been a widely accepted notion that

the hydrocarbons can cross the phospholipid bilayers by diffusion or intercalation

with the membrane due to the similar hydrophobicity. However, there is also an

emergence of reports focusing on the interplay of membrane proteins with the

tolerance to such compounds implying the potential role of membrane proteins in

the flux of these compounds. The advances in system engineering have provided

growing numbers of databases for using omics approaches to identify the functions

of membrane proteins (Kell et al., 2015). Although the abundance of transcriptomic

and proteomic data until now has provided vital information in membrane proteins-

mediated activities and the metabolic regulations, it failed to reveal the association

of the membrane proteins with the bioavailability of compounds of interest.

Based on the finding that over-expression of AlkL could increase the response of the

alkane-responsive biosensor to short and medium-chain n-alkanes (Chapter 3), it

was then hypothesised that the deletion of certain OMPs, which contribute to the

uptake of alkanes, could also lead to the reduction of the signal from the biosensors.

Hence, this work here demonstrated a convenient strategy by using a transcription

factor-based biosensor constructed and characterised in Chapter 3 and the single-

gene deletion library for the evaluation of the contribution of individual OMPs to

the uptake of alkanes. From the initial Keio collection screening results using the

alkR-PalkM biosensor in Figure 4.2, it was firstly noted that the drop in the signal

was observed in more than one OMP deletion strains. This is consistent with other

findings that the alkanes can exploit multiple channels to enter the cells, probably

due to the overlapping and wide substrate specificities of membrane proteins (Jindal
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et al., 2019; O’Hagan and Kell, 2015). Nevertheless, it indicates one limitation of the

approach that a single-gene deletion might not provide sufficient selectivity, if the

substrate has multiple access to the cells or if the biosensor is not sensitive enough

to report a slight change of the substrate bioavailability. Particularly, in the case

where the gene expression levels are relatively low such that their deletion was not

able to be detected by the biosensor. OmpW might be the case as no significant

decline in the biosensor response was observed, whereas it was previously inferred

to be structurally favourable for the uptake of hydrophobic compounds due to its

hydrophobic residue configuration within the channel (Hong et al., 2006).

A number of OMPs were pinpointed from the single deletion screening for showing

a significantly weaker response of the biosensors in some of the single-gene deletion

strains compared with that in the parental strain E. coli BW25113 (Figure 4.2). These

include fadL, ompC, ompF and ompN. To determine if the decline in the response from

the biosensor resulting from gene deletion can be compensated by its expression in

the corresponding deletion strain, a set of plasmids were constructed for a tunable

and controlled expression of the target genes and then co-expressed alongside with

the biosensor in the respective deletion strains again. From Figures 4.5a, 4.6a, 4.7a

and 4.8a, the rescue of biosensing response from the over-expression was observed,

which provided initial evidence that they might be associated with mediating the

entry of alkanes into the cells.

The gene fadL coding for FadL has been validated based on the crystal structure, and

functionally characterised for its crucial role in fatty acid uptake and also engineered

for enhanced production of free fatty acids (Hearn et al., 2009). Another member in

the FadL family from P. aeruginosa SJTD-1 has also been suggested to be involved in

C18 uptake (Liu et al., 2015; Zhou et al., 2017). The result from this work shed further

light on the substrate range of the FadL protein that it might also work as a channel
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allowing the passage of similar hydrophobic compounds, such as C8 and C12 in

this work. Future work involving biosensors with different substrate specificities,

for instance aromatic compounds, could provide more information on its substrate

range (de las Heras and de Lorenzo, 2011).

It has also been noted that the tilted structure and strong electric field across the

channel constriction ends of OmpC, OmpF and OmpN suggested that they are

energetically unfavourable for the hydrophobic molecules to transverse the channels

(Schulz, 2002). However, it was shown in this work that the availability of OmpF,

OmpC and OmpN might facilitate the entry of alkanes to the cells as the altered

expression levels of these proteins resulted in corresponding change of fluores-

cent response from the biosensor in this experimental setting. The discrepancy of

their structural evidence with their functions of mediating the entry of hydropho-

bic compounds has also been observed elsewhere. Proteomic comparison of the

cyclohexane-tolerant strain with the parental strain revealed a lower abundance of

OmpF and OmpC in the cyclohexane-tolerant strain, which was hypothesised to

prevent the entry of the toxic compounds (Aono et al., 1998). From the transcrip-

tomic studies, the exposure to octanoic acid also altered the transcription level of

both ompF and ompC to relieve the pressure from octanoic acid (Royce et al., 2014).

Concluding from these findings, it is speculated that their contribution to the flux

of such compounds observed in this work might due to their abundance in the

cells and their significance in maintaining the membrane integrity (Tan et al., 2017).

Moreover, previous reports have also shown that the general porins such as OmpF

provide access of carbohydrates to the cells. Thus, it is reasonable to deduce that

the change of expression level of general porins affects the intracellular concen-

trations of carbohydrates as well as cellular metabolic activities. In this sense, the

deletion of OmpF or OmpC could also affect the protein expression level, including
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GFP from the biosensor, resulting from the decreased cellular metabolic activities

(Gosset, 2005; Rodriguez-Moya and Gonzalez, 2015). Although the combination

of the biosensor with the single-gene deletion library has been demonstrated to be

useful for identifying the association of OMPs with the intracellular concentration of

n-alkanes, it failed to address whether the results observed from this work were due

to their direct function in alkane uptake or indirect consequences from the complex

metabolic network regulation such as the inter-regulation of the OMPs observed

by Zhang et al. (2018). Further work involving engineering these proteins at the

structural level could help to clarify their role in the uptake of hydrophobic com-

pounds. Experiments with labelled compounds could also be applied in revealing

the mechanism(s) involved (Lacapere et al., 2007).

In addition to the aforementioned OMPs, TolC was another protein, whose deletion

was observed to result in a decrease in signal from the biosensor. However, the

retarded growth of tolC deletion mutant found in this work casts doubt on the

hypothesis that TolC could work as a channel for alkane uptake. Previous work has

emphasised the role of TolC in the export of organic solvents rather than uptake.

Meanwhile, the limitation of the biosensor was highlighted in addressing the efflux

process. It was reported that a higher intracellular concentration of C8 was observed

in the tolC deletion strain than that in the parental strain. Additionally, TolC acts as

an essential component of AcrAB-TolC system to export organic solvents such as

C8 from the cells (Lennen et al., 2013; Tsukagoshi and Aono, 2000). It is therefore

reasonable to hypothesise that the entry of alkanes might be mediated through

multiple channels other than TolC whereas they are mainly exported by TolC. Further

approaches of combining the alkane biosynthesis pathway and the E. coli single-gene

deletion mutant could be used to explore the roles of TolC and other putative OMPs

in n-alkane export.
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4.6 Conclusion

This chapter demonstrated the potential of using biosensors and the E. coli single-

gene deletion library for evaluating the contributions of the OMPs to the alkanes

bioavailability in E. coli. Ten genes were firstly shortlisted for their possible role in

alkane import. Secondly, the induction fold of the alkR-PalkM biosensor harboured

in the selected single-gene deletion mutants from the E. coli Keio collection was

compared with that of the parental strain. It was noticed from the results that

alkanes might utilise multiple channels to enter the cells. Meanwhile, four OMPs,

FadL, OmpF, OmpC and OmpN were found to lead to a significant drop in the

induction fold when they were deleted individually. Thirdly, their association with

the alkane uptake was validated by co-expressing the proteins encoded on another

set of plasmids in the corresponding deletion mutant and the induction fold was

compared again. In this context, the roles of FadL, OmpF, OmpC and OmpN showed

the strongest indication for their association with alkane uptake and could be further

investigated to elucidate the mechanism(s). The work demonstrated how biosensors

can effectively be deployed to identify the association of membrane proteins with

the uptake process. This work also provided insights for transporter engineering

to improve the tolerance of E. coli to alkanes and the bioremediation efficiency of

alkanes.





Chapter 5

Development of a host cell with

reduced n-alkane uptake and its

application in screening putative outer

membrane proteins

5.1 Introduction

Customising cells to perform predefined tasks in a predictable fashion has always

been one of the central goals in the field of synthetic biology (Lubrano et al., 2020).

The bioremediation of fossil fuel constituents to recuperate contaminated areas for

environmental reasons and the biosynthesis of biofuels for a sustainable future have

attracted increasing attention to build such a cell factory to meet the demands (Fis-

cher et al., 2008; Habib et al., 2018). Recent developments in metabolic engineering

have allowed for tailoring the cells through manipulating the genome of certain
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microorganisms by maximising the flux towards the targeted pathways and elimi-

nating the non-essential competing pathways (Choi and Lee, 2013; Stephanopoulos,

2007). However, developing such high-producing microbial hosts requires a steady

release of the products to overcome their toxicity to the host (Harrison and Dunlop,

2012). Moreover, the screening of novel enzymes in vivo for pathway engineering

also requires the bioavailability of substrates occurring at an appropriate rate (Grant

et al., 2014). The limitations of the aforementioned processes can be circumvented by

having a host cell that can be directed to uptake or export the compounds of interest

in a controlled manner.

Having screened four OMPs indicated to be associated with n-alkane uptake in

Chapter 4, it was then sought to delete the genes coding for these four proteins

aiming to develop a host cell with a reduced alkane uptake background. Such a host

cell can be customised with modulated transport characteristics (Borodina, 2019).

One potential application of the basis cell is to introduce the existing efficient alkane

importers (e.g. AlkL) to augment the activities of the native rate- and substrate-

limiting alkane uptake step to facilitate the whole-cell biooxidation of alkanes (Yadav

et al., 2012). The basis host cell can also be utilised for alkanes production from the

biosynthetic pathways by coupling with effective efflux pumps to avoid the over-

accumulation of the products. Having abolished the native passages for alkanes,

the re-entry of products through the native transporters can be prevented, which

further leads to an improved production of alkanes (Tan et al., 2017). One particular

aspect focused on in this Chapter is the application of the host cell with a reduced

alkane uptake background in the identification of putative OMPs for alkane uptake

using the alkR-PalkM biosensor demonstrated in Chapter 3.

Many hydrocarbon-degrading microorganisms were reported to possess several

strategies to allow the access of alkanes to the cellular biooxidation machineries
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(Soussan et al., 2016). However, the assimilation of alkanes remains to be elusive and

is speculated to be distinct for different microorganisms, the properties of alkanes

such as length and molecular weight and the physio-chemical attributes of the

environment (Rojo, 2009). Many microorganisms are able to produce biosurfactants

or bioemulsifiers to facilitate the assimilation of long- and medium- chain alkanes

(Souza et al., 2014). Biofilm formation involving a global change in cell physiology

was shown to increase the uptake and assimilation of alkanes in liquid cultures such

as at the interface of alkane and water reported in M. hydrocarbonoclasticus (Vaysse

et al., 2009). OMPs were also suggested to be crucial in both alkane uptake and

improved tolerance to alkanes for some microorganisms (Hemamalini and Khare,

2014). An exemplified porin that has been validated structurally and experimentally

to be an importer for short- and medium- chain n-alkanes is AlkL belonging to the

OmpW family (Grant et al., 2014; Julsing et al., 2012). Another OmpW homologue

OprG from P. fluoresces was required for growth on naphthalene and several other

polycyclic aromatic hydrocarbons indicating its role in the uptake of aforementioned

substrates (Eaton, 1994; Neher and Lueking, 2009). The crystal structure of the

OmpW from E. coli suggests that OmpW forms into an eight-stranded β-barrel. It

is lined exclusively with hydrophobic residues and likely to have a lateral opening

(Touw et al., 2010). As proposed by Hong et al. (2006) and van den Berg (2010) based

on the structural evidence, the OmpW family might perform as transporting small

hydrophobic molecules following the lateral diffusion mechanism (van den Berg,

2010).

To assess the possible alkane uptake function of OmpW family members, several

homologues from OmpW family were selected in this chapter. The alkR-PalkM

biosensor was applied again because the response from the alkR-PalkM biosensor

could be directly related to the bioavailability of alkanes shown in Chapters 3 and
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4. Namely, the co-expression of AlkL, which could improve the bioavailability of

alkanes, led to a stronger response from the biosensor. In return, the deletion of

certain membrane proteins, which contribute to the n-alkane uptake, resulted in the

drop of response from the biosensor. A major challenge facing the identification of

the OMPs for short chain alkanes such as C8 using the alkR-PalkM biosensor was that

the induction level of the alkR-PalkM to C8 hosted in E. coli BW25113 was relatively

high (Figure 3.10). It is possible that the response to C8 was saturated. Thus, a

higher intracellular concentration of C8 due to the uptake mediated by the potential

OMP might not be reflected from the biosensor. Having screened the native OMPs

associated with C8 uptake, the identification of the putative OMPs for the uptake of

C8 could benefit from the deletion of the native OMPs.

In this Chapter, the development of a host E. coli cell with a reduced n-alkane uptake

background is described. The genes coding for the OMPs screened from Chapter 4

were deleted from the E. coli chromosome using the λ Red system. Combined with

the alkR-PalkM biosensor, the host cell was then further tailored in its application for

the identification of putative OMPs from the OmpW family for n-alkane uptake.

5.2 Development of a host cell with reduced n-alkane

uptake

To generate a host E. coli cell with reduced n-alkane uptake, the genes encoding the

OMPs screened in Chapter 4 were deleted using the λ Red recombination system in

a step-wise manner. Briefly, the oligonucleotides used to amplify the FRT-flanked

chloramphenicol resistance cassettes were designed to have around 50 bp up- and

down-stream of the target gene to be deleted. The dsDNA amplified from the
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pKD3 plasmid was introduced to the host cell. The 5’-3’ exonuclease expressed

from the pSJ8 helper plasmid then digest the 5’-strand into mononucleotides. The

mononucleotides further binds to the single-strand anealing protein encoded by

bet gene. The protein-mononucleotide complex then aneals to the complementary

strand from the genome, which results in the replacement of the target gene into the

FRT-flanked chloramphenicol resistance cassette (Caldwell and Bell, 2019). Then,

the FRT arms from the FRT-flanked chloramphenicol resistance cassette can be

recognised and therefore deleted by the flippase expressed from the pSJ8 helper

plasmid (Jensen et al., 2015) .

5.2.1 Development and characterisation of the double OMPs knock-

out mutant in n-alkane uptake

The E. coli JW2341 (Keio ∆fadL) strain was used as the starting strain for deleting

the ompC gene firstly. As described in Section 2.3.5, E. coli JW2341 (Keio ∆fadL) was

first made chemically competent and transformed with the pSIJ8 helper plasmid

carrying the genes encoding the λ red proteins and the flippase recombinase (Jensen

et al., 2015). The dsDNA to be electroporated into the E. coli JW2341 (Keio ∆fadL)

cells carrying the pSIJ8 plasmid were amplified from pKD3 using DompCP1Cat

forward and UompCP2Cat reverse primers listed in Table 2.7. The expected size

of the dsDNA is 1036 bp as shown in Figure 5.1a. After electro-transformation

with the dsDNA, the colonies after antibiotic selection were verified by colony PCR

using the VerCat forward and VerUompC reverse primers listed in Table 2.7. The

expected mutants were considered to be amplified resulting in a fragment with

the size around 788 bp (Figure 5.1b) while no PCR product was expected from the

parental strain using the same set of primers (Figure 5.1b, Lane BW). Hence, the
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(a) (b) (c)

Fig. 5.1 DNA images of using λ Red recombineering system to delete ompC from E. coli
JW2341 (Keio ∆fadL::kan). (a). PCR triplicates of amplifying frt flanked cat cassette using
DompCP1Cat forward and UompCP2Cat reverse primers. (b). Colony PCR for verification
of replacement of ompC with cat using VerCat forward and VerUompC reverse primers. Lane
BW shows the PCR products from the parental strain. Lanes from S1-1 to S1-6 show the
PCR products from the colonies resulting from the electroporation of the R1, R2 and R3
into E. coli JW2341 harbouring pSIJ8. (c). Colony PCR for verification of cat deletion using
VerDompC forward and VerUompC reverse primers. Lanes from S2-1 to S2-3 show PCR
products selected from the colonies resulting from the cat deletion by inducing the flippase
with 0.5 mM of rhamnose. Lane P and BW show the PCR products before flippase induction
and the PCR products amplified from E. coli JW2341, respectively.

colonies labelled with S1-2 and S1-4 as shown in Figure 5.1b were the expected

mutants. The PCR products were gel-extracted and further verified by sequencing.

The verified mutant was employed for the removal of the antibiotic resistant gene

as described in Section 2.3.5. Single colonies after selection were again checked by

colony PCR using VerDompC forward and VerUompC reverse primers (Table 2.7).

Three selected colonies were verified to have lost the cat cassette as the size of the

PCR products was expected to be 859 bp while a 1741 bp fragment was expected

from the parental strain as shown in Figure 5.1c. Similarly, the PCR products were

further verified by sequencing.

The whole-cell biosensing assay of the double OMP deletion mutant was carried

out to evaluate its C8 and C12 uptake changes. As shown in Figure 5.2, a further

deletion of ompC from the E. coli ∆fadL or fadL from the E. coli ∆ompC led to a
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Fig. 5.2 The induction fold of the alkR-PalkM biosensing element from E. coli BW25113, E.
coli JW2341 (∆fadL), E. coli JW2203 (∆ompC) and E. coli ∆fadL ∆ompC in response to C8 and
C12 at a final concentration of 1 % v/v. The induction fold was calculated by dividing the
normalised fluorescence of the samples with the addition of alkanes by that without any
alkanes addition. The error bars shown represent the standard deviation from biological
triplicates. The significance against the E. coli BW25113 was analysed by unpaired parametric
student t test. The one-tailed p value was calculated as 0.0037 (**), ≤0.0001 (***), 0.0002 (**),
≤0.0001 (***), 0.3499 (ns) and 0.0004(**) from left to right.

further drop in the induction fold of the alkR-PalkM biosensor to C8. The change

of induction fold of the alkR-PalkM biosensor to C12 from the E. coli ∆ompC strain

was considered to be insignificant when compared to that from the E. coli BW25113.

However, a significant drop in the induction fold of the alkR-PalkM biosensor to

C12 was observed then fadL was further deleted from the E. coli ∆ompC. Significant

decreases in the induction fold of the alkR-PalkM biosensor to C8 of 45.6 % and to

C12 of 24 % were observed in the E. coli ∆fadL ∆ompC when compared to E. coli

BW25113, which indicates a decreased uptake of C8 and C12. Meanwhile, there was

no significant change observed in the final OD600nm during E. coli ∆fadL ∆ompC and

E. coli BW25113 growth, which indicates that the further deletion of ompC from the

fadL deletion mutant does not affect the cell growth.
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5.2.2 Development and characterisation of the triple OMPs knock-

out mutant in n-alkane uptake

The ompF was then deleted from E. coli ∆fadL ∆ompC mutant using a similar strategy

stated in Section 5.2.1. The dsDNA carrying the frt flanked cat cassette was amplified

from pKD3 again using DompFP1Cat forward and UompFP2Cat reverse primers

resulting in an expected size of 1038 bp as shown in Figure 5.3a. The gel-purified PCR

products were then electro-transformed into E. coli ∆fadL ∆ompC mutant harbouring

the pSIJ8 helper plasmid. After selection, colony PCR was performed using VerCat

forward and VerUompF reverse primers showing expected size of 497 bp (Figure 5.3b

Lane S1-1, Lane S1-2 and Lane S1-4 and Lane S1-6) while no fragment was expected

from the parental strain (Figure 5.3b, Lane BW). The verified colonies labelled as

1 were then subjected to the cat deletion and checked by colony PCR again using

VerDompF forward and VerUompF reverse primers (Figure 5.3c). Almost all the

selected colonies were verified to be the successful deletion of the cat gene as the

expected size of 417 bp was shown for most colony PCR products (Figure 5.3c, Lanes

S2-1, S2-2 and S2-3) compared with the parental strain at 1353 bp (Figure 5.3c, Lanes

P and BW).

The whole-cell biosensing assay was carried out again to compare the response to C8

and C12 of the alkR-PalkM biosensor when harboured in E. coli BW25113, E. coli ∆fadL

∆ompC and E. coli ∆fadL ∆ompC ∆ompF respectively. It is evident that the further

deletion of the ompF from the double OMPs deletion mutant E. coli ∆fadL ∆ompC

brought down the response of the alkR-PalkM biosensor to C8 from 1.25 to 1.1 and

to C12 from 1.35 to 1.01 (Figure 5.4). The induction fold of the alkR-PalkM to C8 of

1.1 and C12 of 1.01 in the triple OMPs deletion mutant (E. coli ∆fadL ∆ompC ∆ompF)

indicated a largely reduced alkane background nearly to a complete blockage in the
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(a) (b) (c)

Fig. 5.3 DNA images of using λ Red recombineering system to delete ompF gene from
E. coli ∆fadL ∆ompC mutant. (a). Amplification triplicates of frt flanked cat cassette from
pKD3 using DompFP1Cat forward and UompFP2Cat reverse primers. (b). Colony PCR for
verifying the replacement of ompF with cat using VerCat forward and VerUompF reverse
primers. Lanes from S1-1 to S1-6 are the PCR products from the colonies resulting from
the introduction of R1, R2 and R2 into E. coli ∆fadL ∆ompC carrying pSIJ8. Lane BW is the
positive control amplified from the parental strain. (c). Colony PCR for verification of cat
deletion using VerDompF forward and VerUompF reverse primers. Lanes from S2-1 to S2-3
show the products amplifed from the colonies resulting from the induction of the flippase
expression by 0.5 mM rhamnose. Lanes P and BW show the PCR products before flippase
induction and the parental strain, respectively.

experimental setting. Additionally, it is noted that it took approximatly 1.5 hours

longer for E. coli ∆fadL ∆ompC ∆ompF cells to reach OD600nm 0.8 when compared

with E. coli BW25113, which is probably due to the concurrent deletion of the ompC,

ompF and fadL. As a result, it might lead to a slower uptake of the nutrients needed

for cell growth or an increased susceptibility to the environment. However, there

was no significant change in the final OD600nm from E. coli ∆fadL ∆ompC ∆ompF and

E. coli BW25113 culture.
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Fig. 5.4 The induction fold of alkR-PalkM biosensing element from E. coli BW25113, E. coli
∆fadL ∆ompC and E. coli ∆fadL ∆ompC ∆ompF in response to C8 and C12. The induction fold
was calculated by dividing the normalised fluorescence of the samples with the addition of
alkanes (at a final concentration of 1 % v/v) by that without any alkanes addition. The error
bars shown represent the standard deviation from biological triplicates. The significance of
the triple deletion against E. coli BW25113 was analysed by unpaired parametric student t
test. The one-tailed p value was calculated as 0.0.0045(**) and 0.0346(*) from left to right.

5.3 The application of the triple OMPs deletion cell in

the screening of putative OMPs

5.3.1 Bioinformatics

Having developed a host cell with a largely reduced n-alkane uptake, it was next

sought to test its application as a tool for functional identification of putative OMPs

for n-alkane uptake. The list of the putative OMPs to be investigated in this chapter

is listed in Table 5.1. The amino acid sequence of the OMPs is listed in Appendix A.

The major assumptions of the putative OMPs listed in Table 5.1 were that the OMPs

active in importing the alkanes are likely to be present in the microorganisms which

had direct exposure to the hydrocarbons in nature, such as the diesel contaminated

soil or ocean. Secondly, AlkL has clear evidence in its role of alkane uptake and

exhibits sequence similarity to OmpW family, which was also inferred to mediate
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the entry of hydrophobic compounds through its lateral opening. Thus, putative

proteins belonging to the OmpW family from different microorganisms were selected

as proteins of interest.

The phylogenetic origin was investigated to reveal their evolutionary relatedness. As

shown in Figure 5.5, there are three phylogenetic groups. The major group includes

the query protein AlkL, its closest relative SKP52, its highest sequence identity hit

BSF79 and two other proteins from Marinobacter species MA and MARHY. The

homologues in the major group have a relatively higher sequence identity than

the other two groups with sequence identities to AlkL ranging from 47 % to 50 %,

whereas the members in the other two groups have a rather low sequence identity

to AlkL at around 20 % to 30 %. Another group is formed by MP and NQ. The third

group constitutes of ACIAD1199, SHE, 2×27 and its closest relative AB. On the basis

of the sequence identity and their phylogenetic origin, it was then hypothesised

that the OmpW homologues in the major group are likely to have the alkane uptake

function or similar substrate spectrum to AlkL.

Table 5.1 Putative proteins from the OmpW family to be investigated.

Protein Origin SeqID Rationale

BSF79 Litorimicrobium

taeanense

50 % Highest SeqID hit to AlkL from BLAST

search.

MA Marinobacter

aquaeolei VT8

50 % High SeqID to AlkL, branched alkane up-

take, alkane-degrading organism (Park

and Choi, 2020).

to be continued
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Table 5.1 Putative proteins from the OmpW family to be investigated.

Protein Origin SeqID Rationale

MARHY M. hydrocarbono-

clasticus

50 % High SeqID to AlkL, alkane-degrading

organism capable of using C16 as sole

carbon source (Vaysse et al., 2009).

SKP52 Sphingopyxis

fribergensis Kp5.2

47 % High SeqID to AlkL, microorganism

capable of using aromatic hydrocar-

bons and C16 as sole carbon source

(Oelschlägel et al., 2015).

MP Methylibium

petroleiphilum

31 % Mid SeqID to AlkL, potential role

of alkane uptake, organic solvent-

degrading organism (Joshi et al., 2016).

AB A. borkumensis 30 % Potential role of alkane uptake, alkane-

degrading organism (Schneiker et al.,

2006).

NQ P. putida ND6 29 % Potential role of naphthalene and ben-

zodiazepine uptake, part of naphthalene

degradation operon (Eaton, 1994), homol-

ogy to other polyaromatic hydrocarbon

(PAH) degraders.

ACIAD A. baylyi ADP1 27 % Microorganism capable of using C7-40

as sole carbon source (Ratajczak et al.,

1998a).

to be continued
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Fig. 5.5 Phylogenetic tree showing relatedness of the OmpW homologues inferred using
Maximum Likelihood method and JTT matrix-based method (Jones et al., 1992). AlkL
highlighted in bold was used as the query protein. The bootstrap consensus inferred from
100 replicates is taken to represent the evolutionary history of the taxa analysed. Branches
corresponding to partitions reproduced in less than 50 % bootstrap replicates are collapsed.
The percentage of replicate trees (over 0.8) in which the associated taxa clustered together in
the bootstrap sets (100 replicates) are shown under the branch. The sequences were initially
aligned by MAFFT using default settings. The percentage of trees in which the associated
taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search
were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix
of pairwise distances estimated using the JTT model, and then selecting the topology with
superior log likelihood value. The tree is drawn to scale, with branch lengths measured in
the number of substitutions per site. This analysis involved 11 amino acid sequences. There
were a total of 293 positions in the final dataset. Evolutionary analyses were conducted in
MEGA X (Felsenstein, 1985; Kumar et al., 2018; Stecher et al., 2020)

Table 5.1 Putative proteins from the OmpW family to be investigated.

Protein Origin SeqID Rationale

SHE Shewenalla sp.

W3-18-1

25 % PRK10952 (proline/glycine betaine trans-

porter membrane protein) consensus se-

quence.

2x27

(OprG)

P. aeruginosa 22 % X-ray crystal structure available (Neher

and Lueking, 2009; Touw et al., 2010).
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5.3.2 Functional screening and protein expression of 10 putative

OMPs

The selected genes were codon-optimised for expression in E. coli, synthesised by

Eurofins Genomics and cloned into the OMP expression vector described in Section

4.4.1. These plasmids encoding the OMPs were transformed along with the alkR-

PalkM biosensor into the E. coli ∆fadL ∆ompC ∆ompF mutant. Functional whole-cell

biosensing assays were carried out to investigate the response towards n-alkanes

from C8 to C14. The cell cultures were taken for the extraction of the cell envelope

fraction to analyse the protein expression and localisation using western blot as

described in Sections 2.4.1 and 2.4.2.

5.3.2.1 BSF79 from L. taeanense

From Figure 5.6a, it is obvious that the BSF79 protein accepts a wide range of

n-alkanes from C8 to C14 tested. The fluorescent response (induction fold) of E.

coli ∆fadL ∆ompC ∆ompF mutant towards C8-C10 was enhanced up to 2 times,

C11 to 1.5 and C12-C14 to around 1.2 when the BSF79 expression was induced

by 0.5 mM rhamnose compared with those cells harbouring the empty plasmid

or the cells without rhamnose induction, which indicated the role of BSF79 in

facilitating the uptake of n-alkanes from C8 to C14. Additionally, the western blot

of the samples from the whole-cell lysate, cytoplasmic fraction and cell-envelope

extraction suggested that the BSF79 protein was able to be expressed in E. coli and

further located on the cell envelope with an expected size at 25.17 kDa (Figure 5.6b).
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(a)

(b)

Fig. 5.6 (a). The fluorescent response of alkR-PalkM biosensor to n-alkanes from C8 to C14
under the condition of BSF79 expression was induced by 0.5 mM rhamnose (right) and
not induced (middle). E. coli ∆fadL ∆ompC ∆ompF carrying the alkR-PalkM and the empty
plasmid is shown on the left. The error bars represent the SEM from biological triplicates.
The paired parametric student t-test was carried out to analyse the statistical significance of
the fluorescent response to alkanes (at a final concentration of 1 % v/v, respectively) against
control when the BSF79 expression was induced by 0.5 mM rhamnose. The one-tailed p
value was calculated as 0.0046 (**), 0.0306(*), 0.0006 (***), 0.0040 (**), 0.0054 (**), 0.0101 (*)
and 0.0241 (*), from left to right. (b). Western blot for the detection of BSF79 expression from
whole-cell lysate, cytoplasmic fraction and cell envelope extraction. Lanes 1, 4 and 7 show
E. coli ∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-MCS-His6. Lanes 2, 5 and 8 show E.
coli ∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-BSF79-His6 without induction. Lanes
3, 6 and 9 show E. coli ∆fadL ∆ompC ∆ompF + pACYCrha-BSF79-His6 induced by 0.5 mM
rhamnose. 20 µg total protein of whole-cell lysate and cytoplasmic fraction were loaded on
the gel. Cell envelope fraction was extracted by TSE method and concentrated using TCA
precipitation. The expected size of the matured BSF79 protein is 25.17 kDa and indicated on
the blot image with an arrow.
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5.3.2.2 AB from A. borkumensis

Similarly, Figure 5.7a shows that AB expression in E. coli ∆fadL ∆ompC ∆ompF

mutant can improve the response to all the n-alkanes tested, specifically increasing

the induction ratio of C8 over control to 2.3 and of C9 to C14 to a range of 1.6 to 2.0

when compared with E. coli ∆fadL ∆ompC ∆ompF mutant carrying the empty control

plasmid. Meanwhile, the western blot showed that AB is able to be expressed in E.

coli and located on the cell envelope (Figure 5.7b).

5.3.2.3 NQ from P. putida

As shown in Figure 5.8a, the expression of NQ protein in the E. coli ∆fadL ∆ompC

∆ompF mutant enabled significant elevations of fluorescent response of the alkR-

PalkM biosensor to n-alkanes from C8 to C13, particularly C8 and C9 with the

induction ratio over control of 1.93 and 2.46, respectively. Besides, the western blot

result (Figure 5.8b) showed the expression in E. coli and the localisation on the cell

envelope.

5.3.2.4 MARHY from M. hydrocarbonoclasticus

It is observed in Figure 5.9a that the expression of MARHY was only able to improve

the response of the alkR-PalkM biosensor to short n-alkanes from C8 to C10 in E.

coli ∆fadL ∆ompC ∆ompF mutant by enhancing the induction fold of the alkR-PalkM

biosensor against control up to 1.77, 1.59 and 1.31, respectively, which suggested

a limited substrate range of MARHY protein for alkane uptake. It was noted that

MARHY can be expressed in E. coli and localised on the cell envelope (Figure 5.9b).
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(a)

(b)

Fig. 5.7 (a). The fluorescent response of alkR-PalkM biosensor to n-alkanes from C8 to C14
(at a final concentration of 1 % v/v, respectively) under the conditions of AB expression
was induced by 0.5 mM rhamnose (right) and not induced (middle). E. coli ∆fadL ∆ompC
∆ompF carrying the alkR-PalkM and the empty plasmid is shown on the left. The error
bars represent the SEM from biological triplicates. The paired parametric student t-test
was carried out to analyse the statistical significance of the fluorescent response to alkanes
against control when AB expression was induced by 0.5 mM rhamnose. The one-tailed p
value was calculated as 0.0022 (**), 0.0020(**), 0.0083 (**), 0.0207 (*), 0.0173 (*), 0.0064 (**)
and 0.0262 (*), from left to right. (b). Western blot for the detection of AB expression from
whole-cell lysate, cytoplasmic fraction and cell envelope extraction. Lanes 1, 4 and 7 show E.
coli ∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-MCS-His6. Lanes 2, 5 and 8 show E. coli
∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-AB-His6 without induction. Lanes 3, 6 and
9 show E. coli ∆fadL ∆ompC ∆ompF + pACYCrha-AB-His6 induced by 0.5 mM rhamnose. 20
µg total protein of whole-cell lysate and cytoplasmic fraction were loaded on the gel. Cell
envelope fraction was extracted by TSE method and concentrated using TCA precipitation.
The expected size of matured AB protein is 26.08 kDa and is indicated on the blot image
with an arrow.
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(a)

(b)

Fig. 5.8 (a). The fluorescent response of alkR-PalkM biosensor to n-alkanes from C8 to C14
(at a final concentration of 1 % v/v, respectively) under the conditions of NQ expression
was induced by 0.5 mM rhamnose (right) and not induced (middle). E. coli ∆fadL ∆ompC
∆ompF carrying the alkR-PalkM and the empty plasmid is shown on the left. The error
bars represent the SEM from biological triplicates. The paired parametric student t-test
was carried out to analyse the statistical significance of the fluorescent response to alkanes
against control when NQ expression was induced by 0.5 mM rhamnose. The one-tailed
p value was calculated as 0.0202 (*), 0.0003(***), 0.0174 (*), 0.0136 (*), 0.0236 (*), 0.0442 (*)
and 0.0485 (*), from left to right. (b). Western blot for the detection of NQ expression from
whole-cell lysate, cytoplasmic fraction and cell envelope extraction. Lanes 1, 4 and 7 show E.
coli ∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-MCS-His6. Lanes 2, 5 and 8 show E. coli
∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-NQ-His6 without induction. Lanes 3, 6 and
9 show E. coli ∆fadL ∆ompC ∆ompF + pACYCrha-NQ-His6 induced by 0.5 mM rhamnose. 20
µg total protein of whole-cell lysate and cytoplasmic fraction were loaded on the gel. Cell
envelope fraction was extracted by TSE method and concentrated using TCA precipitation.
The expected size of matured NQ protein is 23.66 kDa and is indicated on the blot image
with an arrow.



5.3 The application of the triple OMPs deletion cell in the screening of putative
OMPs 149

(a)

(b)

Fig. 5.9 (a). The fluorescent response of alkR-PalkM biosensor to n-alkanes from C8 to C14
under the conditions of MARHY expression was induced by 0.5 mM rhamnose (right) and
not induced (middle). E. coli ∆fadL ∆ompC ∆ompF carrying the alkR-PalkM and the empty
plasmid is shown on the left. The error bars represent the SEM from biological triplicates.
The paired parametric student t-test was carried out to analyse the statistical significance of
the fluorescent response to alkanes (at a final concentration of 1 % v/v, respectively) against
control when MARHY expression was induced by 0.5 mM rhamnose. The one-tailed p value
was calculated as 0.0157 (*), 0.0027(**), 0.0454 (*), 0.0797 (ns), 0.4640 (ns), 0.0575 (ns) and
0.2800 (ns), from left to right. (b). Western blot for the detection of MARHY expression
from the whole-cell lysate, cytoplasmic fraction and cell envelope extraction. Lanes 1, 4
and 7 show E. coli ∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-MCS-His6. Lanes 2, 5
and 8 show E. coli ∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-MARHY-His6 without
induction. Lanes 3, 6 and 9 show E. coli ∆fadL ∆ompC ∆ompF + pACYCrha-MARHY-His6
induced by 0.5 mM rhamnose. 20 µg total protein of whole-cell lysate and cytoplasmic
fraction were loaded on the gel. Cell envelope fraction was extracted by TSE method and
concentrated using TCA precipitation. The expected size of matured MARHY protein is
25.19 kDa and is indicated on the blot image with an arrow.
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5.3.2.5 2×27 from P. aeroginoa

The 2×27 protein was also evaluated for protein expression as well as its function in

n-alkane uptake. As shown in Figure 5.10b, a clear band of the expected size at 22.98

kDa was observed in both the whole-cell lysate and cell envelope fraction extraction

when its expression was induced by 0.5 mM rhamnose. Aside from its expression, it

was noticed in Figure 5.10a that the 2×27 protein enables the transport of n-alkanes

from C8 to C14 as the induction ratio of the alkR-PalkM biosensor when harboured

in E. coli ∆fadL ∆ompC ∆ompF mutant to n-alkanes from C8 to C14 was observed to

range from 1.44 (C12) to 1.77 (C10).

5.3.2.6 SHE from S. putrefaciens W3-18-1

For SHE originated from S. putrefaciens W3-18-1, the expression and the localisation

on the cell envelope of E. coli was observed when its expression was induced by 0.5

mM rhamnose (Figure 5.11b). From Figure 5.11a, the improvement of fluorescent

response from the alkR-PalkM biosensor to C8, C9 and C10 was observed when the

SHE expression was initiated by 0.5 mM rhamnose, indicating its role in uptaking

the short chain n-alkanes. No significant fluorescent response to C11, C12 and C14

was observed when SHE was expressed in the E. coli ∆fadL ∆ompC ∆ompF mutant

(Figure 5.11a). Although a significant fluorescent response to C13 compared with

the control was observed with a p value at 0.036 (p≤0.05), the induction ratio over

control was calculated to be 1.2 suggesting only a slight improvement of the C13

uptake.
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(a)

(b)

Fig. 5.10 (a). The fluorescent response of alkR-PalkM biosensor to n-alkanes from C8 to C14
(at a final concentration of 1 % v/v, respectively) under the conditions of 2×27 expression
was induced by 0.5 mM rhamnose (right) and not induced (middle). E. coli ∆fadL ∆ompC
∆ompF carrying the alkR-PalkM and the empty plasmid is shown on the left. The error
bars represent the SEM from biological triplicates. The paired parametric student t-test
was carried out to analyse the statistical significance of the fluorescent response to alkanes
against control when 2×27 expression was induced by 0.5 mM rhamnose. The one-tailed p
value was calculated as 0.0309 (*), 0.0319(*), 0.0117 (*), 0.0292 (*), 0.0074 (**), 0.0135 (*) and
0.0135 (*), from left to right. (b). Western blot for the detection of 2×27 expression from
whole-cell lysate, cytoplasmic fraction and cell envelope extraction. Lanes 1, 4 and 7 show
E. coli ∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-MCS-His6. Lanes 2, 5 and 8 show E.
coli ∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-2×27-His6 without induction. Lanes
3, 6 and 9 show E. coli ∆fadL ∆ompC ∆ompF + pACYCrha-2×27-His6 induced by 0.5 mM
rhamnose. 20 µg total protein of whole-cell lysate and cytoplasmic fraction were loaded on
the gel. Cell envelope fraction was extracted by TSE method and concentrated using TCA
precipitation. The expected size of matured 2×27 protein is 22.98 kDa and was indicated on
the blot image with an arrow.
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(a)

(b)

Fig. 5.11 (a). The fluorescent response of alkR-PalkM biosensor to n-alkanes from C8 to C14
(at a final concentration of 1 % v/v, respectively) under the conditions of SHE expression
was induced by 0.5 mM rhamnose (right) and not induced (middle). E. coli ∆fadL ∆ompC
∆ompF carrying the alkR-PalkM and the empty plasmid is shown on the left. The error
bars represent the SEM from biological triplicates. The paired parametric student t-test
was carried out to analyse the statistical significance of the fluorescent response to alkanes
against control when SHE expression was induced by 0.5 mM rhamnose. The one-tailed p
value was calculated as 0.0019 (**), 0.0023(**), 0.0030 (**), 0.0795 (ns), 0.1656 (ns), 0.036 (*)
and 0.3072 (ns), from left to right. (b). Western blot for the detection of SHE expression from
whole-cell lysate, cytoplasmic fraction and cell envelope extraction. Lanes 1, 4 and 7 show E.
coli ∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-MCS-His6. Lanes 2, 5 and 8 show E. coli
∆fadL ∆ompC ∆ompF + alkR-PalkM + pACYCrha-SHE-His6 without induction. Lanes 3, 6 and
9 show E. coli ∆fadL ∆ompC ∆ompF + pACYCrha-SHE-His6 induced by 0.5 mM rhamnose.
20 µg total protein of whole-cell lysate and cytoplasmic fraction were loaded on the gel. Cell
envelope fraction was extracted by TSE method and concentrated using TCA precipitation.
The expected size of matured SHE protein is 24.78 kDa and is indicated on the blot image
with an arrow.
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5.3.2.7 MA from M. aquaeolei VT8, SKP52 from S. fribergensis Kp5.2, MP from

M. petroleiphilum, and ACIAD1199 from A. baylyi ADP1

The expression and localisation on the cell envelope of E. coli for MA from M.

aquaeolei VT8 were observed as shown in Figure 5.12b. However, the improved

fluorescent response from C8 to C14 was reported to be statistically insignificant

indicating that MA does not work as a channel allowing for the passage of alkanes

in this experimental setting (Figure 5.12a). Of all the proteins tested in this chapter,

the expression of 7 proteins has been observed. Among the 7 protein, MA is the only

protein which displayed statistically insignificant function of alkane uptake in the

experimental setting.

Of the 10 putative OMPs tested for whole-cell biosensing assay and the protein

expression, 3 of the putative OMPs (SKP52, MP and ACIAD1199) were not be able

to be expressed in E. coli (Figure 5.13) as no band at the predicted size was detected

when their expression was induced by 0.5 mM rhamnose. The bands shown in Figure

5.13 were considered as non-specific protein bands due to a rather long exposure

time (approximately 10 min) during the blot visulisation. Their functionality in

improving the fluorescent response of the alkR-PalkM biosensor when harbouring

in E. coli ∆fadL ∆ompC ∆ompF mutant was also observed to be insignificant (Figure

5.14).
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(a)

(b)

Fig. 5.12 (a). The fluorescent response of alkR-PalkM biosensor to n-alkanes from C8 to C14
(at a final concentration of 1 % v/v, respectively) under the conditions of MA expression was
induced by 0.5 mM rhamnose (right) and not induced (middle). E. coli ∆fadL ∆ompC ∆ompF
carrying the alkR-PalkM and the empty plasmid is shown on the left. The error bars represent
the SEM from biological triplicates. The paired parametric student t-test was carried out to
analyse the statistical significance of the fluorescent response to alkanes against control when
MA expression was induced by 0.5 mM rhamnose. The one-tailed p value was calculated
as 0.0582 (ns), 0.2262 (ns), 0.4732 (ns), 0.3709 (ns), 0.4955 (ns), 0.2856 (ns) and 0.1058 (ns),
from left to right. (b). Western blot for the detection of MA expression from whole-cell
lysate, cytoplasmic fraction and cell envelope extraction. Lanes 1, 4 and 7 show E. coli ∆fadL
∆ompC ∆ompF + alkR-PalkM + pACYCrha-MCS-His6. Lanes 2, 5 and 8 show E. coli ∆fadL
∆ompC ∆ompF + alkR-PalkM + pACYCrha-MA-His6 without induction. Lanes 3, 6 and 9
show E. coli ∆fadL ∆ompC ∆ompF + pACYCrha-MA-His6 induced by 0.5 mM rhamnose. 20
µg total protein of whole-cell lysate and cytoplasmic fraction were loaded on the gel. Cell
envelope fraction was extracted by TSE method and concentrated using TCA precipitation.
The expected size of matured MA protein is 22.5 kDa and is indicated on the blot image with
an arrow.
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Fig. 5.13 Western blots of the detection of (a). MP, (b). ACIAD1199 and (c). SKP52 expression
from the whole-cell lysate samples. Lanes 1, 4 and 7 show E. coli ∆fadL ∆ompC ∆ompF +
alkR-PalkM + pACYCrha-MCS-6his; Lanes 2, 5 and 8 showing 0 mM rhamnose induction of
their respective expression plasmid harboured in E. coli ∆fadL ∆ompC ∆ompF + alkR-PalkM.
Lanes 3, 6 and 9 show 0.5 mM rhamnose induction of their respective expression plasmid
harboured in E. coli ∆fadL ∆ompC ∆ompF + alkR-PalkM. 20 µg total protein of whole-cell
lysate and cytoplasmic fraction samples were loaded on the gel. The expected size of the
pre-matured MP, ACIAD1199 and SKP52 protein is 22.18 kDa, 27.85 kDa and 24.89 kDa,
respectively.
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(a) (b)

(c)

Fig. 5.14 The fluorescent response of alkR-PalkM biosensor to C8 and C12 at a final concen-
tration of 1 % v/v when harboured in E. coli ∆fadL ∆ompC ∆ompF under the condition of
(a). MP, (b). ACIAD1199 and (c). SKP52 was co-expressed alongside, respectively. E. coli
∆fadL ∆ompC ∆ompF carrying the alkR-PalkM and the empty plasmid is shown on the left of
each subfigure. The error bars represent the SEM from biological triplicates. The one-tailed
p values were calculated to be greater 0.05 shown as ns in the figure.
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In summary, among the 10 putative OMPs investigated, 3 of them, namely SKP52,

ACIAD1199 and MP were found not to be expressed in E. coli. MA can be expressed

in E. coli but not functional in importing the n-alkanes from C8 to C14 as there was

no significant improvement of the response from the alkR-PalkM biosensor observed.

Three of the putative OMPs, BSF79, AB and 2×27 were capable of transporting

all the n-alkanes tested from C8 to C14. NQ also showed to be able to transport

the n-alkanes from C8 to C13. SHE and MARHY were found to be only accepting

n-alkanes from C8 to C10 as substrates.

5.4 Discussion

In this work, the host cell with reduced n-alkane uptake was developed based

on Chapter 4 in which the screening of the potential OMPs, FadL, OmpC, OmpF

and OmpN, associated with n-alkane uptake was reported. The host cell with

reduced n-alkane uptake was constructed by deleting the selected genes using λ

Red recombineering system in a stepwise manner as simultaneous deletion of major

OMP might lead to unwanted changes in the physiology or reduced nutrient uptake

(Meuskens et al., 2017). It was observed that the deletion of fadL, ompC and ompF

led to a decrease in the induction fold of the alkR-PalkM to C8 and C12 by nearly

reducing the induction fold to 1, indicating a largely reduced C8 and C12 uptake.

Meanwhile, a detrimental effect on the growth of the E. coli ∆fadL ∆ompC ∆ompF

mutant was not observed. It is worth mentioning that deletion of ompN screened

from Chapter 4 was attempted in this work. However, ompN deletion from the E.

coli ∆fadL ∆ompC ∆ompF mutant was not successful following the same protocol

described in Section 2.3.5. The sequencing result showed no deletion of the ompN.

It was hypothesised that it is probably due to technical errors in primers design or
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the deletion of ompN from the triple deletion mutant was lethal to the cells thus the

quadruple mutant was not able to survive for further verification. Furthermore, it

was observed that the induction fold of alkR-PalkM biosensor to C8 and C12 over

control in the E. coli ∆fadL ∆ompC ∆ompF mutant was 1.1 and 1.01, respectively,

suggesting that the triple deletion (∆fadL ∆ompC ∆ompF) has nearly reached the

minimum uptake of C8 and C12 that can be detected by the alkR-PalkM biosensor in

this experimental setting. More characterisation work would be ideal to reveal the

intricate regulatory network behind the exhibited phenotype of a lower n-alkane

uptake. It has been suggested that the disruption of OMPs could also enhance the

tolerance to organic solvents (Lennen et al., 2011; Royce et al., 2014). It is reasonable

to assume that the deletion of ompC, ompF and fadL could also be associated with

improving the tolerance to C8 and C12, which could be validated in future work.

To demonstrate the applicability of the reduced n-alkane uptake host cell, it was

then utilised in screening putative alkane transporters using alkR-PalkM biosensor

again as the reduction of the native alkane uptake background is suggested to have

a lower escape rate and an improved sensitivity. The co-expression of OMPs that

acts as a channel for alkanes will restore the response of the alkR-PalkM biosensor

when hosted in the reduced n-alkane uptake host cell developed in this work. The

concept of functional complementation in an engineered host cell for identification of

transporters is not new. An E. coli strain was engineered to be biotin-auxotrophic and

biotin transport-deficient by knocking out the biotin biosynthesis and endogenous

high-affinity biotin importers. Thus, its growth relies on the uptake of biotin, which

was further successfully applied in screening biotin transporters (Xu et al., 2013).

However, the aforementioned growth-based screening is limited to the scenarios,

in which the substrates are essential to cell growth (Larsen et al., 2017). However,

n-alkanes cannot be utilised by E. coli. Here, the similar strategy to enhance the
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sensitivity of the selection of alkanes transporters by reducing the alkane uptake

background was adopted.

The OmpW family was targeted initially because a representative feature of this par-

ticular family is the hydrophobic core unlike other OMPs, which suggests their role

for small hydrophobic compounds uptake or export (Hong et al., 2006). A range of

putative OMPs from the OmpW family were selected for the screening of the uptake

of short- and medium- chain n-alkanes. Of all the 10 putative OMPs investigated,

SKP52, MP and ACIAD1199 were observed not to be expressed nor forming into

functional proteins as shown in Figure 5.13. The phylogenetic analysis in Figure

5.5 and the high sequence identity of SKP52 to AlkL (47 %) shows that SKP52 is

the closest relative to AlkL. However, its function of importing n-alkanes was not

seen due to its inability of forming a functional protein (Figure 5.13, on the left). Six

putative OMPs showed improved uptake of n-alkanes. Among which, 2×27 has

previously found to be essential in the growth of the organism on naphthalene (Ne-

her and Lueking, 2009) and involved in the uptake of small amino acids (Kucharska

et al., 2015). This work here demonstrates its functionality of transporting short-

and medium- chain n-alkanes (from C8 to C14). NQ was another protein previously

inferred to be involved in the naphthalene and benzodiazepine uptake as it is a

part of the naphthalene catabolic pathway in several Pseudomonas species (Eaton,

1994). It is found in this work that NQ can also improve the uptake of short- and

medium-chain n-alkanes. Previous genome sequence of A. borkumensis revealed

that AB is a part of the alkane degradation pathway and suggested to be involved

in the production of emulsifier that can facilitate the assimilation of hydrophobic

substrates (Schneiker et al., 2006; Tripathi et al., 2018). However, this work is able

to directly associate the function of AB with the uptake of n-alkanes. Moreover,

this work, for the first time, demonstrate three other putative proteins (BSF79, SHE
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and MARHY) can enhance the uptake of the short- and medium- chain n-uptake

which provides further evidence that the OmpW family could be involved in the

transport of small hydrophobic molecules across the Gram-negative bacterial OM

(Hong et al., 2006). Future work integrating the alkane biooxidation pathway (e.g.

AlkBFGHJKL) together with the OMPs expression could additionally validate its

function in the uptake of alkanes by monitoring the yields of the oxidised products

from the pathway. MA has led to an improved average normalised fluorescence from

the alkR-PalkM biosensor to C8 compared to the control when MA expression was in-

duced. However, the improvement was considered as statistically insignificant for a

p value greater than 0.05. The author hypothesised that it might owe to the relatively

larger standard deviation for the control. However, its closest relative MARHY from

the same Marinobacter species has shown to be significant in C8 uptake. Hence, it

might be worth of revisiting its alkane uptake function using alternative approach

such as the aforementioned alkane biooxidation pathway. It was proposed that the

OmpW family features a lateral opening in the barrel wall that might serve as a

gate for the transfer of small hydrophobic molecules into the hydrophobic layers

of the OM. Future work to analyse the putative proteins structurally or to mutate

the lateral opening residues would be beneficial in conclusively support the role of

OmpW family in the transport of the small hydrophobic molecules and validate the

proposed lateral opening transport mechanism. Another protein family that shares

similar structural features in the hydrophobic nature of the channel as well as the

lateral opening on the β barrel wall is the FadL family (van den Berg, 2010). Further

work to use the reduced n-alkane uptake host cell and the alkR-PalkM biosensor

could be applied in screening the putative OMPs from the FadL family for the uptake

of alkanes.
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It is anticipated that the reduced n-alkane uptake host cell could open up applica-

tions in other areas. The removal of the abundant proteins from the OM such as

OmpF and OmpC also leaves more space potentially allowing for the expression

of augmented OMPs for an improved yield (Arechaga et al., 2000; Li et al., 2014a).

By coupling with well-defined and efficient alkanes importers to assure that the

uptake of alkanes occurs in a controlled and appropriate manner, it can facilitate

the enzyme or pathway discovery and optimisation for alkanes biodegradation

such as functional screening of metagenomic libraries. Although this work has

demonstrated the applicability of the reduced n-alkanes host cell in screening the

putative OMPs for n-alkane uptake using the biosensor approach, it was not able to

demonstrate the phenotype of the reduced n-alkanes host cell in exporting alkanes

produced inside the cells. Future work to introduce the alkane biosynthesis pathway

in the host cell with reduced n-uptake background would be useful in revealing its

exporting capabilities and products yield when compared with the parental strain E.

coli BW25113.

5.5 Conclusion

This Chapter demonstrated the use of reduced alkane uptake host cell for the screen-

ing of 10 putative OMPs from the OmpW family. The reduced alkanes host cell was

developed using the λ Red recombineering system to delete the OMPs screened

from Chapter 4. It was shown to have a largely reduced alkane uptake exhibiting an

induction ratio for C8 and C12 from the alkR-PalkM biosensor of nearly 1. The host

cell with a reduced n-alkane uptake capability was then applied in the screening of

10 putative OMPs from the OmpW family for the uptake of C8 to C14. Among the 10

putative OMPs, BSF79, AB and 2×27 were capable of transporting all the n-alkanes
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tested from C8 to C14. NQ also showed to be able to transport the n-alkanes from

C8 to C13. SHE and MARHY were found to only utilise n-alkanes from C8 to C10 as

substrates.



Chapter 6

Conclusions and future work

6.1 Conclusions

The main aim of this work is to use the alkane-responsive biosensors for elucidating

the transmembrane process of alkanes in E. coli and screening OMPs for putative

roles of n-alkane uptake.

6.1.1 Characterisation of alkane-responsive biosensors

To do so, Chapter 3 firstly demonstrated the characterisation and construction of

two alkane-responsive biosensors, alkS-PalkB and alkR-PalkM for their performance

in detecting n-alkanes in both in vivo and in vitro settings. The alkS-PalkB biosensor

was shown to respond to n-alkanes rapidly within 2 hours and detect C8 at the

concentration of 0.1 µM. However, its substrate range was limited from C6 to C11

in vivo. The alkR-PalkM biosensor showed a slower response at 12 h to n-alkanes, a

lower sensitivity to C8 at 5 µM but a wide substrate range from C7 to C16 in vivo

when compared with the alkS-PalkB biosensor.
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6.1.2 The co-expression of AlkL improved the response from the

biosensors

The co-expression of the AlkL alongside the two biosensors respectively showed

their distinct features in substrate range from each other. The aid of AlkL only led

to an enhanced fluorescent response of the alkS-PalkB to C11 and C12. Whereas the

co-expression of AlkL improved the signal of the alkR-PalkM to n-alkanes in the

range from C10 to C15. The stronger response from the biosensors when AlkL was

co-expressed highlighted the potential of applying biosensors in the identification

and validation of the transporter proteins. It was the major hypothesis in Chapter 4

that the deletion of certain membrane proteins that contribute to the n-alkane uptake

could also be reflected in the reduced response from the biosensors.

6.1.3 In vitro TX-TL revealed the permeability of E. coli membrane

for n-alkanes

The in vitro transcription-translation was applied in exploring the substrate range of

the two biosensors as the in vitro TX-TL allows the direct access of the substrates to

the cellular transcription and translation machinery. The alkR-PalkM biosensor was

shown to respond to C7-C16 in the in vivo whole-cell biosensing assay. However,

the alkR-PalkM biosensor exhibited strong response towards C7-C17 in the in vitro

TX-TL set-up. On this basis, it can be inferred that cut-off length of the native

n-alkanes uptake by E. coli is below C16. The elucidation of the permeability of

E. coli cell membrane for n-alkanes could also guide future in vivo development of

alkane biooxidation pathway engineering and the novel alkane biooxidation enzyme

discovery.
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6.1.4 The use of the biosensor and the single-gene deletion collec-

tion in evaluating the contributions of the OMPs to alkane

uptake

The characterisation of the biosensors both in vivo and in vitro led to the the initial

conclusion in Chapter 3 that n-alkanes from C7 to C16 can cross the cell membrane.

However, it is still unclear whether the alkanes cross the native E. coli membrane

through active transport, classic diffusion or porins-aided diffusion. To shed further

light on the transmembrane process, the work employed the alkR-PalkM biosensor

and the E. coli single-gene deletion library (E. coli Keio collection) to assess the

contributions of the OMPs to the bioavailability of n-alkanes in E. coli by comparing

the induction fold of the alkR-PalkM biosensor harboured in the selected single-gene

deletion mutant from the E. coli Keio collection with that of the parental strain. A

decrease of induction fold from the biosensing element was observed in more than

one single-gene deletion strains and not one of the single-gene deletion could cause

a complete block of the biosensing response, which led to the initial conclusion that

alkanes might utilise multiple channels to enter the cells.

Four OMPs, namely FadL, OmpF, OmpC and OmpN, displayed a significant drop in

the induction fold to C8 and C12 when they were deleted individually. Their associa-

tion with alkane uptake was further validated by co-expressing the proteins encoded

on another set of plasmids in the corresponding deletion mutant and the induction

fold was compared again. In this context, FadL, OmpF, OmpC and OmpN showed

the strongest indication for their association with the alkane uptake compared with

other OMPs selected and could be further investigated to elucidate the mechanisms.

The work demonstrated how biosensors can effectively be deployed to identify the

association of membrane proteins with the alkane uptake. Meanwhile, this work
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also provided insights for transporter engineering to improve the tolerance of E. coli

to alkanes and the bioremediation efficiency of alkanes.

6.1.5 The development of the host cell with reduced native alkane

uptake background and its application

Having screened four OMPs indicated to be associated with the n-alkanes uptake

in Chapter 4, Chapter 5 demonstrates the construction and characterisation of the

triple OMPs deletion mutant with a largely reduced n-alkanes uptake using λ red

recombineering and its application in the screening of 10 putative OMPs from the

OmpW family. The engineered host cell was shown to have a largely reduced alkanes

uptake exhibiting an induction ratio for C8 and C12 from the alkR-PalkM biosensor

of nearly 1. The host cell with a reduced n-alkanes uptake was then applied in the

screening of 10 putative OMPs from the OmpW family against the uptake of C8

to C14. The 10 putative OMPs were selected from the OmpW family because one

member from OmpW family, AlkL, has clear evidence in its role of alkanes uptake

and is inferred to mediate the entry of hydrophobic compounds through its lateral

opening. Additionally, the homologues from the microorganisms which had direct

exposure to the hydrocarbons were also of interest. Among the 10 putative OMPs,

BSF79, AB and 2×27 could transport all the n-alkanes tested from C8 to C14. NQ

also showed to be able to transport the n-alkanes from C8 to C13. SHE and MARHY

were found to be only accepting n-alkanes from C8 to C10 as substrates. This work

provided further evidence that the OmpW family could be involved in the transport

of alkanes across the OM of E. coli.
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6.2 Future work

6.2.1 Engineering the alkR-PalkM biosensor

In Chapter 3, it was observed that the alkR-PalkM biosensor showed its response to

C8 peaking at 14 hours. A similar slow response was observed when it was hosted

in A. baylyi ADP1, which was suggested to be growth-phase related (Ratajczak et al.,

1998b). A point mutation in the PalkM promoter within alkR-PalkM intergenic region

was reported to shorten the response time within 3 hours (Zhang et al., 2012a). It

is worth investigating if the identical mutation in the PalkM promoter could also

shorten the response time when it is hosted in E. coli.

Moreover, a leaky expression was also observed from Figure 3.8 and Figure 3.11,

which is considered as a major reason for sacrificed sensitivity of alkane detection.

However, this was not observed when hosted in A. baylyi ADP1. It was hypothesised

that the leaky expression from the alkR-PalkM when harboured in E. coli is likely due

to particular metabolites present in E. coli could also trigger the alkR-PalkM biosensor.

Future work exploring the substrate range of alkR-PalkM biosensor could possibly

clarify the cause of leaky expression from the alkR-PalkM biosensor when hosted in

E. coli.

6.2.2 The integration of the alkane biosynthesis pathway to address

the efflux process

The biosensors enable the evaluation of the bioavailability of alkanes, which formed

the hypothesis that the biosensor could be used in elucidating the role of importers

for alkane uptake. The combination of the alkR-PalkM biosensor and the single-gene
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deletion library has allowed the assessment of the contribution of OMPs native to

E. coli in alkane uptake. However, the approach has failed to address the efflux

process, particularly when the compound to be investigated was toxic to the cells.

In this work, the tolC deletion resulted in the decrease of signal from the biosensor

and an evidently retarded and lower cell growth when compared to the parental

strain. Nevertheless, TolC was reported to be a major component of several efflux

systems. It was suggested that the deletion of tolC partially or completely disabled

the export of C8, thus the over-accumulation of C8 impaired the cell growth. Further

approaches of combining the alkane biosynthesis pathway and the E. coli single-gene

deletion mutant could be beneficial in validating the role of TolC and other putative

OMPs in n-alkane export.

6.2.3 The combination of the alkane biooxidation pathway to fur-

ther validate the uptake function

The combination of the alkR-PalkM biosensor with the single-gene deletion library

has been demonstrated to be useful for the identification of the association of FadL,

OmpC, OmpF and OmpN with the intracellular concentrations of n-alkanes. Ad-

ditionally, for the first time, this work has shown that 3 putative proteins (BSF79,

SHE and MARHY) from the OmpW family can enhance the uptake of the short-

and medium- chain n-alkanes, which supports the prior hypothesis that the OmpW

family could be involved in the transport of small hydrophobic molecules across

the bacteria outer membrane (Hong et al., 2006). To provide more evidence in their

function in alkane uptake, other approaches can be applied. The AlkBFGHJK biooxi-

dation pathway from P. putida has previously shown to be applicable in evaluating

the function of AlkL as the co-expression of AlkL was shown to improve the n-alkane



6.2 Future work 169

biooxidation (Call et al., 2016; Grant et al., 2014; Julsing et al., 2012). Similarly, it

can be anticipated that the incorporation of the alkane biooxidation pathway (e.g.

AlkBFGHJKL) together with the expression of aforementioned OMPs (from E. coli

and the OmpW family) could additionally validate their function in alkanes uptake

by monitoring the yields of oxidised products.

6.2.4 Structural validation of putative OMPs for the uptake func-

tion

Structural work and the mutation study could be the alternative approaches for

validating the function of the OMPs directly. The deletion of fadL, ompC, ompF or

ompN were shown to lower the response of the alkR-PalkM biosensor to C8 and

C12. The triple deletion of fadL, ompC, ompF brought the induction fold of C8 and

C12 nearly to 1. However, it failed to address whether the results observed from

the reduction of the response was due to their direct function in alkane uptake

or indirect consequences from the complex metabolic network regulation such as

the inter-regulation of the OMPs observed by Zhang et al. (2018). Further work

involving engineering these proteins at the structural level such as blocking the

channel of the porins could clarify their role in alkane uptake.

Similarly, 3 putative proteins (BSF79, SHE and MARHY) from OmpW family were

shown to enhance the bioavailability of the short- and medium- chain n-alkane

uptake. It was proposed that the OmpW family features a lateral opening in the

barrel wall that might serve as a gate for the escape of small hydrophobic molecules

into the hydrophobic layers of the OM. More precisely, future work to analyse

the putative proteins structurally or mutate the lateral opening residues would be

beneficial in providing a conclusive information of the role of OmpW family in
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the transport of small hydrophobic molecules and the lateral diffusion mechanism,

which would provide further evidence that the OmpW family could be involved in

the transport of small hydrophobic molecules across the bacteria outer membrane

(Hong et al., 2006).

6.2.5 Characterisation of the triple OMPs deletion host cell

The fadL, ompC and ompF were accordingly deleted from the chromosome of E. coli.

It was noticed that the induction fold of alkR-PalkM biosensor to C8 and C12 over

control in the E. coli ∆fadL ∆ompC ∆ompF mutant was 1.1 and 1.01, respectively.

This suggests that the triple deletion (∆fadL ∆ompC ∆ompF) has nearly reached the

minimum uptake of C8 and C12 that can be detected by the alkR-PalkM biosensor in

this experimental setting. However, more characterisation work would be ideal to

reveal the intricate regulatory network behind the exhibited phenotype of a lower

n-alkane uptake. It has been suggested that the disruption of outer membrane

proteins could also enhance the tolerance to organic solvent (Lennen et al., 2011;

Royce et al., 2014). It is reasonable to assume that the deletion of ompC, ompF and

fadL could also be associated with improving the tolerance to C8 and C12, which can

be validated in future work.
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Appendix A

Plasmid maps and amino acid

sequences

Plasmid maps

This Section lists the maps of the outer membrane protein expression plasmid

(pACYCrhaBAD-MCS-6his as an example), pUMP AL for AlkL expression, pKD3 for

amplifying frt-flanked cat sequence and pSIJ8 encoding the λ Red recombineering

enzymes and the flippase.

Amino acid sequence of the selected OMPs

The primary sequence of the putative OMPs is listed below. The signal peptide

sequence of each protein was predicted using the signalP (http://www.cbs.dtu.dk/

services/SignalP/)(Petersen et al., 2011) and highlighted in bold.

1. Name: AL from P. putida

http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
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Fig. A.1 The representative plasmid map of pUMP AL. The AL expression is under the
control of a rhamnose inducible promoter PrhaBAD regulated by RhaR and RhaS on a high
copy replication origin pBR322 with an antibiotic marker conferring ampicillin resistance.

Fig. A.2 The illustrative map of the backbone plasmid pACYC177 for constructing the
plasmids for expressing the OMPs in Section 2.3.4. The gene enabling the resistance to
kanamycin was disrupted by digestion with HindIII-HF and XhoI-HF.
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Fig. A.3 The illustrative map for OMPs expression plasmid. pAYCYrhaBAD-MCS-His6
where the insert is a multi-cloning site is used as an example. The multiple cloning site
was replaced with the DNA sequence encoding candidate OMPs using Gibson Assembly or
restriction digestion-ligation demonstrated in Sections 2.3.2.1 and 2.3.2.2.

Fig. A.4 The illustrative map of the helper plasmid for deleting genes from E. coli chromo-
some using λ Red system. λ Red recombineering genes (exo, bet and gam) are under the
control of ParaBAD. The flippase recombinase expression is under the control of PrhaBAD.
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Fig. A.5 The illustrative map of the template plasmid for amplifying the frt-flanked cat cas-
sette. The frt-flanked sequence coding for chloramphenicol acetyltransferase was amplified
for replacing the target gene in the genome of E. coli described in Section 2.3.5.

Sequence: MSFSNYKVIAMPVLVANFVLGAATAWANENYPAKSAGYNQ

GDWVASFNFSKVYVGEELGDLNVGGGALPNADVSIGNDTTLTFDIAYFV

SSNIAVDFFVGVPARAKFQGEKSISSLGRVSEVDYGPAILSLQYHYDSFERL

YPYVGVGVGRVLFFDKTDGALSSFDIKDKWAPAFQVGLRYDLGNSWML

NSDVRYIPFKTDVTGTLGPVPVSTKIEVDPFILSLGASYVF

2. Name: 2×27 from P. aeruginosa

Sequence: MRKSWLTASLLALTVASPFAAADIQGHKAGDFIIRGGFATVD

PDDSSSDIKLDGAKQRGTKATVDSDTQLGLTFTYMFADKWGVELVAATP

FNHQVDVKGLGPGLDGKLADIKQLPPTLLLQYYPMGGTNSAFQPYGGL

GVNYTTFFDEDLASNRKAQGFSSMKLQDSWGLAGELGFDYMLNEHALF

NMAVWYMDIDTKASINGPSALGVNKTKVDVDVDPWVYMIGFGYKF

3. Name: AB from A. borkumensis

Sequence: MKLRGPGKNVLLLSTMLVTAPAMAHQSGDFIVRMGGIKVDP

DVSSDSFNPALPAVGGVGVDVDDDTQLGLTFSYMVTDNIGVELVGATPF

THDIILDTGGSGVSIGETSHLPPTLLAQFYAPQLGPVRGYLGAGVNYTLFF
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DDSIDDAVVSPLVGGADVDVKLSNSIGFAWEVGADVIIDENWLFNVSIW

NIDIDTEARLYVNDVRVDKIDVEIDPWVYMVGVGYRF

4. Name: ACIAD1199 from A. baylyi ADP1

Sequence: MGRILMKKLTTALLPLALLVTSFGAQAATSDGNNFAVSAGW

AHIMPQGTKQGVNSTSSIPYFNTFNSAAGFELDNADTAEFKLDYLVNDN

VTVGLILGVPPKVDIQGKGQLLAGALNLDSFSKVGDVKVYSPVLTGKYTF

GSVNNKFRPYVGAGFMYASFRDFKLNPEVNAKIAPLGGTISNVDIDDAV

APVAFIGADYNITPNWFATASVSYVHLSTHANLNVVNPANVTFVQGSSK

IEINPIVTYLGVGYRF

5. Name: BSF79 from L. taeanense

Sequence: MKYIGLMSKVPYAAKIIAIMMIGCFVSLHAANAESLYAKGD

WLVGVNAAKVFTGESLDSISAGGAPIPGADIEITNDTTLSFDVSYFLNSSVA

INFFGGLPASAKLTGAGSLAGLPVGETKYGPAVLSLQYHFATRSSFSPYVG

AGIARILFLEEQGGALGNFDLKDAWAPALQVGMRYQVSENWFANADIR

YTPFETDLSGTLGGAPVRGKVSVDPTILNIGFAYRF

6. Name: MA from M. aquaeolei VT8

Sequence: MCYEKLQFYLKPICFNTKKDNKKMKPKIISKVSLVAFLLLSLA

ASLANAQSEPVYSRGDWVVGLNATRVLTDEDLRSASAGGAPVPNSNLSI

NNDTTVSFDVSYFLSNQLAFNIFGGIPASADLQGEESLSGLFLGQTDYGPV

ILSLQYHVLTGSNFSPYFGAGVGRILFLDEKDRALTDFDVEDTWAPAIQA

GFRWRIHNNWSANFDVRYAPFKADITGNLGPAPVQAEVEVDPTIVSIGV

AYRF

7. Name: MP from M. petroleiphilum
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Sequence: MSGLLGSVTTATLAAGEDWRLRVGPGRIAFHEQITLSIGGAPV

PGAGAKLSNDTTLLAEIGYRFTPEWSAGLTVGIPPTTDIDGTGSAAAFGRL

GEMKYGPLALTGQYQFNAGGRLQPYLGAGAVYYLVMDEKDGAVAGLT

VDNAWGSVLQAGADYKLSPTLGLFVDVKKLFLKTTASGSLPALGGAPVK

ADAKLDPLVIQAGLLLQF

8. Name: NQ from P. putida

Sequence: MIKKLFLTCFVYCSLSTAWAMIKKLFLTCFVYCSLSTAWAEESP

WTYRIGMSNIAFDTSAKVYLDGHRVPGGSADASNNNALTFDFGYAINDQ

WNARLIVGIPPTTKVKGAGTLPGIQLGKITYAPTILTLNYNLPAFGPVRPHI

GAGVNYTRILESKDANLKSFDADHAWSPALHVGADIDVSRNWFVSIDIR

KLYLKTDASGYLGPQEAKAKVTLDPLITSIAIGRQF

9. Name: SHE from Shewenalla sp. W318-1

Sequence: MMNKNIVSTVIAATLLAAGFTASVSAHQAGDIIVRAGAVVV

APNESSQDVVIPSANLGEFKVNNNTQVGLNFGYMLTDNIGVELLAATPFS

HDVSLAGVGKIAETKHLPPTLVVQYYFGDAQSKLRPYIGAGVNYTKFFD

NKFTNDLGGDLTNLDMSDSWGLAAQVGLDYQVNKNWLVNGSVWYAK

IDTDVEFKYKGAPVKIETDIDPWVYMISVGYTF

10. Name: SKP52 from S. fribergensis KP5.2

Sequence: MTFIRKPADPTALPLAGALFLLSAVLATPASAQDSPKLKRWA

VTVNATEVFVDENAPNITLAGAPLPGSNVRIGNATTPTLDVGYFFTPNIA

ANVFLGVPAPAEIDGTGSIGPLGTLAKVHYGPVILSAQYHFNSQGKLHPY

VGVGVGRVLFFNKHDGALSDFNIRDSWAPTGQLGVRYELNKSWMLNA

DVRYVPFSTHASGSLGGAPALTRLDIDPILTSVGVTLRF

11. Name: MARHY from M. hydrocarbonoclasticus
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Sequence: MKPKIISKVSLVAFLLLSLAASLANAQSEPVYSRGDWVVGLN

ATRVLTDEDLRSASAGSAPVPNSNLSINNDTTVSFDVSYFLSNQLAFNIFG

GIPASADLQGEESLSGLFLGQTDYGPVILSLQYHVLTGSNFSPYFGAGVGRI

LFLDEKDRALTDFDVEDTWAPAVQAGFRWRIHNNWSANFDVRYAPFEA

DITGNLGPAPVQAKVEVDPTIVSIGVAYRF





Appendix B

Validation of the cell-envelope protein

fraction extraction for analysing the

localisation of OMPs

The cell envelope fraction was extracted and loaded on the SDS-PAGE gel to further

analyse the localisation of the expressed putative OMPs using western blot (Section

2.4.1). As described by Walther et al. (2009), the OMPs are usually synthesised in the

cytoplasm in a pre-matured form with a signal peptide at the N terminus. To ensure

the successful assembly of the OMPs into the outer membrane, the signal peptide is

reported to be cleaved during the translocation across the inner membrane via the

Sec machinery.

To evaluate if the method described in Section 2.4.1 is applicable in detecting the

successful assembly of the outer membrane proteins on the membrane fraction

rather than the carry-over of the pre-matured form of the OMPs from cytoplasm,

the method for the detection of AlkL was firstly applied by loading the whole-

cell fraction and the cell envelope fraction on the SDS-PAGE gel. The AlkL was
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localisation of OMPs

Fig. B.1 Western blot for the detection of AlkL expression from the whole-cell lysate and cy-
toplasmic fraction and cell envelope extraction samples. Lane 1 and 4 show E. coli BW25113
+ alkS-PalkB +al with 0.5 mM rhamnose induction; Lane 2 and 5 show E. coli BW25113
+ alkS-PalkB + al with 0 mM rhamnose induction. Lane 3 and 6 show E. coli BW25113 +
alkS-PalkB. 20 µg total protein of whole-cell lysate were loaded on the gel. Cell envelope
proteins were extracted by TSE method and concentrated using TCA precipitation. The
pre-matured protein is expected to be a size of 25.3 kDa and the matured protein is expected
to be 22.3 kDa. The sequence of the signal peptide was predicted to be MSFSNYKVIAMPVL-
VANFVLGAATAWA with the expected size of 2.9 kDa.

then probed with Anti-6×His tag antibody-ChIP Grade (Abcam, UK) and HRP-

conjugated anti-Rabbit IgG secondary antibody (Invitrogen, USA) accordingly.

As shown in Figure B.1, there were two clear bands showing on the whole-cell lysate

sample of cells harbouring the AlkL expression plasmid and inducing with 0.5 mM

rhamnose. The size of the two bands approximately correlated with the two forms

of AlkL, the precursor with estimated size at 25.3 kDa and the matured form of the

AlkL estimated to be 22.3 kDa, respectively. There was only one clear band in the

cell-envelope extraction appearing to be the smaller matured form of the AlkL as

the signal peptide was cleaved off. Figure B.1 shows that the method described is

able to separate the cell envelope containing the OMPs from the whole-cell lysate.
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