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ABSTRACT
Renewable green alternatives to fossil fuels need to be sought in order to address the
challenges of environmental and energy crises. Up until now, ethanol has been the major
biofuel. Geobacillus thermoglucosidans is a thermophilic bacterium that is capable of
producing bioethanol in an industrial setting at high temperatures and is capable of
metabolizing pentoses and hexoses commonly found in lignocellulosic biomass. Due to
these attractive properties, the aim of this work has been to construct a toolbox of genetic
components to develop G. thermoglucosidans as as the leading thermophile chassis for
synthetic biology and metabolic engineering. The toolbox is composed of shuttle vectors that
have higher transformation efficiencies than previous existing vectors and are modular,
where the presence of restriction sites separating each of the components allows users to
exchange parts easily and efficiently. Also included in the toolbox are the fluorescent
reporters sfGFP, mCherry and BsFbFP that will permit the characterization of promoters.
As a proof-of-principle application to demontrate the effectivity of the toolbox for the
production of valuable compounds, this work explores the production of isobutanol by the
thermophile bacteria Geobacillus thermoglucosidans. Isobutanol is a higher chain alcohol
that is a significantly better fuel molecule than ethanol, both for energy content and
infrastructure compatibility. The Geobacillus host was able to produce isobutanol in amounts
of around 50 mg/L via the conversion of isobutyryl-CoA to isobutyraldehyde by an (ALDH)
and from isobutyraldehyde to isobutanol by an alcohol dehydrogenase (ADH). It was
observed that supplementing the growth medium with an intermediate of the valine
biosynthesis pathway, 2-ketoisovalerate, resulted in the production of isobutanol and
overexpressing ALDH increased the isobutanol titres.
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Ribosome Binding Site
gene encoding for the 50S ribosomal subunit protein L19
Origin of replication derived from plasmid pUB190
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gene encoding for an alcohol dehydrogenase in E. coli
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C H A P T E R 1:
MOTIVATION AND INTRODUCTION
1.1. M O T I V A T I O N
Science and industry rely on chemistry to synthesize complex valuable compounds,
such as chemicals, fuels and pharmaceuticals, using simple organic compounds as starting
materials in reactions. Such synthesis frequently requires very particular physical or chemical
conditions, such as high temperatures or pressure to allow reactions to take place or
alternatively, they rely on expensive synthetic catalysts. These chemical processes are costly
and often, many of the compounds that are being chemically synthesized are already
synthesized by nature, but in lower yields or in complicated mixtures with other molecules
[Wallace and Balskus, 2014]. Our exploration of biology through science has allowed us to
screen nature for useful enzymes, but our increasing understanding of the natural world has
revealed that it is possible to explore the full potential of living cells and adapt and engineer
these to human requirements [Church et al. 2014].
The field of metabolic engineering aims to improve the yields of relevant biochemical
compounds by modifying the existing metabolic pathways of organisms that already naturally
produce a desired molecule [Ladkau 2014]. This is complemented by synthetic biology, a
novel approach that takes metabolic engineering a step beyond. Synthetic biology is an
emerging field that enables the application of rational engineering principles to the design of
biology. The aim of synthetic biology is to make genetic engineering approaches predictable
by breaking genetic arrangements into their minimal basic components and study how these
components work together and can be made to perform new tasks. Synthetic biology aims to
create parts that can be put together into devices and pathways that result in finely tuned
biological functions [Keasling et al. 2012]. Such devices can yield a more thorough
understanding of the biology of organisms and can also create new industrially-relevant
phenotypes, such as cells that perform the production of valuable compounds like
pharmaceuticals or fuels from cheap feedstocks.
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The idea of applying engineering principles to biology requires reducing biology to its
most basic construction elements. Understanding can only be achieved once the ability has
been gained to modify each of the basic building block elements in genetic constructions
whose outcomes we can observe and measure [Kelwick et al. 2014]. The more rational the
comparisons, the better the understanding that can be obtained from matching experimental
work with mathematical modeling, leading ultimately to the design of optimized parts and
devices for each particular required function.
Synthetic biology efforts so far have focused largely on traditional hosts such as
Escherichia coli or Saccharomyces cerevisiae because these are well-known cells and tools
are available for both that permit genetically modification for desired functions. However,
certain applications (e.g. growth in extreme conditions) would pose a major challenge to the
existing machinery of these cells and so to overcome this limitation, specialized hosts need
to be sought that already have the natural capacity to perform in unique environments but
can also be engineered [Fischer et al. 2008].
To engineer a non-standard organism requires first ‘domesticating’ it, by learning to
culture and manipulate it in the lab. Working with a poorly characterized host for whom
efficient genetic tools do not exist is challenging but necessary work towards achieving
industrially-viable biotechnologies that can work in specific environments. One of the main
requirements that enable domestication of an organism is the availability of appropriate
genetic tools that work with its cells. Developing a modular genetic toolkit by following the
principles of synthetic biology allows a large number of interchangeable DNA parts to be
quickly developed for genetic engineering and accelerate domestication [Nikel et al. 2014].
Geobacillus thermoglucosidans is a thermophilic bacterium that has been used for
the industrial scale production of ethanol from lignocellulosic biomass: a renewable, cheap,
untapped feedstock. The high temperatures of growth permit the easy separation of the
desired volatile by-product ethanol. G. thermoglucosidans is an interesting organism
because it has naturally evolved the capacity to feed on biomass, and it has the natural
capacity to produce ethanol. Metabolic engineering efforts have so far focused on improving
the yields of ethanol production [Taylor, 2009].
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We propose that G. thermoglucosidans is a uniquely specialized organism whose
ability to grow on lignocellulose and withstand harsh industrial conditions should be exploited
further, but to be able to do this, appropriate genetic tools need to be constructed and tested.

1.2. R E S E A R C H O B J E C T I V E S
The research objectives of this project are therefore to contribute to developing
Geobacillus thermoglucosidans, an industrially-relevant thermophilic bacteria, as a chassis
organism for synthetic biology by the creation of appropriate and effective genetic tools. The
suitability of the tools created is tested here, by the introduction of genes for isobutanol
production; a proof-of-concept application.

1.3. I N T R O D U C T I O N
•

The present work is a combination of metabolic engineering and synthetic biology. It
is the application of the principles of synthetic biology to achieve a metabolic
engineering application.

•

Synthetic biology uses engineering to design and compose biological parts and
devices for useful applications, and metabolic engineering is the modification of
metabolic pathways for the production or consumption of organic molecules.

•

Genetic tools are a requirement for genetic modification of any organism and are
lacking for thermophilic microbes, hindering efficient metabolic engineering in these
organisms.

•

The useful application being considered in this project is the genetic modification of
thermophiles for the production of valuable organic compounds such as biofuels.

•

The organism being modified is Geobacillus thermoglucosidans because it is a
thermophile capable of producing ethanol at an industrial scale using lignocellulosic
biomass as a feedstock.

!
!

18

1.3.1. ORGANIC CHEMISTRY VS. SYNTHETIC BIOLOGY
Over the past two hundred years, synthetic organic chemists have developed a huge
array of reagents, catalysts, reaction conditions, methodologies and solvents to permit
converting one compound into another. The product of one reaction serves as the starting
point for the next reaction, in a series of transformations that lead to the formation of a final
product of interest. In contrast, cells have evolved pathways that also lead to the
biosynthesis of compounds. Cells act as a reaction vessel and contain enzymes that modify
metabolites, under regulated conditions, in a series of reactions to also achieve the
production of compounds of interest [Wallace and Balskus, 2014].
Instead of optimizing reaction conditions, for biology, it is important to find or modify
enzymes to confer them the reactivity and selectivity needed to produce the target molecule.
Advances in enzyme engineering and synthetic biology will expand the breadth of organisms'
biosynthetic capabilities [Keasling et al. 2012].
Advances in the fields of metabolic engineering and synthetic biology raise the
question as to which approach (chemistry or biology) is more suitable for the production of
target molecules. It is questionable whether the synthetic capabilities of organisms will ever
match or outcompete those of synthetic organic chemistry for certain target molecules
[Wallace and Balskus, 2014], but there are certainly some advantages that biological
biosynthesis holds over chemical synthesis:

!

•

economic viability of production by using cheap energy and carbon sources

•

reduction of environmental impact

•

improvement of selectivity by enzyme engineering

•

improvement of catalytic efficiency by enzyme engineering

•

mild reaction conditions
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Figure 1. Wallace and Balskus [2014] propose that is it time to merge organic synthesis with
cellular metabolism. Synthetic biology and metabolic engineering expand the breadth of reactions
and pathways and organic chemistry produces available synthetic compounds which could be used as
precursors for enzymatic biocatalysis in vivo.

The use of biocatalysts has become increasingly important in synthetic chemistry
(see Figure 1) and likewise, non-enzymatic reagents are being incorporated into synthetic
biology and metabolic engineering efforts [Wallace and Balskus, 2014]. Synthetic organic
chemistry for commodity chemical production has small profit margins. In the case of
biofuels, especially, the oil price instability squeeze those margins even further, which
resulted in the abandonment of low margin products by refineries. [Keasling, 2012]
Synthetic biology is bringing new tools and approaches to biotechnology [Church et
al. 2014] and biotechnology is becoming important for the economy. In 2007, biotechnology
was contributing to 1% of US GDP [Carlson, 2007] and in 2014, products of genetically
modified cells were contributing to 2% of US GDP [Thomas Smith et al. 2014]. The economic
contribution of biotechnology depends on the capabilities of new biological technologies. As
the sophistication of biological engineering increases, it will provide new goods and services
at lower costs and higher efficiencies [Carlson, 2007]. The fields of synthetic biology and
metabolic engineering, described below, are responsible for producing genetically modified
organisms.
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1.3.2. DEFINITION OF SYNTHETIC BIOLOGY
The introduction of engineering to biology may enable a discipline similar to the one
that resulted in modern aviation or information technologies: combining assembly tools with
modeling and an existing design framework permits the assembly of airplanes and cars, and
ideally the same engineering principles can also be applied to biology [Carlson, 2007].
Synthetic biology is the engineering-driven building of increasingly complex biological
entities for novel useful applications [Heinemann 2006]. In order to be able to construct
biological systems that can be understood, designed and tuned to meet specific performance
criteria, parts are assembled into larger devices and systems and introduced into cells to
change their behavior to solve specific problems.
The building of novel biological entities involves the rational design and engineering
of biological parts that can be assembled into devices, circuits and systems. Devices are
formed by the combination of parts, circuits are a combination of devices and systems are
the combination of circuits or are metabolic pathways composed of many interacting
enzyme-encoding genes [Kelwick et al. 2014].

1.3.3. METABOLIC ENGINEERING
According to Ladkau [2014] metabolic engineering aims at pathway optimization for:

!

•

Metabolite overproduction.

•

Maximizing precursor supply.

•

Expansion of the target product portafolio.

•

Introduction of heterologous pathways.

•

Optimization of pathway flux.

•

Optimizing the production of native target products.

•

Generate new target products.

•

Use cheap growth substrates.
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The field of metabolic engineering aims to reinforce what nature does best by
correcting inadequacies and removing dead-ends of a metabolic pathway by "hijacking"
cellular systems and converting them into cell factories [Trantas et al. 2015]. In order to do
so, metabolites must be rerouted, regulation must be altered and new enzymatic pathways
must be introduced and balanced [Abatemarco et al. 2013].
Metabolic engineering so far has been responsible for the production of biofuels,
pharmaceuticals and in bioremediation [Lee et al. 2011].! Advances in the efficient microbial
production of chemicals have been shaped by the development of tools that allow
understanding and manipulating cellular metabolism; tools which permit transferring genes,
modulating gene expression and engineering proteins [Clomburg and Gonzalez, 2010].
Overexpression of a pathway enzyme is a common strategy in metabolic engineering as it is
an obvious way to achieve higher fluxes. The expression of heterologous genes can extend
existing pathways to produce novel products. When a host is producing its own secondary
metabolites, and genes encoding enzymes that produce novel products are introduced, there
will however, be a shift in metabolic flux [Holtz and Keasling, 2010].
The project introduced here will focus on the production of useful, efficient
appropriate genetic tools, by following synthetic biology principles. These tools will enable
the production of useful compounds such as biofuels in Geobacillus, as they can be used to
manipulate cellular metabolism to direct it towards the production of useful compounds.

1.3.4. HOW

SYNTHETIC

BIOLOGY

AND

METABOLIC

ENGINEERING

COME

TOGETHER

The study of nature permits us to define what the characteristic properties are for
living systems. The fields of metabolic engineering and synthetic biology come together to
determine how such properties can be improved and how to further exploit them. The
combination of synthetic biology and metabolic engineering has made possible the
heterologous production of many low and high-value chemicals. These chemicals exist in
nature but the ability to make them can be transferred between various organisms, so long
as genomic information and tools to introduce such functions into heterologous hosts are
available.
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Advances in synthetic biology can enhance the field of metabolic engineering by
designing methods for engineering genetic control. This emerging branch of biology provides
key tools that aid in the design, assembly and implementation of synthetic pathways. An
approach that combines the strategies and concepts from both synthetic biology and
metabolic engineering can be implemented to develop efficient microbial platforms for the
production of biofuels [Clomburg and Gonzalez 2010].
There are many examples of research papers in which synthetic biology and
metabolic engineering have come together for the production of valuable chemical
compounds. The examples summarized in Table 1 were selected because they involve the
expression of heterologous proteins to achieve the production of a target compound.
Table 1. Selected examples of where synthetic biology has come together with
metabolic engineering to achieve the production of useful compounds via the
heterologous expression of proteins from diverse kingdoms in E. coli or S. cerevisiae.
Target
Utility of target
Chassis
Pathway
product
product
E. coli
[Keasling, 2012]
E. coli and
S. cerevisiae
[Peralta et al. 2011]
S. cerevisiae
[Li et al. 2013]

E. coli
[Ajikumar et al.
2010]

E. coli
Zhu et al. 2014
E. coli
Atsumi and Liao
[2008]

!

The mevalonate pathway of S.
cerevisiae was coupled with the
artemisinic acid pathway from
Artemisia annua (Plantae: Asteraceae)
The mevalonate pathway of S.
cerevisiae was coupled with a
bisabolene synthase from the
gymnosperm Abies grandis (Plantae:
Embryophyta)
Xylanase and ß-xylosidase from
Aspergillus terreus (Fungi:Ascomycota)
was paired with xylose reductase from
Candida tropicalis were paired with
promoters and terminators from S.
cerevisiae.
Taxadiene pathway obtained from
Taxus canadensis, Taxus brevifolia,
and Taxus cuspidata
(Plantae:Pinophyta) were paired with a
native isoprenoid pathway from E. coli

Artemisinic acid

Precursor to the
antimalarial drug
artemisinin

Bisabolene

Precursor to
bisabolane, a
terpene-based
potential biofuel

Xylitol

Sugar substitute
in food industry

Taxadiene

Precursor to taxol
(anticancer
compound)

Farnesene synthase obtained from
Malus x domestica (Plantae:Rosaceae)
was coupled to the mevalonate
pathway of S. cerevisiae
Overexpression of the amino acid
biosynthesis pathways coupled with
the expression of a keto acid
decarboxylase from Lactococcus lactis
and knocking-out of competing

Farnesene

Potential
precursor of jet
fuel

1-Butanol,
isobutanol, 1propanol, 2methyl-1butanol, 2-

Potential biofuels
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pathways (ethanol, acetate, lactate,
succinate and formate).
E. coli
[Howard et al. 2013]

Free fatty acids were converted by
an acyl-ACP reductase and an
aldehyde decarbonylase from Nostoc
punctiforme (cyanobacteria).

phenylethanol,
3-methyl-1butanol
n-alkanes, isoalkanes, and nalkenes

Potential biofuels

One of the major goals of synthetic biology is to design biological systems for useful
applications [Chen et al. 2015]. The examples shown in Table 1 demonstrate that synthetic
biology offers the potential to transfer genetic material between diverse organisms to
construct engineered cells capable of the production of useful compounds such as fuels,
pharmaceuticals, specialty chemicals, polymer precursors, or complex full-length polymers.

1.3.5. THE BIOLOGICAL PARTS THAT CONSTITUTE DEVICES
The work carried out in this thesis focused exclusively on the rational engineering of
devices. Therefore, explained below are the principles behind the functional bioparts that
constitute these.
It has been explained previously how bioparts are discrete biological sequences of
known behavior that have a standard descriptive function [Kelwick et al. 2014]. The most
common biological parts used to control gene expression in synthetic biology are promoters,
which initiate transcription; ribosome binding sites (RBSs), which initiate translation and
terminators, which attenuate transcription. These are combined with protein coding
sequences to fine-tune the expression of genes of interest [Kosuri et al. 2013].

Figure 2. Arrangement of bioparts to produce a typical gene – in this case a "protein
generator" device. The promoter regulates transcription and the RBS regulates translation of the
gene. The terminator dissociates the transcriptional elongation complex. Protein coding sequences
(CDS) encode the protein to be made.
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The simplest device in synthetic biology is a "protein generator", depicted in Figure 2,
consisting of a promoter, an RBS, a protein coding sequence and a terminator. The purpose
of this device is to produce the protein encoded by the CDS at a defined expression level
[Baldwin et al. 2012].

1.3.6. PROMOTERS
Promoters are specific sequences of DNA located upstream from a protein coding
sequence (gene). They are necessary to regulate transcription because they are composed
of recognition sequences to which RNA polymerases bind to initiate transcription of mRNA
[Madigan et al. 2009]. The major components of prokaryotic promoter sequences are the -35
and -10 boxes as well as transcription factor binding sites [Singh, 2014].
There are two main kinds of promoters:
1. Constitutive promoters are useful because they are used for continual protein
production.
2. Inducible promoters contain operators that allow controlling the timing of transcription
by adding a compound or changing the cell environment, which will recruit
transcription factors to the operator [Baldwin et al. 2012]. Inducible promoters are
advantageous over constitutive promoters because they permit the cells to grow,
while carrying a synthetic construct that's fully repressed and can then be switched on
once the cells have reached stationary phase [Keasling, 2012]. Other kinds of
promoters are those that are induced upon starvation of a certain compound or
promoters that are induced upon early stationary phase [Keasling, 2008]. In yeast for
example, galactose inducible promoters are used as well as a native copper-inducible
promoter. Inducible promoters are desirable when a gene poses a burden on the cell
when expressed [Da Silva and Srikrishnan, 2012].
Much of the utilization of promoters in synthetic biology involves the use of either
wild-type or slightly modified inducible or constitutive promoters of different strengths. A
library of promoters can be constructed by modifying the DNA sequence of the promoter to
achieve different levels of binding by transcription factors and so different levels of
transcription from the RNA polymerase [Ellis et al. 2009].
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1.3.7. RIBOSOME BINDING SITE (RBS)
The Ribosome Binding Site (RBS) is a sequence found in the mRNA of bacteria and
it acts to recruit ribosomes to initiate translation. In prokaryotes, the core sequence in the
middle of an RBS is also known as the Shine-Dalgarno sequence. The sequence of the RBS
affects the strength of the ribosome binding and the rate of translation initiation. This
therefore directly affects the amount of protein produced from each mRNA as translation
initiation is usually the rate limiting step of the whole process of translation of RNA into a
functioning folded protein [Madigan et al. 2009].

1.3.8. TRANSCRIPTIONAL TERMINATORS
Transcriptional termination is essential to gene expression [Peters et al. 2011]. In
prokaryotes, transcription starts when the RNA polymerase binds to the promoter and
continues until RNAP reaches a transcriptional terminator [Hoon et al. 2005]. Terminators are
important for mRNA half-life and stopping transcription. Terminators are regions in the 3'-end
of a gene that encode a functional element that influences the 3'-end processing of mRNA,
mRNA stability and translational efficiency, all of which have an effect on protein production
because terminators are determinant of mRNA abundance [Redden et al. 2015].
Two types of bacterial terminators are known [Peters et al. 2011]:
1. Rho-independent transcriptional terminators dissociate the elongation complex is
dissociated by interactions of DNA and RNA with RNAP without the assistance of
auxiliary factors.
2. Rho-dependent transcriptional terminators dissociate transcription complexes with the
assistance of an RNA helicase called Rho.
Rho-independent transcriptional regulators are found at the end of operons and
upstream from genes where they regulate transcription via attenuation [Peters et al. 2011].
Rho-independent transcriptional terminators are the norm in E. coli [Kingsford et al. 2007],
where they have a highly variable thymine content from 2-90% [Reynold et al. 1992]. !
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Figure 3. Secondary hairpin structure formed by a rho-independent transcriptional terminator.
Rho-independent transcriptional terminator normally include, apart from the complementary
palindromic base pairs that form the stem-loop structure of the hairpin, regions, a uracil-rich region
that causes the elongation complex to pause in order to permit the formation of the hairpin [Peters,
2011]. Figure modified from Lesnik, 2011.

As shown in Figure 3, rho-independent terminators consist of two motifs: a short
RNA hairpin followed by a U-rich sequence. Both motifs are required for efficient termination.
The hairpin must form within the RNA exit channel of the RNA polymerase and the U-rich
sequence is necessary because it causes transcription to pause, which in turn permits the
hairpin to form and disrupt the elongation complex binding between the U-rich region of RNA
and the template DNA [Peters et al. 2011, Chen et al. 2013].
RNA hairpin formation is crucial for dissociation of the elongation complex. The A rich
and T rich regions are important for pausing the complex to give time for the hairpin to form.
The free energy for hairpin formation can be calculated using the nearest-neighbour
thermodynamic model [Lesnik et al. 2001], which takes into account the energy in the
interaction among neighbouring base pairs [Owczarzy et al. 2011]
Following these principles and using modelling of RNA folding, Chen et al. [2013]
used characterization of terminators for E. coli, to predict design rules for synthetic terminator
design. The demand for terminators for E. coli is increasing with the growing construction of
synthetic devices and circuits: there are very few reliable terminators for E. coli available and
they are constantly being reused within designs. Weak terminators are sometimes
inadvertently used, which has undesirable consequences because the polymerase continues
transcription after the terminator.
Similar to the modelling software used for RNA folding by Chen et al. [2013],
OligoAnalyzer is an online tool for nucleic acid folding that operates on nearest-neighbour
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parameters1. The tool was designed predict the formation of secondary structures of short
sequences of DNA or RNA. It is normally used to analyze synthetic oligonucleotides for
unwanted secondary structures like hairpins, homodimers or heterodimers. In this work it is
used to analyze hairpin formation in short sequences of RNA located at the 3'-end of genes.
If hairpin formation is detected, then these sequences are possible transcriptional
terminators.

1.3.9. CHASSIS
“Chassis” is an engineering concept. It is the abstract term for the “biological host” in
synthetic biology. A chassis is a physical internal framework that accommodates the
execution of a synthetic system and usually is a cell. "Framework" refers to the metabolic
environment, energy sources, transcription and translation machinery [Kelwick et al. 2014].
There are two kinds of chassis in synthetic biology: cells and cell-free systems. Cellfree systems are not feasible for industrial production of compounds because they are more
expensive than in vivo production, with the major cost being the requirement for specialized
high-energy metabolites for system operation. In contrast cells rely on less expensive
energy-rich molecules like glucose or tryptone and as such as cheaper to ‘run’ [Thomas
Smith et al. 2014].

1.3.10. CHARACTERISTICS OF A CHASSIS FOR SYNTHETIC BIOLOGY
Escherichia coli, Saccharomyces cerevisiae and Bacillus subtilis all share certain
characteristics that have made them model lab organisms. Such characteristics are also
necessary to develop an industrially relevant strain [Fischer et al. 2008]:

•

The first requirement is that they are amenable to genetic manipulation. The strain
must accept foreign DNA in a controllable fashion and high transformation efficiencies
are desirable and particularly necessary for the successful screening of combinatorial
libraries.
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•

The second trait that makes laboratory strains attractive is the availability of wellcharacterized "modules" that allow manipulation of the genotype, i.e. promoters of
various strengths, termination sequences, repressor-inducer systems, plasmids,
chromosome integration cassettes, etc.

•

A third feature is the availability of "-omics", i.e. platforms and models for genomewide

characterization

of

cellular

responses

to

different

manipulations

and

environments.
•

Finally, the selection of a bacterial species to be a chassis for synthetic biology
should be based on the naturally pre-endowed physiological and metabolic properties
of the bacteria. Selecting one bacterial species as a chassis can be viewed as the
selection of an animal species of interest for domestication [Nikel et al. 2014].

1.3.11. SELECTING A HOST FOR BIOFUEL PRODUCTION
The optimal host for biofuel production would degrade lignocellulosic components,
ferment the resulting hexoses and pentoses at high rates and with high yields and tolerate
the end-products at high titres. In addition to this an ideal host would also be able to work at
high temperatures and extreme pH, to avoid costs associated with cooling needed during
fermentation after hydrolysis.
Research towards an optimal host has opted to tackle this problem by combining as
many of the desirable characteristics as possible [Fischer et al. 2008] but most organisms
don’t suit all the needs. S. cerevisiae for example, cannot naturally ferment pentose sugars
like xylose [Sonderegger et al. 2004], which is a major component of lignocellulosic biomass.
And common thermophilic ethanologens like Clostridium thermosaccharolyticum cannot
tolerate ethanol concentrations higher than 4 % (v/v) [Fong et al. 2006].
The important aspect associated with large-scale fermentations to consider is the
cost of maintaining sterile conditions. The use of antibiotics is undesirable, not only for
economic reasons but also to avoid development of resistance. Running fermentations at a
low pH is a possible solution [Fischer et al. 2008], but this implies using acidophilic microbes.
Microorganisms that naturally produce the desired metabolite are rarely highly
tolerant to acid, heat or similar restrictive conditions. Environmental tolerance is generally a
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phenotype dictated by many genes and those traits are hard to introduce to a desired host.
For instance, the phenotype an organism has that confers heat-resistance is a property of
the system in its entirety, encoded into the peptide sequence of all folding proteins.
Environmental tolerance can be improved with respect to the wild-type strain, but the limit
depends on the phenotype being sought [Fischer et al. 2008].

1.3.12. HEAT TOLERANCE IN INDUSTRY
There is considerable demand for a new generation of stable enzymes that are able
to withstand the severe conditions in industrial processes [Elleuche et al. 2014].
Extremozymes are enzymes derived from extremophilic organisms. Extremozymes are able
to withstand harsh conditions in industrial processes.
The majority of enzymes currently used in industry are obtained from fungi or
mesophiles and only a few enzymes, like DNA-polymerases from Thermus aquaticus, are
commercialized [Elleuche et al. 2014].
Mesophiles like E. coli or Bacillus spp. are commonly used to express extremozymes
[Elleuche et al. 2014], but this is not ideal because:
1. Lower temperatures can also cause incorrect folding of some thermophilic proteins
[Suzuki et al. 2013],
2. Different codon usage may be a burden for E. coli and reduce productivity [Turner,
2007].
So far, only Thermus spp. and Sulpholobus solfataricus [Albers et al. 2006] are used
for the expression of proteins.
The application of extremophiles as cellular factories has attracted attention in recent
years, especially for the production of bioethanol following a Consolidated Bioprocessing
approach due to several advantages [Lin and Xu 2013, Taylor 2009]:

!

•

Reduction of energy input for cooling (and thus reduction of costs).

•

Faster chemical reactions can be achieved.
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•

Minimization of microbial contamination since heat acts as a crude form of
sterilization as the normal environmental microbes that contaminate large scale
fermentations are mesophiles that cannot grow at elevated temperatures.

•

Facilitation of the downstream recovery of volatile metabolic products.

•

Certain lignocellulose degrading enzymes exhibit higher catalytic activity at
temperatures of 50 ºC [Georgieva et al. 2008].

Among the most popular extremozymes currently being studied for the production of useful
compounds are (Table 2) [Elleuche et al. 2014]:
Table 2. Useful enzymes derived from thermophiles that have applications in industry.
Enzyme

Product

Utility of product

Amylases

Starch is degraded into
glucose
Cellulose and hemicellulose
are degraded into
fermentable sugars
Decomposition of chitin

Additive in food

Cellulases and
hemicellulases
Chitinases

For the bioethanol production
from lignocellulose
Chitinases are used as
biofungicide and
bioinsecticide

1.3.13. VALUABLE THERMOPHILES
Thermophilic bacteria that naturally produce valuable compounds arelisted in Table 3.
Table 3. Potential thermophiles being proposed as platforms for the industrial
production of valuable compounds.
Organism
Useful compound produced
Reference
Carboxydothermus
Capable of converting carbon monoxide and
[Henstra
hydrogenoformans
water to hydrogen and carbon dioxide, and it
and Stams,
(Firmicutes: Clostridia)
has been postulated as a potential industrial
2011]
scale producer of cheap hydrogen gas and
acetate.
Caldicellulosiruptor
Production of hydrogen from hemicellulose[Willquist,
saccharolyticus
containing waste
Zedan and
(Firmicutes:Clostridia)
van Niel,
2010]
Thermoanaerobacter sp.
Production of ethanol
[Lin et al.
X514 (Firmicutes:Clostridia)
2013]
Chelatococcus daeguensis
Production of polyhydroxyalkanoates, wich are [Xu et al.
(Proteobacteria:αsuitable alternatives to petrochemical-based
2014]
Proteobacteria)
plastics
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Clostridium spp.

Production of ethanol, butanol and isopropanol

Geobacillus
thermoglucosidans

Production of bioethanol

[Lin and
Xu, 2013]
[Cripps et
al. 2009]

There are a few thermophiles proposed to be used in the industrial production of
biofuels for their capacity to digest the pentoses and hexoses from lignocellulosic biomass
and among them is Clostridium thermocellum. However, Clostridium thermocellum is not as
tolerant to ethanol as Geobacillus thermoglucosidans (0.7 vs. 10% v/v) [Akinosho et al. 2014,
Tang et al. 2010]. So far, the only thermophile that is used in an industrial environment in
Geobacillus thermoglucosidans [Cripps et al. 2009], so the research in this project will be
focused on this organism.
The advantages of Geobacillus spp. for industrial processes are:
•

They can be cultivated on a variety of carbon sources [Taylor, 2009].

•

They form endospores that allow them to survive unfavorable conditions and facilitate
their storage and distribution [Blanchard et al. 2014].

•

Ease of cultivation and readily transformable.

•

Their high growth rate allows high cell densities and consequently high production of
products [Suzuki et al. 2013].

•

And most importantly, ethanol is easily separated from the reaction mixture due to its
volatility. Biofuel biosynthesis by microbes is a complicated process because biofuels
are difficult to purify from the mix of other metabolites of the cell, such as hydrogen,
acetic, lactic and propionic acids, acetone, isopropanol and ethanol (in butanol
forming Clostridium spp. for example). Such separation increases the cost of
downstream produc pufirication [Jin et al. 2014 and references therein].
The

aforementioned

reasons

highlight

the

huge

biotechnological

potential

[Kananavičiūtė and Čitavičius 2015] of Geobacillus spp. and for this reason it is necessary to
know what are the characters that define the genus Geobacillus.
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1.3.14. GENUS GEOBACILLUS
Several organisms have evolved the capacity to use components of lignocellulose as
a feedstock; among them are the Geobacillus spp. which are common inhabitants of
decaying plant material. The genus Geobacillus belongs to the superkingdom Bacteria,
phylum Firmicutes, class Bacilli, order Bacillales and family Bacillaceae2.

Figure 4. A phylogenetic tree of the domain Bacteria. The tree was obtained by a maximum
likelihood approach after analyzing the sequence of 30 representative proteins. Aeropyrum and
Methanopyrus are the outgroup used to root the tree. Numbers indicate bootstrap support values of
100 repetitions.
Figure taken from Bern and Goldberg, 2005.

Apart from Geobacillus, the phylum Firmicutes includes other endospore-forming soil
bacteria such as Bacillus and Clostridium, as seen in Figure 4. Cells in this phylum sporulate
into endospores in stationary phase, after the depletion of essential nutrients. Endospores
are resistant to heat, chemicals and radiation and they permit the survival of the species until
the environmental conditions permit their growth. Such structures are easily dispersed by
wind or water and can remain viable for at least several decades [Madigan, 2009].

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2
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[http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=1426].
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The genus Geobacillus was created by Nazina et al. in 2001 to accommodate the
thermophiles of family Bacillaceae, which were previously part of the genus Bacillus. The
most recent taxonomic revision for the genus is that of Coorevits et al. [2011]. It is the most
extensive taxonomic revision of the genus to date and was done using a very thorough
comparison of 16S rRNA sequences, as well as polar lipids and fatty acids, phenotypic
characterization and DNA-DNA hybridization experiments.
Taxonomic studies have indicated that the genus Geobacillus is a monophyletic
group and included in this group are: G. stearothermophilus, G. thermodenitrificans, G.
toebii, G. thermoglucosidans, G. jurassicus, G. subteraneus, G. thermoleovorans, G.
thermocatenulatus and G. caldoxylosilyticus [Coorevits et al. 2011]. A recent phylogenetic
tree of the genus is included in Figure 5.

Figure 5. Neighbour-joining phylogenetic tree of Geobacillus spp. based on maximal
unique matches of their genome sequences from NCBI. G.thermoglucosidans appears to
be most closely related to Geobacillus spp. Y4.1MC1 and TNO-09.020.
Figure taken from Blanchard et al. [2014]

Geobacillus spp. are commonly isolated from compost heaps and hot springs
[Coorevits et al. 2011] but have also been found deep within the Mariana's trench [Takami et
al. 2004]. They are chemo-organotrophs [Taylor et al. 2009] and they also require trace
metal elements for growth, including Fe, V, Mo, W, Mn, Co, Ni, Cu and Zn [Bartosiak-Jentys,
2009]. They grow aerobically or facultatively anaerobically, occasionally using nitrate as an
electron acceptor [Coorevits et al. 2011]. Geobacillus spp. can also be used for the
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production of thermostable enzymes, exopolysaccharides or bacteriocins. Geobacillus spp.
also have the capacity to metabolize hydrocarbons in high temperature oil fields [Nazina et
al. 2005].
Apart from their use as whole-cell biocatalysts, other applications for Geobacillus spp.
are as sources of enzymes relevant for biotechnolgy, for example proteases, amylases,
lipases, DNA polymerases or reverso transcriptases [Kananavičiūtė and Čitavičius 2015 and
references cited therein].
The most commonly used Geobacillus strains in research are: G. stearothermophilus,
G. kaustophilus and G. thermoglucosidans, but the present work focuses exclusively on G.
thermoglucosidans, so it will be described below.

1.3.15. GEOBACILLUS THERMOGLUCOSIDANS
Geobacillus thermoglucosidasius was renamed as G. thermoglucosidans in 2011 by
Coorevits et al. based on 16S rRNA sequencing data and due to its ability to hydrolyze
gelatin. Before 2001 this organism was known as Bacillus thermoglucosidasius [Nazina et al.
in 2001]. In 2009, Tang et al. reported that G. thermoglucosidans ferments a range of
pentoses and hexoses and that it is tolerant to ethanol concentrations of up to 10 % (v/v),
highlighting it as a potentially valuable organism for consolidated bioprocessing for biofuels
production. In addition to this desirable phenotype, G. thermoglucosidans has also proved to
be a "tractable" organism [Taylor et al. 2008, Cripps et al. 2009] where growth can be done
in a standard lab and protocols exist for genetic modification of the cell. In a first step towards
establishing G. thermoglucosidasius as a cell for biofuel production, the UK company TMO
Renewables

Ltd

developed

strains

of

G.

thermoglucosidasius

NCIMB11955

with

modifications to its genome that enable it to perform industrial-scale ethanol production
[Cripps et al. 2009, Taylor et al. 2008]. As the optimal temperature of growth of this organism
is 60 ºC [Tang et al. 2009 and Coorevits et al. 2009] it is well suited for industrial
fermentation. At this temperature, volatile fermentation by-products such as ethanol are
partially evaporated, and their separation from the mixture is significantly easier [Cripps et al.
2009].
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Currently, research is being carried out by the Leak Group (Bath University) to
develop G. thermoglucosidasius as an optimal Consolidated Bioprocessing platform for the
production of biofuels [Bartosiak-Jentys et al. 2013]. A CBP approach would reduce the costs
of industrially producing biofuels if based on lignocellulosic feedstocks because the energy
input is low. In addition, contamination of the industrial bioreactors by mesophiles, which can
potentially compromise the yields and health of the cultures, is no longer a threat if the entire
process is carried out at 60 ºC [Taylor et al. 2009, Cripps et al. 2009].
A further advantageous property of G. thermoglucosidans as a CBP organism, is that
at higher temperatures there is also higher motility between cellulose and hemicellulose,
which makes the sugars more easily accessible to the enzymes used for hydrolysis and
saccharification [Gilbert and Hazlewood, 1993].
G. thermoglucosidans was selected in this project to be developed as a chassis for
synthetic biology because for production processes where the cost of goods is critical
(especially for the production of fuels and commodity chemicals) it is justifiable to use a
chassis that it is capable of synthesizing necessary macromolecules from an inexpensive
carbon source and simple minimal additional nutrients. G. thermoglucosidans has already
found a niche in industrial chemical/fuel production, where it is a robust production platform
[Cripps et al. 2009], and it is increasingly a better-characterized system to work with. Using
G. thermoglucosidans for microbial fuel production from biomass aids the challenge of
condensing the energy content of biomass into a high-energy fuel [Fischer et al. 2008].

1.3.16. GEOBACILLUS THERMOGLUCOSIDANS AS A CHASSIS
The Taylor et al. and Cripps et al. reports from 2008 and 2009, respectively, are the
work that started the development of G. thermoglucosidans as a chassis for synthetic
biology: Taylor et al. created the first shuttle vector that enabled efficient transformation of G.
thermoglucosidans, while Cripps et al. [2009] created the first knock-out vector for this
microorganism. However, much more work is necessary to permit the development of G.
thermoglucosidans into a chassis for advanced molecular engineering, namely, an efficient
toolbox of genetic components is necessary.

!

36

Furthermore, the use of G. thermoglucosidans in industry (TMO Renewables, UK)
has so far been limited to ethanol production. An investment into developing this organism as
a metabolic engineering chassis would go hand-in-hand with the exploration of all the
potential it has to offer for the production of valuable chemicals, in particular biofuels beyond
ethanol. With that in mind, this project had the following aims:
The implementation of an organism to make it convert it to a cell factory for any
desired chemical requires that [Keasling, 2012]:
•

the synthetic constructs can be stably maintained in the organism

•

the expression of whatever genes are in the construct do not stress the cells to a
point that does not permit their survival.

•

the growth should ideally be achievable in a minimal (non-complex) growth medium
to minimize production costs and

•

that the intermediates or final products are non-toxic at economic production levels
so that commercial production is feasible.
Enzymes heterologous to the production host are used to construct engineered

metabolic pathways and remove undesired regulatory checkpoints in natural pathways by
replacement with synthetic elements. The right bioparts could minimize metabolite
accumulation and reduce potential toxicity in heterologous pathways in chassis not adapted
to cope with high concentrations of these compounds [Dueber et al. 2009].
Bioparts and tools are necessary to control gene expression because it may not
always be ideal to maximize production of a target protein, but rather, the enzymes need to
be produced in amounts sufficient to transform at sufficient rates so as not to rob the cell of
metabolites that might compromise growth (and thus yield) or which might be too toxic
[Dueber et al. 2009].
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1.3.17. A SYNTHETIC BIOLOGY TOOLBOX: CHARACTERIZATION OF BIOPARTS
One of the main issues that synthetic biology has encountered is the challenging
nature of rationally designing devices, circuits and systems because they behave in a
context-dependent manner, i.e. their properties depend on the combination of other elements
used in the device, circuit or system and can also be affected by external factors like growth
conditions [Galanie et al. 2013]. For instance, Gorochowski et al. [2013] found striking
changes regarding transcription and translation rates in E. coli in response to temperature
and media composition. One example of a content-dependent effect is that the RBS interacts
with the promoter and the gene of interest and may lead to the formation of secondary
structures, which in turn may strongly affect expression levels [Chen 2015]. If different
combinations of parts have different activities in response to various environmental and
physiological conditions, then it is important to characterize the performance of each biopart
in a manner that can be directly comparable [Heinemann 2006, Kosuri 2013]. For this
purpose, the engineering principles of standardization and modularization must be applied
for the construction of synthetic devices (see Figure 6).

Figure 6. The role of synthetic biology. Synthetic biology participates in many processes ranging
from the identification of parts from nature, to the standardization and assembly of devices. A genetic
toolbox is a central part of synthetic biology and it is required for the assembly, testing and selection
stages that are vital to construct a process that can be industrialized.
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1.3.18. STANDARDIZATION AND MODULARIZATION OF BIOPARTS
The core engineering principles adopted in synthetic biology, according to Kelwick et al.
[2014], Lee et al. [2011], Endy et al. [2005], Heinemann [2006] are:
1. Standardization: libraries of standard interchangeable parts are one hallmark of
modern technology [Canton et al. 2008].
2. Modularization can help establish platforms for the sharing and reuse of bioparts, it is
required to create a "plug in and play" compatibility.
3. Abstraction: Engineering principles enable the separation of complexity. It has been
explained previously how bioparts are discrete biological sequences of known
behavior that have a standard descriptive function.
To enable synthetic biology to improve the reliability of parts to allow more predictable
behaviors when constructing larger systems, significant efforts so far have revolved around
standardization [Kosuri et al. 2013]. The importance of "plug-and-play" compatibility in
synthetic biology is clear in order to obtain directly comparable characterization results
[Nicket et al. 2014]. For instance, when determining the activity of a library of promoters, in
order to obtain results that are directly comparable, special attention must be paid to
ensuring that absolutely all factors within the design as well as the conditions remain the
same except for the promoter library. Likewise, to determine whether an RBS is the cause for
poor expression for example, all factors must remain the same except for the RBS, or if there
are optimal media/temperature/growth conditions must be sought for the production of a
particular protein or metabolite, the DNA parts must remain exactly the same and the only
thing that can change are the conditions. The use of well-characterized regulatory elements
that behave in predictable ways when combined will enable to achieve predictable levels of
expression of heterologous proteins when engineering biological systems [Kosuri et al.
2013]. Prediction and standardization of parts is necessary because it is economically not
feasible to synthesize new constructs for every experiment, and also with the advent of
standardization and modularity, it means there is no need and parts can be replaced simply
and efficiently [Lee et al. 2011, Martinez-García et al. 2014].
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If the goal of synthetic biology is to gain a better understanding of how to coordinate
and regulate gene expression in organisms [Redden et al. 2015], then powerful standardized
tools are needed for all steps along the design-build-test-learn cycle [Breitling et al. 2015].

1.3.19. REPORTER PROTEINS
A reporter is ideally a non-native protein that is synthesized by the cell in response to
a predetermined external stimulus, and it can be measured for activity or amount noninvasively [Roelof and Belkin, 2010]. An ideal reporter should be easy to detect and can be
assayed in a quantitative way, so that increases in expression by 5 or 10% can be discerned
above noise and background. When a reporter CDS is placed downstream from a promoter
and RBS, the output is used to characterize the expression level determined by the promoter
and RBS. By then changing the promoter and RBS sequences individually and measuring
the reporter levels subsequently, the contribution each part makes to the total gene
expression output can be determined [Salis, 2011].
When these parts are put together, they create a device that has a specific, userdefined function. Such specific function depends both on the function of the individual parts
and of the coordination between them. The construction of synthetic pathways, i.e. a series
of sequential reactions catalyzed by enzymes [Shin et al. 2013], requires a good
understanding of the behaviour of each of the parts composing a construct. The most
important component that will drive the expression of any gene is actually the combined
effect of the promoter plus the RBS sequence. There are enough idiosyncratic interactions
and context-dependent effects that it is necessary to construct several variants of a circuit or
device to obtain one with the desired functions [Kosuri, 2013].
Kosuri et al. [2013] characterized a vast number of combinations of promoter and
RBS sequences and they characterized transcription and translation rates of each. They
argue that constructs need to be synthesized and tested instead of relying absolutely on
predictable models in order to characterize context dependent interactions. The large library
they created however, used GFP and mCherry as outputs. So changing the CDS would still
result in context dependent idiosyncratic results that can only be known once it is tested, and
the construction of such does need to rely on predictable models such as the Salis RBS
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Calculator because it is impractical to build entire libraries of promoters and RBSs every time
a CDS is changed.
Placing a synthetic device in a multi-copy plasmid increases the level of gene
expression, but it also implies that the cellular machinery has to be shared between the
plasmid and the rest of the cellular functions required for survival and multiplication. Gene
expression is also influenced by the balance achieved between transcription and translation.
Strong overexpression causes competition for ribosomes and may lead to cell death [Dong et
al. 1995].
A key factor for any genetic manipulations are the vectors used to insert DNA into a
host organism. Ideally, a vector should have a marker that ensures that all the cells in the
culture produce the vector, it also has to be minimal and of consistent copy number, it has to
have the ability to carry large fragments of DNA. Low copy plasmids offer a benefit over high
copy plasmids when the cells struggle to express the contents of the vector when the copies
are too many or when there is imbalance in transcription/translation, for example, when too
many mRNAs are created, but the ribosomes are not transcribing them all, thus wasting the
cell's energy. Also, plasmids that permit the integration of foreign DNA into the chromosome
allow the replacement of native DNA regions such as regulatory regions and thus alter gene
expression [Keasling, 2008].

1.3.20. PLASMIDS/SHUTTLE VECTORS
One crucial aim for synthetic biology is the expression of heterologous genes. There are two
options for this purpose:
1. Plasmid-bound: requires plasmids
2. Genome-bound: requires integration vectors
Vectors are essential tool for any genetic manipulation [Keasling, 2012]. They are required to
carry and harbor the transforming DNA in the host. According to Redden et al. [2015]
plasmids have three attributes that can affect gene expression:
1. The origin of replication
2. The selection marker
3. The Multiple Cloning Site (MCS)
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1.3.21. GUIDELINE: SHUTTLE VECTORS FOR CLOSTRIDIUM SPP.
Clostridium is a relevant genus for the production of useful chemicals from renewable
energy sources: C. acetobutylicum and C. beijerinckii are saccharolytic species capable of
producing biobutanol. C. thermocellum, C. cellulolyticum and C. phytofermentans are
cellulolytic ethanol producing strains, C. noyvii and C. sporogenes are being pursued as
possible delivery vehicles for tumour theraphy as clostridial spores selectively germinate in
tumours [Minton 2003].
To increase the already high profile of the genus, Heap et al. constructed in 2009 a
set of modular shuttle vectors for Clostridium spp. and E. coli in which each of the
components was delimited by a rarely occurring enzyme to facilitate combinatorial designs.
The Clostridium/E. coli shuttle vectors were composed of the standard elements that
comprise plasmids, namely origins of replication for both: Clostridium spp. and E. coli
selectable markers as well as a conjugal transfer function. Considering that the
Clostridium/E. coli shuttle vector system addresses needs similar to what we need to
address for the construction of a shuttle vector system for G. thermoglucosidans/E. coli, it
has been decided for this project to use the approach of Heap et al. as an example to guide
the design of the much needed Geobacillus set of modular vectors.
More specific information regarding the bioparts and tools such as shuttle vectors that
currently exist for G. thermoglucosidans have been included in the introdcuction sections of
Chapters 3, 4 and 5 of the present work.

1.4. HYPOTHESIS:
To develop Geobacillus thermoglucosidans as a thermophile chassis for synthetic
biology, it must have a functioning set of genetic tools that allow users to apply synthetic
biology principles, specifically:
1. If shuttle vectors constructed based on modular design of abstract functional parts
yield improved transformation efficiencies than the reference plasmids, then synthetic
biology principles were correctly applied and can continue being applied in further
work that involves the genetic modification of this organism.
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2. If bioparts such as promoters, RBS sequences, reporters and transcriptional
terminators can be efficiently included in the toolbox and show intended activity, then
the toolbox can be used for the future characterization of bioparts and their use in
systems for metabolic engineering.
3. If the toolbox can be used for the heterologous expression of a protein that results in
the production of a useful compound, then the toolbox can be used in future efforts to
develop G. thermoglucosidans as a platform for the production of valuable chemicals
and/or proteins.

1.5. AIMS OF THE PROJECT
The first aim was to contribute to developing G. thermoglucosidans as a chassis for
synthetic biology by creating a toolbox of genetic components that will enable efficient
engineering of the cell. In particular, reliable plasmids are required, as are promoters for
overexpression and reporter genes for quantifying gene expression.
The second aim was to make use of the toolbox to produce a strain of G.
thermoglucosidans that is capable of producing an advanced biofuel – and in particular
isobutanol, which is potentially a drop-in fuel for current petrol engines.
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C H A P T E R 2:
MATERIALS AND METHODS
All reagent-grade chemicals were acquired from Sigma Aldrich (Dorset, UK) or Fisher
Scientific (Leicestershire, UK). Yeast extract, tryptone and soy peptone were purchased from
Merck (Darmstadt, Germany).

2.1. BACTERIAL STRAINS AND MEDIA
All bacterial strains used in this work are listed in Table 4. Cultures were grown in a
MaxQ 6000 (Thermo Scientific) incubator shaker. Overnight cultures were inoculated from a
frozen stock. E. coli was grown at either 30 or 37 ºC, and G. thermoglucosidasius was
routinely grown at 55 ºC.

Table 4. Strains of E. coli and G. thermoglucosidans used in this study.
Strain
E. coli JM109

E. coli DH5α

E. coli DH10B

E. coli BioBLUE
G.thermoglucosidan
s DL33
G.thermoglucosidan
s DL44

!

Description
endA1, recA1, gyrA96, thi, hsdR17 (rk–,
mk+), relA1, supE44, Δ( lac-proAB), [F´
traD36, proAB, laqIqZΔM15]
F-, endA1, glnV44, thi-1, recA1, relA1,
gyrA96, deoR, Φ80dlacZΔM15, Δ(lacZYAargF)U169, hsdR17(rK- mK+), λ–
Δ(ara,leu)7697, araD139, tonA, ΔlacX74,
DH10Bdup, galK16, galE15,d eoR, 14,
mcrA,
galU, Φ80dlacZΔM15, recA1, relA1,
endA1, Tn10.10, nupG, rpsL, rph, spoT1,
Δ(mrr-hsd-RMS-mcrBC) [Durfee et al.
2008]
recA1, endA1, gyrA96, thi-1, hsdR17(rkmk+), supE44, relA1, lac [F´ proAB
lacIqZΔM15 Tn10(Tetr)]

Source/reference
Promega
(Southampton, UK)
Life Technologies
(Paisley, UK)

Life Technologies
(Paisley, UK)

Bioline
UK)

(London,

Wild-type isolate

TMO-Renewables
(Surrey, UK)

ldh- knockout of DL33

Taylor, 2008
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2.2. BACTERIAL GROWTH CONDITIONS
All growth media used in this study for both E. coli and G. thermoglucosidans are
listed in Table 5.

Table 5. Media used to grow E. coli and G. thermoglucosidasius
Medium
LB

2TY

TGP

BCM

ASM

Components and specifications
Tryptone 10 g/L, Yeast extract 5 g/L,
NaCl 5 g/L. Adjusted to pH7 with HCl or
NaOH
Tryptone 16 g/L, Yeast extract 10 g/L,
NaCl 5 g/L. Adjusted to pH7 with HCl or
NaOH
Tryptone 17 g/L, Soy peptone 3 g/L,
NaCl 5 g/L, K2HPO4 2.5 g/L. Postautoclave addition of glycerol 4 mL/L and
C3H3NaO3 4 g/L. Adjusted to pH7 with
HCl or NaOH
Tryptone 17 g/L, Soy peptone 3 g/L,
Yeast extract 5 g/L, NaCl 5 g/L, K2HPO4
2.5 g/L. Post-autoclave addition of
Glucose 10 g/L, HEPES 2 mM. Adjusted
to pH7 with HCl or NaOH
NaH2PO4 20 mM, K2SO4 10 mM, Citric
acid 8 mM, MgSO4 5 mM, CaCl2 0.08
mM, Na2MoO4 1.65 μM, (NH4)2SO4 25
mM, Tryptone 0.1%, Sulphate Trace
Elements Solution (TE) 5 mL/L; where
TE:
H2SO4·7H2O 5 mL/L, ZnSO4·7H2O 1.44
g/L, FeSO4·7H2O 5.56 g/L, MnSO4·H2O
1.69 g/L, CuSO4·5H2O 0.25 g/L,
CoSO4·7H2O 0.56 g/L, NiSO4·6H2O 0.89
g/L, H3BO3 0.08 g/L. Post autoclave
additions of:
Tryptone 1%, Glucose 0.1M
Adjusted to pH7 with NaOH

Organisms cultured
E. coli
B. subtilis 168
G. thermoglucosidans

G. thermoglucosidans

G. thermoglucosidans

G. thermoglucosidans
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2.3. FROZEN GLYCEROL STOCKS
Glycerol stocks of the strains used in this study were prepared by mixing 750 µL of
50% glycerol with 750 µL of culture in a cryogenic vial (Thermo Scientific). Stocks were kept
at -80 ºC.

2.4. STERILIZATION
All media, instruments and containers were sterilized before use by autoclaving 121
ºC/103 MPa 15 minutes. Heat-sensitive ingredients were dissolved and filtered through a
Minisart 0.2 µm syringe filter (Sartorius, Goettigen, Germany). Gamma-irradiated disposable
spreaders and loops were used.

2.5. ANTIBIOTIC SELECTION
For selection based on antibiotic resistance in E. coli, ampicillin was used at a
concentration of 100 μg/mL and kanamycin used at a final concentration of 50 or 100 μg/mL.
For selection in G. thermoglucosidans, a final concentration of 25 μg/mL kanamycin was
used. Chloramphenicol was used at a final concentration of 12 µg/mL in G.
thermoglucosidasius and 6 µg/mL in E. coli. Ampicillin and chloramphenicol were diluted in
100% ethanol, whereas kanamycin was diluted in water.

2.6. PLASMID PURIFICATION
Plasmids were purified from E. coli and G. thermoglucosidasius using the QIAprep
Spin Miniprep Kit (QIAGEN, Crawley, UK) following the manufacturer’s protocol. In the case
of G. thermoglucosidasius, lysozyme was added to P1 buffer at a final concentration of 10
mg/mL and the cells were mixed with P1/lysozyme and incubated at 37 ºC for 48 hours. DNA
was quantified using a NanoDrop 1000 (Thermo Scientific). Sequencing was carried out by
Source Bioscience.
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2.7. POLYMERASE CHAIN REACTION (PCR)
Oligonucleotides were purchased from Invitrogen (Life Technologies, Pisley, UK) and
Integrated DNA Technologies (Leuven, Belgium). PCR reactions were carried out in a G
Storm thermal cycler (Gene Technologies Ltd, Essex, UK) or in a MasterCycler Gradient
(Eppendorf, Hamburg, Germany). Phusion Polymerase (Thermo Scientific, MA, USA) and Q5
HF polymerase (New England Biolabs, Hertfordshire, UK) were used according to
manufacturer’s instructions. The annealing temperatures were calculated using the NEB Tm
determination website [http://tmcalculator.neb.com/#!/] and an elongation time of 30 sec per
1000 bp was used. For analytical colony PCRs, ReadyMix REDtaq PCR mix (Sigma-Aldrich)
was used.

PCR amplified DNA was electrophoresed through a 0.8 or 1 % agarose gel in TAE
Buffer (4.85 g Tris, 1.14 g acetic acid and 2 mL 0.5M sodium EDTA per litre) and, when
required, gel-extracted and purified using the QiaQuick gel extraction kit (QIAGEN, Crawley,
UK). The sizes of the fragments were compared against the Fermentas 1 kb DNA ladder
(Figure 7).

Figure 7. 1 kb DNA ladder used as the molecular weight marker
(Thermo Scientific)
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2.8. GIBSON ONE-STEP ISOTHERMAL DNA ASSEMBLY
A 5X isothermal reaction buffer was prepared according to the protocol of Gibson et
al. [2009], containing 3 mL of 1M Tris-HCl pH7.5, 150 μL of 2M MgCl2, 60 μL of 100 mM of
each of the four dNTPs, 300 μL 1M DTT, 1.5 g PEG-8000 and 300 μL 100 mM NAD and
molecular grade water to a final volume of 6 mL. The assembly mastermix contained 320 μL
of the 5X isothermal reaction buffer plus 0.64 μL of 10 U/μL T5 exonuclease, 20 μL of 2 U/μL
Phusion DNA polymerase, 160 μL of 40 U/μL Taq ligase and water to a final volume of 1.2
mL, which was then divided into 15 μL aliquots. For every Gibson reaction, one aliquots was
mixed with 0.15 pmoles of DNA of each part. 1 μL of the Gibson reaction was used to
transform BioBLUE chemically competent cells (Bioline, London, UK).

2.9. RESTRICTION DIGESTS AND LIGATIONS
Restriction enzymes were purchased from New England Biolabs. Digests were
carried out following the manufacturer’s protocol at 37 ºC overnight. DNA was
electrophoresed through a 1 % agarose gel and, when required, gel-extracted and purified.
The ligation reactions were carried out by mixing 5 μL of T4 ligation buffer (Fermentas) with 1
μL of 1000 CEU/μL T4 DNA ligase and incubating at 10 ºC overnight following a denaturation
step at 65ºC for 20 minutes and desalting using 0.25 µm nitrocellulose filters. 5 µL of the
desalted ligation were routinely used to transform 100 µL of chemically competent DH10ß.

2.10. PREPARATION OF CHEMICALLY COMPETENT E. COLI
Chemically competent E. coli JM109 or DH10B cells were prepared after a frozen
stock was used to inoculate 5 mL of LB media. The culture was grown overnight at 37 ºC with
shaking at 250 rpm. 500 µL of this culture was used to inoculate 50 mL of LB media in a 250
mL baffled conical flask, which was subsequently incubated at 37 ºC in a rotary shaker for 23 h until it reached an OD600 of 0.5. The culture was cooled on ice for 10 min and the cells
were harvested by centrifugation (4ºC, 4000 rpm, 5 min). The cells were resuspended in 5
mL of chilled CCMB80 buffer (80mM Calcium Chloride, 20mM Manganese Chloride, 10mM
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Magnesium Chloride, 10mM Potassium Acetate, 10% Glycerol) and divided into 200 μL
aliquots that were stored at -80 ºC.

2.11. TRANSFORMATION OF CHEMICALLY COMPETENT E. COLI
100-300 ng of purified plasmid DNA was mixed with a 100 μL aliquot of chemically
competent E. coli cells. The vial was allowed to rest on ice for 30 min, after which the cells
were incubated at 42 ºC for 30 seconds and then placed back on ice for 2 minutes. Following
this, the cells were diluted with 320 μL of SOC media (2% tryptone, 0.5% yeast extract, 10
mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose) and allowed to
recover for 1 hour at 37 ºC, shaking, after which they were plated on an LB agar plate
containing the appropriate antibiotic.

2.12. PREPARATION OF ELECTROCOMPETENT G. THERMOGLUCOSIDANS
Electrocompetent G. thermoglucosidans cells were prepared according to the protocol
of Taylor et al. [2008]: A sample from a frozen stock of G. thermoglucosidans 11955, DL33 or
DL44 was used to inoculate 5 mL of pre-warmed 2TY or TGP and grown overnight at 55 ºC
in a rotary shaker at 250 rpm. 500 μL of this culture were used to inoculate 50 mL of prewarmed 2TY or TGP in a 250 mL baffled conical flask, which was subsequently incubated at
55 ºC with shaking for 5-6 hours until it reached an OD600 of 1.4. The culture was allowed to
cool on ice for 10 minutes and then the cells were harvested by centrifugation (4 ºC, 4000
rpm, 10 min). The cells were washed three times with 10 mL of electroporation buffer
(sorbitol 0.5 M, mannitol 0.5 M and glycerol 10% v/v). The final cell pellet was resuspended
in 800 µL of electroporation buffer and divided into 300 μL aliquots that were immediately
stored at -80 ºC.

2.13. TRANSFORMATION OF G. THERMOGLUCOSIDANS
Transformation of Geobacillus was done following the protocol in Taylor et. al. [2008]:
100-300 ng of plasmid DNA were mixed with 140 μL of electrocompetent cells and
transferred to an electroporation cuvette. A Bio-Rad gene pulser electroporator was used to
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pulse cells at 2500V, 10 μF capacitance and 600 Ω resistance. Time constants ranged from
4-6 ms. Immediately after the pulse, 320 μL of pre-warmed TGP were added to the cells and
they were allowed to recover for 1 h at 55 ºC with shaking at 250 rpm. Transformants were
selected on TGP or 2TY plates containing kanamycin at 55 ºC.

2.14. GROWING G. THERMOGLUCOSIDANS ANAEROBICALLY AND
MICROAEROBICALLY

Anaerobic growth was achieved by inoculating a single colony grown overnight on a
TGP or 2TY/kanamycin plate into 1.5 mL of ASM media under sterile conditions. After
vortexing, 1 mL of this culture was injected through the suba-seal to 15 mL of ASM in a
sterile Hungate tube. The culture was then sparged by injecting filter sterilized oxygen free
nitrogen through a needle that pierced the suba-seal for 5-10 minutes while allowing oxygen
to be displaced and removed from the vial by a second unconnected needle that was also
placed piercing the suba-seal. A test for oxygen concentration after sparging was not carried
out.

Microaerobic growth was achieved by inoculating a single colony grown overnight on
a TGP or 2TY/kanamycin plate to a 50 mL Falcon tube that was filled with 45 mL of BCM
media. The cap was tightly screwed and the Falcon tube was placed in a rotary shaker
horizontally at 55 ºC overnight. This allowed initial aerobic growth until the oxygen was
consumed but a test for oxygen concentration after sparging was not carried out.

2.15. OPTICAL DENSITY ANALYSIS
Optical density was routinely measured on a Jasco Genova Jenway spectrophometer.
Optical density at 600 nm (OD600) was used as an indicator of the biomass in the culture.
Cultures were diluted 1:10 and sterile media was used as a blank to obtain an accurate
reading.
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2.16. LYSING
Cells were routinely lysed by using a Sonics Vibracell (Sonics and Materials Inc.,
Newtown, CT, USA) sonicator. Six fifteen-second bursts of sonication were interspersed
between six fifteen-seconds without sonication (amplitude 50 %). The soluble fraction of the
cell extract was obtained by centrifugation at 14 000 rpm for 3 minutes.

2.17. SDS-PAGE
A 5 mL resolving 12% polyacrylamide gel consisted of 1.6 mL water, 2 mL acrylamide
mix (30 % acrylamide and 0.8% bis-acrylamide), 1.3 mL Tris-HCl 1.5 M pH 6.8, 100 µL 10%
SDS, 30 µL 10% Ammonium persulphate, 4 µL TEMED. The stacking gel consisted of 680
µL water, 170 µL acrylamide mix, 130 µL Tris-HCl 1 M pH 8.8, 10 µL 10% SDS, 10 µL 10%
ammonium persulphate, 1 µL TEMED.

40 µL of cell lysate were mixed with 5X SDS Laemmli buffer (60 mM TrisHCl pH 6.8,
2% SDS, 10% glycerol, 5% ß-mercaptoethanol, 0.01% bromophenol blue). The mix was
incubated at 95 ºC for 5 minutes and loaded onto the gel together with the Prestained
Molecular Weight Marker (Thermo Scientific), shown in Figure 8.

Gels were run in a Mini-PROTEAN Tetra Cell (BioRad, Hampstead, UK), at 100 V for
one hour in 1X SDS-Running buffer; where 50X SDS Running buffer: 30 g/L Tris, 144 g/L
glycine and 10 g/L SDS.

SDS-PAGE gels were incubated with Coomassie protein staining dye (0.2%
Coomassie blue R-250, 40% ethanol, 10% acetic acid) for one hour. The gel was then
transferred to destaining solution (40 % ethanol, 10% acetic acid) overnight.
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Figure 8. Prestained molecular protein marker included in
SDS-PAGE gels and Western blots (Thermo Scientific)3.

2.18. WESTERN BLOTTING
An SDS-PAGE gel was blotted to a membrane optimized for protein transfer
(Amersham Hybond-LFP, GE Healthcare, UK) using a Transfer Blot SD semi-dry Transfer
Cell (BioRad, CA, USA). The membrane was activated by suspension in methanol and
afterwards, soaked in Transfer Buffer (48 mM Tris, 39 mM glycine, 0.04% SDS and 20%
methanol). Proteins were transferred onto the membrane for 30 minutes at 25 V. The
membrane was subsequently soaked in Blocking Solution and the Novex Western Breeze
Immunodetection kit (Life Technologies) was used according to manufacturer's instructions.
The membrane was incubated with primary 6X His Anti-Mouse antibody (Invitrogen)
overnight, followed by two washes in Antibody Wash solution. The membrane was then
incubated with a secondary anti-mouse antibody for an hour. All incubations were carried out
with shaking at 60 rpm. The membrane was subsequently washed three times with water and
incubated with Novex Chromogenic dye and the bands were allowed to reveal for 20
minutes, after which the membrane was washed with water and imaged.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3

Figure taken from [http://www.thermoscientificbio.com/protein-electrophoresis/pageruler-prestainedprotein-ladder/]
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2.19. TOTAL RNA EXTRACTION
The RNeasy Protect Bacteria Mini Kit (QIAGEN) was used in conjunction with the
RNase free DNase kit (QIAGEN) to extract total RNA from G. thermoglucosidans. RNasefree tips, microcentrifuge tubes and water were used throughout. For each isolation, 1 mL of
a culture in exponential phase (OD600 0.5-0.8) was used. 10 mg/mL lysozyme were added to
TE buffer and Proteinase K was added to inactivate nucleases according to the
manufacturer's instructions. RNase-free DnaseI (Fermentas, York, UK) was used to remove
DNA from the extractions.

2.20. REVERSE TRANSCRIPTION PCR (RT-PCR)
The purified and DNase I-treated total RNA was converted to cDNA using the High Capacity
cDNA Reverse Transcription kit (Applied Biosystems, Warrington, UK) following the
manufacturer's instructions. cDNA was subsequently used as a template for PCR.

2.21. HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY ANALYSIS (HPLC)
The extracellular presence in the supernatant of the growth medium ASM of
isobutanol, isobutyraldehyde, 2-ketoisovalerate as well as glucose, acetate, lactate, ethanol,
formate,

pyruvate,
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of
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chromatography (HPLC). Overnight cultures were harvested by centrifugation and the
supernatant was filtered through a Minisart 0.2 µm syringe filter (Sartorius) to remove
physical particles and cell debris. 1 mL of the filtered supernatant was transferred to a
chromatography glass vial and sealed with septum and cap (Thermo Fisher Scientific,
Chromacol, Hertfordshire, UK).

Samples were analyzed on a Agilent 1200 series HPLC system which consisted of
the following components: a PU2080 plus pump, AS-2051 plus intelligent sampler, a UV075
plus UV/Vis spectrophotometer measuring absorbance at a wavelength of 210 nm, a RI-2031
plus refractive index (RI) detector. The column is Phenomenex Rezex RHM, Monosaccharide
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H+ 300 x 7.8. The temperature of the column was set to 65 ºC. A 10 μl volume of the sample
was injected into the HPLC system and carried by a mobile phase of 10 mM sulphuric acid at
a flow rate of 0.6 ml/min. Compounds were separated over an elution time of 35 minutes at
60 ºC. Detection was done by Refractive Index (RI) only.

2.22. GAS-CHROMATOGRAPHY AND MASS SPECTROMETRY (GC-MS)

Gas Chromatography and Mass Spectrometry (GC-MS) was used to detect the
presence of isobutanol in G. thermoglucosidans cultures grown overnight in ASM. Overnight
cultures were harvested by centrifugation and the supernatant was filtered through a Minisart
0.2 µm syringe filter (Sartorius) to remove physical particles and cell debris. 1 mL of the
filtered supernatant was mixed with 1 mL of toluene and shaken for 30 minutes, after which,
the mixture was centrifuged and the upper organic layer was transferred to a
chromatography glass vial sealed with septum and cap (Thermo Fisher Scientific). The
sample was analyzed on an Agilent (7890B GC with a 5977 MSD) GC-MS system. The
boiling point column used was a DB-FFAP (30m x 250um x 0.25um). The method was as
follows: Isothermal at 40°C for 1 min, ramp to 200°C with the rate of 10°C/min, isothermal at
200°C for 5 minutes.

2.23. MICROSCOPY
Cells were diluted in water and a 5 µL sample was added to a microscopy slide. The
microscope used was the Nikon Eclipse Ti inverted microscope with the 60x CPI60 objective.
The excitation, emission and exposure times for each acquisition were for the GFP channel
480nm excitation and 535nm emission while for the Cy3 (Red) channel 532nm and 590nm
respectively. The images were viewed using the software NIS-Elements Microscope Imaging
Software (Nikon).
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2.24. FLOW CYTOMETRY
1 µL of a culture that reached stationary phase of E. coli and G. thermoglucosidans
were diluted in 1 mL of water and analyzed on a modified Becton-Dickinson FACScan flow
cytometer. Samples were run on high flow rate until 30000 events were observed or 30
seconds had elapsed. The gate setting for G. thermoglucosidans applied were the E. coli
parameters. Flow cytometry settings used were all taken on the log scale; FSC sensor E01,
SSC voltage 350, FL1 voltage 700, threshold 52 (SSC). Data was analyzed using FlowJo
with a tight forward scatter/side scatter gate being applied to select for a homogeneous
population size.
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3. C H A P T E R 3:
PROMOTERS AND REPORTER PROTEINS FOR GEOBACILLUS
THERMOGLUCOSIDANS

The key contributions and results of this chapter are:
1. It has been demonstrated that sfGFP is an ideal fluorescent reporter for G.
thermoglucosidans when the growth of cells occurs under aerobic conditions because
it is thermostable at high temperatures.
2. It has been demonstrated that mCherry could be used as an alternative to sfGFP as a
fluorescent reporter under aerobic conditions but mCherry is not as thermostable as
sfGFP.
3. It has been demonstrated that BsFbFP could be used as a fluorescent reporter under
anaerobic conditions as long as the fluorescence is measured with flow cytometry
using the appropriate excitation wavelength.

3.1. I N T R O D U C T I O N
To be able to use G. thermoglucosidans as the thermophilic platform of production, it
is necessary to create and characterize the bioparts required for transcriptional and
translational regulation. This chapter in particular focuses on new reporter proteins that can
be paired up with existing G. thermoglucosidans promoters.
The aim of the toolbox is to create an expression vector that permits to carry out initial
screenings of promoter activity and therefore protein expression in E. coli and subsequently,
to characterize the strength of promoter activity in G. thermoglucosidans. In the present
chapter we describe the most relevant promoters that have been previously used for
transcriptional control in G. thermoglucosidans as well as the non-fluorescent reporter
proteins used to characterize them. In addition, we introduce potential fluorescent proteins
that would be ideal reporters for Geobacillus thermoglucosidans.
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3.1.1. PROMOTERS
Promoters are important for this work because:
•

They are crucial bioparts required for the construction of synthetic biology devices.

•

Promoters that work in G. thermoglucosidans are necessary to express proteins in
G. thermoglucosidans.

•

Ideal promoters for G. thermoglucosidans should also be active in both E. coli and G.
thermoglucosidans to facilitate the preliminary screening of colonies in E. coli.
Compared to the model organisms used widely in synthetic biology and metabolic

engineering (e.g. E. coli and S. cerevisiae), there are very few characterized promoters for
Geobacillus spp. and they are: p43, ldh, pUP and RplS, all introduced below.
The p43 promoter was obtained from the genome of B. subtilis 168 by Wang and Doi
[1984] where it is known to resuls in strong gene expression in B. subtilis and E. coli [Wang
and Doi 1984, Zhang et al. 2007]. N. Crowhurst [2010] confirmed that the p43 promoter is
active in G. thermodenitrificans under aerobic and microanaerobic conditions.
The ldh promoter was developed as a promoter for expression in Geobacillus spp. by
Bartosiak-Jentys [2012]. It was obtained from the genomic ldh gene sequence of G.
stearothermophilus NCA1503 and in its natural setting it controls the expression of lactate
dehydrogenase (Ldh), responsible for the conversion of pyruvate to lactate [Taylor, 2007].
pUP is a constitutive promoter whose sequence is taken from the genomic uracil
phosphoribosyltransferase gene of G. thermoglucosidans TM89. The RplS promoter is also a
constitutive promoter from the Geobacillus genome and in its natural setting it transcribes the
mRNA for the 50S ribosomal protein L19. Both of these promoters were isolated by Benjamin
Reeve at Imperial College London [publication pending]. Unlike the ldh promoter, both of
these promoters are active both in E. coli and G. thermoglucosidans.
It was decided that the expression of novel reporter proteins should be directed by
the strongest promoters available for G. thermoglucosidans, namely: the ldh, p43 and RplS
promoters because the work was aimed at testing whether the novel reporter proteins are (1)
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expressed by G. thermoglucosidans in good yields to allow detection and (2) whether the
proteins are thermostable when expressed at 55 ºC given that denaturation by heat is a
common problem of mesophilic proteins.

3.1.2. REPORTERS
This work focuses on the search for novel fluorescent reporter proteins for G.
thermoglucosidans because:
•

Fluorescent reporters are easier to measure than colorimetric reporters using flow
cytometry.

•

Flow cytometry is a more effective method for measuring reporter expression
because it is more accurate than spectrophotometer readings.
Reporter proteins are used to characterize promoter activity, particularly to measure

promoters and RBS interactions in a variety of culture conditions. Reporter proteins are also
often used as tags for protein localization studies. An ideal reporter protein should be easy to
detect and assay in a way that allows reliable quantification that can be repeatable. The
most common reporter proteins for use in mesophiles like E. coli are the green fluorescent
protein (GFP), red fluorescent protein (RFP), ß-galactosidase (LacZ) and variants of
luciferases (e.g. LuxAB). While reporter systems for for Gram-positive thermophiles like G.
thermoglucosidans, were until very recently [Bartosiak-Jentys, 2012] [Blanchard, 2014],
unavailable. This lack of reporter genes meant that promoters for Geobacillus spp. could not
be characterized and progress in developing Geobacillus as a synthetic biology chassis was
severely hampered.

3.1.2.1. THE PHEB ASSAY FOR GEOBACILLUS SPP.
So far the only reporter proteins that have been used in Geobacillus spp. are pheB
and lacZ, but both of which require a colorimetric assay to characterize promoters, which is a
tedious assay. Bartosiak-Jentys developed a reporter system [2009, 2012] based on the xylE
homologue pheB isolated from G. stearothermophilus. The pheB assay is a colorimetric
assay: when 100 mM catechol is added to cells expressing xylE, they change colour and
become bright yellow because the enzyme catechol 2,3 dioxygenase cleaves catechol to 2-
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hydroxymuconic semialdehyde, which is a yellow compound. The colour change can be
measured by a spectrophotometer at 375 nm within minutes of the assay being initiated.
Colonies or cell extract containing pheB can be identified by their yellow colouration after
being sprayed with 100 mM catechol.
In order to express pheB in G. thermoglucosidans, Bartosiak-Jentys [2009] developed
a plasmid termed "pGR002", which was composed of the pUCG18 backbone and within the
plasmid backbone, as seen in Figure 9, placed between the PstI and XbaI restriction
enzyme recognition sites, was included the NCA1503 ldh promoter between the PstI and
XbaI sites of the multiple cloning site (MCS) and the reporter pheB, which encodes the
catechol 2,3 dioxygenase from G. stearothermophilus (NCBI accession number DQ
146476.2) between XbaI and SacI. The RBS sequence that was placed downstream from
the ldh promoter and used to express pheB was the one natively found upstream from the
start codon of the pheB gene in G. stearothermophilus. Hereinafter, it will be referred to as
"pheB-RBS". The sequence of pGR002, including that of pheB-RBS can be found in the
Appendix Figure A114.
The advantage of pheB as a reporter is that the colour change is independent of the
conditions used. The pheB protein as well as the catechol and 2-hydroxymuconic
semialdehyde are thermostable so the assay can be carried out at either 55 ºC or at room
temperature and it does not require oxygen for maturation, therefore it can be used to
characterize promoters anaerobically [Bartosiak-Jentys 2012].
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Figure 9. Plasmid map of pGR002. The G. stearothermophilus NCA1503 ldh promoter is located
between the PstI and XbaI restriction enzyme recognition sites, whereas the reporter pheB is located
between the XbaI and SacI sites.

However, pheB is not an ideal reporter because the assay is time-consuming. The
absorbance readings depend strongly on the OD600 of the cultures, and even when cell lysate
is used, calibration is required (i.e. protein quantification using a Bradford assay). The timing
of the reading is also important, because the yellow colour turns to brown with time and
temperature. In addition, calibration curves need to be routinely compiled in order to obtain
readings as accurate as possible.
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Figure 10. Photograph demonstrating the colour change exhibited by G. thermoglucosidans
and E. coli cells expressing pheB with and without the addition of catechol. The two
microcentrifuge tubes at the left contain cell pellets of G. thermoglucosidans. The cells at the top left
exhibit orange coloration, product of the pheB-catalyzed degradation of catechol into 2hydroxymuconic semialdehyde (which is a yellow compound), that distinguishes them from the bottom
left cells, that have not had catechol added to them but are also expressing pheB. The two
microcentrifuge tubes at the right contain cell pellets of E. coli cells that have also had 100 mM
catechol added to them (top right) and are yellow in comparison to the cells that haven't had catechol
added to them (top right). The cells were mixed with 100 mM catechol by pipetting and incubated for
10 minutes at room temperature.

Figure 10 vividly illustrates why pheB is not an ideal reporter. Promoter activity is
measured by the degree of "yellowness" exhibited by the cells after the addition of catechol
and it's not comparable between G. thermoglucosidans and E. coli. In the thermophile, the
colouring becomes more orange/brown when catechol is added compared to a salmon/pink
color when no catechol has been added. For every absorbance reading, the negative needs
to be subtracted, but it is uncertain the exact degree to which the salmon/pink colour
overlaps with the reading for the yellow colour. A spectral scan would be necessary to
determine the difference in readings obtained with the different colorations.
Lin et al. [2014] used the G. stearothermophilus β-galactosidase as a reporter to
characterize promoter activities in G. thermoglucosidans. Blanchard et al. [2014], also used
LacZ, but in G. stearothermophilus. The LacZ assay is colorimetric as well and presents the
same problems as the pheB assay, therefore more direct reporters needs to be sought.
More effective reporter proteins have been used for mesophiles that permit to analyze
whole cells in vivo and which produce more accurate results. Such is the case of fluorescent
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proteins like GFP. Quantifying fluorescent reporters using flow cytometry bypasses the
problems encountered for the pheB assay because it permits to determine accurately the
fluorescence of every single cell. Cells can be processed in vivo and whole and the final
OD600 has no effect on the fluorescence reading and calibrations are not necessary per run.

3.1.2.2. FLUORESCENT PROTEINS
Three kinds of fluorescent proteins will be investigated as potential fluorescent reporters in
G. thermoglucosidans:
•

Green Fluorescent Protein (GFP)

•

Red Fluorescent Protein (mCherry)

•

LOV-domain proteins

3.1.2.2.1. GREEN FLUORESCENT PROTEIN (GFP)
sfGFP is being investigated as a reporter in G. thermoglucosidans because:
•

It is a widely used reporter in synthetic biology.

•

Colonies are easy to screen visually using a table-top blue-light transilluminator.

•

It has more robust folding kinetics than any of the other variants of GFP.
To the author's knowledge, no successful fluorescent reporters have been reported

for G. thermoglucosidans and they are necessary because flow cytometry is the most used
method in synthetic biology for the characterization of promoters and in the assembly of
circuits (e.g. REF), but it is unknown how thermostable or thermophilic these proteins are
when expressed by G. thermoglucosidans. GFP has however, been expressed by
thermophiles before, for instance, Cava et al. reported in 2008 that a superfolder variant of
GFP (hereafter referred to as sfGFP) works at high temperatures in the thermophile
Thermus thermophilus. Blanchard et al. reported in 2014 on the successful expression of
sfGFP in G. stearothermophilus. The use of sfGFP in G. thermoglucosidans has not been
reported up to now, but its improved folding kinetics leads us to believe that it would be a
good candidate to test for fluorescence at 55 ºC in G. thermoglucosidans.
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As detailed in Table 6, the superfolder variant of GFP (sfGFP) differs from a
previously used variant of GFP named frGFP (folding-reporter GFP) by six mutations (twelve
mutations that make it different from the wild-type GFP), which increase fluorescence and
make folding kinetics more robust [Pédelacq et al. 2006]. GFP has been used as a fusion tag
in protein folding experiments. Fused proteins can reduce the folding of GFP variants that
have poor folding kinetics. The advantage of using sfGFP to study protein folding is that it is
unaffected by fusion partner misfolding [Pédelacq et al. 2006], thus making it ideal to study
protein expression.
Table 6. Mutations of three of the variants of GFP of in comparison to the wild-type GFP
Variant of GFP

Mutations

enhanced GFP (eGFP)

F64L, S65T

folding reporter GFP (frGFP)

F64L, S65T, F99S, M153T, V163A

superfolder GFP (sfGFP)

F64L, S65T, F99S, M153T, V163A, S30R,
Y39N, N105T, Y145F, I171V, A206V, Q80R

A correctly folded GFP consists of an internal chromophore surrounded by a tight ßbarrel. The chromophore of sfGFP is formed from residues T65-Y66-G67 and it is buried in
the middle of the central helix, which in turn contains the backbone cyclized chromophore.
Around the chromophore, there must be a formation of a ß-barrel structure for the correct
formation of the chromophore [Andrews et al. 2007]. GFP does not require cellular
chaperones for folding, but to exhibit fluorescence, the tight ß-barrel structure must be
maintained, and sfGFP forms its ß-barrel faster than any other variant of GFP, which is what
makes it more robust [Aronson, 2011].
Directed evolution approaches were required to obtain variants of GFP with better
kinetic and folding properties that would allow to express them heterologously in other hosts
because wild-type GFP misfolds when expressed by E. coli due to the highly oxidizing
periplasmic conditions in E. coli, which generate the formation of disulphide bridges involving
the cysteine residues (C49 and C71) located in the interior of the ß-barrel and flanking the
chromophore, since both residues are exposed during folding and can bind to other folding
GFP molecules or cysteine-containing proteins. Interestingly, two of the mutations of sfGFP
(S30R, Y39N) occur before the cysteine residues, which must help confer the rapid folding
and stability [Aronson et al. 2011].
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The formation of the chromophore in GFP is a posttranslational modification.
Barondeau et al. in 2003, reported that under aerobic conditions, the chromophore of GFP
cyclizes and incorporates an oxygen atom. This does not happen under anaerobic
conditions. Without molecular oxygen, the oxidation reaction cannot take place and the
conjugated bonds required to form the chromophore do not occur, therefore, the final threedimensional protein structure to exhibit fluorescence.
E. coli expressing sfGFP were twofold more fluorescent than cells expressing frGFP
and 50 fold more fluorescent when fused to a poorly folded protein (ferritin), and is more
stable [Pédelacq et al. 2006], makes believe that it would be ideal to test as a reporter
protein in G. thermoglucosidans. If the protein exhibits fluorescence at high temperatures,
ideally at 55 ºC in G. thermoglucosidans, it could be used as a reporter to characterize
promoter activity both in E. coli and G. thermoglucosidans.
The excitation wavelength of sfGFP is 485 nm and its emission 530 nm. Apart form
sfGFP, other reporter proteins have been developed with different excitation/emission
wavelengths. This would permit to express simultaneously various reporter proteins in the
same cell and be able to analyze each separately. Different colors can be used to image
different parts of the cell simultaneously and allow real-time tracking of parallel cellular
processes. When a cell is expressing various fluorescent proteins simultaneously, in order to
avoid obtaining overlapping signals, having proteins that have different excitation/emission
wavelengths allows the controlled observation of each reporter at a time so it is necessary to
look for reporters other than GFP that have excitation and emission wavelengths that do not
overlap with sfGFP for when it is necessary to express both reporters simultaneously, in a
circuit for example, or when two plasmids need to be transformed into G. thermoglucosidans,
each carrying a different cargo that has a specific function. It would be an easy way to
confirm that the cells have retained both plasmids, or to test for the efficieny of the circuit if it
can be confirmed that both proteins are being expressed simultaneously, but their signals
need to not overlap. Various fluorescent proteins of different colours have been created for
this purpose, they have emission and excitation spectra, depending on their colour, that
overlap little or not at all with that of GFP. mCherry is one of the most popular reporters used
simultaneously with sfGFP to avoid readings of overlapping signals.
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3.1.2.2.2. RED FLUORESCENT PROTEIN (MCHERRY)
mCherry is being investigated as a reporter in G. thermoglucosidans because:
•

Its excitation/emission wavelengths do not overlap with sfGFP.

•

mCherry is already known to be used as a reporter in E. coli.

•

It would be ideal if mCherry, in addition to sfGFP, could also be used as a reporter for
G. thermoglucosidans, for cases when two reporters need to be expressed within the
same cell in a circuit or to test for plasmid compatibility.

mHoneydew, mBanana, mOrange, tdTomato, mTangerine, mStrawberry and
mCherry, are some of the improved monomeric red, orange and yellow fluorescent proteins
derived from the mRFP1 monomer, from the marine anemone Discosoma striata DsRed
fluorescent tetramer and they were developed by Shaner et al. in 2004. They were created
by subjecting mRFP1 to directed evolution to obtain variants that are different in colour as
well as excitation and emission wavelengths and improved in brightness.
mCherry has an excitation maximum of 587 nm and an emission maximum of 610
nm. Among all the variants tested (mHoneydew, mBanana, mOrange, tdTomato,
mTangerine, mStrawberry and mCherry), mCherry offered the longest wavelengths, the
highest photostability, the fastest maturation and excellent pH resistance [Shaner et al. 2004,
Tramier, 2006].

3.1.2.2.3. ANAEROBIC FLUORESCENT PROTEINS: LOV-DOMAIN REPORTERS
LOV-domain proteins need to be investigated as potential reporters to characterize promoter
activity under anaerobic conditions, a task which neither GFP nor mCherry are capable of
due to the need of molecular oxygen for the formation of their chromophores and hence
fluorescence:
•

LOV-domain proteins are fluorescent and do not require oxygen to exhibit
fluorescence.

•

Four variants of LOV-domain protein are to be tested: BsFbFP, PpFbFP, hotLOV and
hbLOV. Each was selected for the specific reasons explained in detail below.
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•

Due to the absence of reports, to the best of the author's knowledge, regarding the
successful expression of any LOV-domain protein in a thermophile, several variants
of LOV-domain proteins were selected for testing of expression and correct folding in
E. coli and G. thermoglucosidans.

•

For this project, it is relevant to know that the LOV-domain proteins are involved in a
stress response in Bacillus subtilis because when expressed heterologously in a
different host, such as G. thermoglucosidans, the LOV-domain protein might trigger a
physiological response as well.
The strict requirement of molecular oxygen for the correct folding of their

chromophore means that the proteins of the GFP family can't be used to characterize the
anaerobic activity of promoters. Because anaerobic growth is important for the downstream
use of G. thermoglucosidans, we began a search for another fluorescent protein that does
not require oxygen for maturation. This search highlighted the flavin mononucleotide (FMN)based fluorescent protein family as a promising avenue.
Plants have FMN-based photoreceptors that are involved in phototropism, chloroplast
movement,

leaf

expansion,

stomatal

opening

and

even

flowering.

These

plant

phototreceptors contain two Light, Oxygen, Voltage (LOV) domains that act as signaling
modules and exhibit sensitivity to blue light. The chromophore is a flavin mononucleotide
(FMN): the FMN molecule absorbs blue light photons, which cause it to excite and form a
covalent the molecule bond with a specific cysteine residue in the LOV domain, and once
this bond has formed, the protein is in signaling state. All the subsequent processes that lead
to the physiological response after the molecule has achieved signaling state are under
investigation [Losi, 2006].
Photosynthetic and also non-photosynthetic bacteria, possess homologues to the
plant FMN-based phototropins. Among the non-photosynthetic prokaryotes, these proteins
are found in Pseudomonas spp., Brucella spp., Listeria spp. and interestingly for this project,
also in B. subtilis. In fact, YtvA from B. subtilis, was the first LOV protein discovered when
plant LOV domains were being compared to bacterial sequences [Huala, 1997]. YtvA
undergoes exactly the same blue-light induced biochemical reaction as plant phototropins,
although in B. subtilis, the signaling state of the protein triggers the general stress response
[Gaidenko, 2006]. It is not well understood why this is induced by blue light [Krauss, 2006]. It
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is known, however, that blue light is absorbed by porphyrins. All bacteria synthesize
porphyrins as heme or chlorophyl precursors. So it is possible that blue-light stress sensors
evolved in response to changing environmental conditions [Ghetti et al. 1992], which might
have evolved from the expression of photosynthesis genes in cyanobacteria [Stephan and
Gabriele, 2004].

3.1.2.2.3.1. BACILLUS SUBTILIS FLAVIN BASED FLUORESCENT PROTEIN
(BSFBFP) AND PSEUDOMONAS PUTIDA FLAVIN BASED FLUORESCENT PROTEIN
(PPFBFP)
The first two LOV-domain proteins tested as potential anaerobic fluorescent reporters for G.
thermoglucosidans will be BsFbFP and PpFbFP because:

•

They have been shown to work as anaerobic fluorescent reporters in mesophiles.

•

What they have in common is that they both posses a LOV-domain.

•

What's different between them is their amino acid sequence.

Drepper, et al. reported in 2007 the development of BsFbFP and PpFbFP. BsFbFP is
a mutated version of the B. subtilis 168 YtvA protein (see Figure 11). These two proteins are
FMN-based proteins and contain the LOV domain, but they exhibit cyan-green fluorescence
at an excitation wavelength of 450 nm, under both anaerobic and aerobic conditions, thanks
to a single mutation in their amino acid sequence (C62A). In the case of YtvA, it was reported
that by mutating the cysteine residue in position 62, which is the one to which FMN binds, to
a non-polar alanine that won't bind FMN, the protein becomes fluorescent, thus conferring it
potential to be exploited as a fluorescent reporter. PpFbFP is another variant of the YtvA
protein, but it is found in Pseudomonas putida. PpFbFP is the version mutated by Drepper et
al. in 2007 of the LOV-photosensor protein SB2, discovered by Krauss et al. in 2005. Both
BsFbFP and PpFbFP showed a maximal light absorption at 450 nm and a maximal emission
at 495 nm upon excitation. Table 7 shows a comparison among the excitation and emission
wavelength for the three reporter proteins tested.
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Table 7. Maximal excitation and emission wavelengths for the fluorescent reporter
proteins tested for E. coli and G. thermoglucosidans
Maximal excitation
Maximal emission
Reporter protein
wavelength (nm)
wavelength (nm)
sfGFP

485

530

mCherry

587

610

LOV-domain proteins

450

495

No reports exist so far for the BsFbFP protein being used as a reporter in
thermophiles, but given that B. subtilis is a close relative of Geobacillus spp. and their codon
usage should be similar, it was decided it would be interesting to find out whether this protein
can be implemented as a reporter in thermophiles.

Figure 11. Schematic view of the structure of the B. subtilis YtvA. The top red alpha helix is the
LOV domain. The structure at the bottom is a closer look at the FMN-chromophore that interacts with
the LOV domain. The cysteine residue in position 62 is at the top of the FMN-chromophore. It is
observed in the top structure how this cysteine residue interacts with the LOV domain. The sequence
at the top left shows the codon mutation required at positions 233-235. At the bottom left is the amino
acid change from cysteine to alanine in position 62.
Figure taken and modified from Krauss, 2007.
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LOV proteins can be found in the genomes of 35 bacterial species Losi et al. [2006].
A phylogenetic analysis based on on the alignment of the LOV sequences can be seen in
Figure 12.

Figure 12. Phylogenetic tree of bacterial species that contain genes that encode for
putative flavin-binding photosensors. The phylogeny was calculated on the basis of sequence
alignment of LOV domains. Avena sativa and Arabidopsis thaliana were used as the outgroups.
PpFbFP, from this work, corresponds to the LOV protein from Pseudomonas putida. hotLOV is the
LOV protein from Thermosynecoccus elongatus that was codon optimized for E. coli. BsFbFP
corresponds to the LOV protein from Bacillus subtilis, likewise, hbLOV corresponds to the same LOV
protein as BsFbFP but contains several mutations. hbLOV was originally developed by Song et al. but
was codon optimized for B. subtilis by B. Reeve (IC).
Figure taken and modified from Losi, 2006.

The reason wild-type LOV proteins do not exhibit fluorescence but C62A mutants do,
is that LOV domains bind non-covalently to the oxidized flavin mononucleotide (FMN)
chromophore and when exposed to blue light, at 450 nm, they undergo a reversible
photocycle that leads to the formation of an FMN-cysteine (Cys62 in YtvA) which exhibits
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weak autofluorescence with a maximal emission wavelength of 495 nm [Salomon et al.
2000]. Blue-light activation of YtvA results in structural changes, i.e. the formation of a
photoproduct. As confirmed by Drepper et al. in 2007, breaking the FMN-Cys62 bond results
in a dramatic change in the recovery kinetics, which explains the increase in fluorescence of
BsFbFP compared to YtvA [Losi 2006, Drepper et al. 2007, Krauss 2007].
FMN-based fluorescent proteins have been used as reporters in a variety of
mesophilic hosts [Lobo et al. 2011, Tielker et al. 2009]. In this work, we propose to test FMNbased fluorescent proteins as reporters in E. coli and G. thermoglucosidans. However, it is
possible that some degradation in E. coli and G. thermoglucosidans may occur, given that
Drepper et al. (2007) reported that when BsFbFP was tested in Rhodobacter capsulatus, a
Gram-negative mesophilic bacterium, the levels of fluorescence due to protein accumulation
were very low, possibly due to protein degradation or inefficient gene expression.

3.1.2.2.3.2. HOTLOV
hotLOV is the third LOV-domain protein to be tested as a potential anaerobic fluorescent
reporter for G. thermoglucosidans because:
•

It is derived from a thermophile, therefore, it might be thermostable and
thermophilic.

•

It has been codon-optimized for E. coli

hotLOV

is

yet

another

LOV-domain

protein

variant,

but

it

is

from

Thermosynechococcus elongatus (Accession number BAC08834.1). This thermophilic
cyanobacterium also contains an FMN-binding blue-light sensing protein. It was developed
by the Christie group at the University of Glasgow and was synthesized with codon
optimization for E. coli, as seen in the alignment in Figure 13. Given that the source of the
protein is a thermophilic host, it was assumed that the protein should be thermophilic and
thermostable. The Christie group developed it based on the hypothesis that, as it was
originated from a thermophilic host, it should have better folding properties that BsFbFP and
therefore, might be more fluorescent in E. coli and might possibly also be thermophilic and
thermostable. Taking this into consideration, it was decided that apart from BsFbFP and
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PpFbFP, hotLOV should be tested as a potential anaerobic fluorescent reporter for E. coli
and G. thermoglucosidans.

Figure 13. Comparison of the genomic sequence of Thermosynechococcus elongatus
corresponding to the LOV-domain protein with the codon optimized sequence of hotLOV. The
alignment between the codon-optimized hotLOV gene (query) and the genomic sequence of
Thermosynechococcus elongatus that was identified by NCBI BLAST as the closest match (subject).
The mismatches seen between the Query and the Subject sequences can be attributed to codon
optimization for E.coli.

3.1.2.2.3.3. HBLOV
hbLOV is a fourth variant of LOV-domain protein to be tested in this work:
•

It is different from BsFbFP, PpFbFP and hotLOV in that it contains mutations that are
predicted to confer thermostability based on a modelling approach.
Song et al. [2013] developed various different versions of the BsFbFP protein by

modeling the protein structure and mutagenesis. They claim that their mutants should more
thermostable than the original BsFbFP based on their modelling approach, where they
selected mutations that are on the surface of the dimer interface because they were the most
likely to produce salt bridges, thus making the interaction between both subunits stronger.
Figure 14 shows the eight sites that contributed to enhancing the fluorescence. The
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mutations that conferred thermostability also produce stronger van der Waals interactions
between neighbouring amino acids. Taking this into account, we believe that stronger
chemical interactions would indeed result in a more robustly folded protein and it is therefore
necessary to test this protein for thermophilicity and to corroborate its thermostability by
expressing as a reporter in G. thermoglucosidans.

Figure 14. Three-dimensional structure of hbLOV. Highlighted in red are the eight residues which
are predicted to confer thermostability to the hbLOV variants tested by Song et al. over the wild type
BsFbFP. The gray domain corresponds to the LOV-domain identified because of its proximity to the
FMN chromophore, whereas the cyan domain corresponds to the STAS-domain. It can be observed
from this figure that the mutations that are predicted to confer thermostability occur mostly in the
amino acids that are located where the two domains interact, and they result in stronger interactions
between neighbouring amino acids which in turn has resulted in the prediction of more robust folding.
Figure taken from Song et al. 2013.

Song et al. expressed several mutated variants of hbLOV and purified them. The
purified variants were then heat-denatured and their fluorescence was measured at 450 nm
to test for thermostability. The thermal denaturation was estimated for the mutants compared
to the wild-type. The triple mutant N107Y-N124Y-M111F was suggested to be the most
thermostable (by 32.1 ºC compared to the wild-type: Tm of the wild-type is 42.8 ºC, Tm of the
triple mutant is 74.9 ºC). According to the authors, the N124Y mutation forms extra hydrogen
bonds, which result in closer contact between N124Y-V23',V25' and Q129.
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Figure 15. Hypothetical optimal melting temperatures for mesophilic and thermophilic
proteins. Graph representing the hypothetical temperature profile of the free energy of mesophilic
(Tm, Topt) and thermophilic (T'm, T'opt) proteins, where ΔG represents the hypothetical difference in
the free energy between native and denatured proteins. Tm and T'm represent the hypothetical
melting temperature for mesophilic and thermophilic proteins, respectively. Topt and T'opt represent the
optimal growth temperatures of mesophilic and thermophilic organisms respectively. A higher melting
temperature correlates to a higher growth temperature.
Figure modified from Jaenicke and Böhm [1998].

One of the most interesting facets about the research conducted by Song et al. was
the strategy they used to predict what mutations would yield the most thermostable proteins.
Their algorithm, FoldX, predicted free energy calculations for random mutants. Such
calculations sought to find the difference in the free energies between the native and
denatured proteins in order to obtain a configuration that is predicted to have a higher
melting temperature (Tm) as seen in Figure 15. Experimentally it was confirmed that indeed
those mutants did have improved thermostability. FoldX might to be a valuable tool for the
rational engineering of thermostability, especially when the heterologous expression of
mesophilic enzymes is required in a thermophile. It is relevant to this work because, in this
work it is tested whether the prediction of FoldX for thermostability of hbLOV is tested
experimentally in G. thermoglucosidans. If the prediction is correct, then FoldX would be a
very valuable tool in the future for the design of thermostability in proteins as modelling
starting point. The thermostability predicitions are relevant to this work because, it will
provide clarification about "thermostable" and "thermophilic" being two different properties.
The "thermostable" variants of Song et al. were expressed in E. coli. Therefore, all variants
folded in the host at 37 ºC, so it is unknown if they are thermophilic, and expressing them in
G. thermoglucosidans would be a way of finding out: if they fold correctly at high
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temperatures, it means they are thermophilic, and if they remain folded and functional, they
are thermostable.

3.1.3. SALIS RBS CALCULATOR
The Salis RBS Calculator is an essential tool for synthetic biology because it is an aid in
designing RBSs that have predictable strengths and which do not form unwanted secondary
structures depending on their combinatory context (promoter and CDS). It is relevant to this
work because:
•

The forward engineering function has been used for the de novo in silico design of
RBS sequences that were then tested experimentally.

•

The reverse engineering function has been used to calculate the strength of native
RBSs of G. thermoglucosidans in both E. coli and G. thermoglucosidans.

•

This work will test whether the Salis RBS Calculator's predictions can be applied also
for G. thermoglucosidans given that the Salis RBS Calculator is optimized for E. coli,
and it does not take into account the difference in the optimal temperatures of growth
between E. coli (30-37 ºC) and G. thermoglucosidans. Therefore, it will be interesting
to see whether the predictions of the RBS calculator can also be applied to this host.
If so, then the RBS Calculator could in the future become a valuable tool for
predicting synthetic RBSs in Geobacillus.

•

It is not the aim of this project to test the strength of the RBSs predicted or to
characterize them. This work is focused exclusively on deciding whether they are
functional or not based on protein expression.
Whilst promoters are transcriptional regulators, RBSs are bioparts that function as

translational regulators, and there is an online modelling tool that permits to design RBS
sequences de novo and to analyze existing ones. It is crucial for synthetic biology because
the level of gene expression can be specified by designing the level of translation. The
folding of mRNA near the RBS can strongly affect the expression levels of a gene. The
mRNA that surrounds the RBS can interact with the CDS. It is therefore of the utmost
necessity to be able to predict the interaction between RBS and CDS [Hoitz and Keasling
2010].
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A thermodynamic model of translation initiation was developed by Salis et al. in 2009,
called the Ribosome Binding Site (RBS) Calculator. It is an online tool4 designed to not only
to develop parts in silico, but also to predict the rate of translation initiation in bacteria [Holtz
and Keasling, 2010].
The RBS calculator offers two options: Forward and Reverse Engineering. In the
Reverse Engineering mode, the user has the option of submitting an mRNA sequence (which
already contains an RBS) and the output predicts how strong that particular RBS is. The
Forward Engineering mode consists in predicting an entirely synthetic RBS. That is, an RBS
designed nucleotide by nucleotide based on the predictions of the algorithms it runs with to
achieve a desired translation initiation rate. The range of such rate can go from 0 to
100,000+ au [Salis, 2011].
The synthetic RBS sequences generated by this method are significantly longer (3035 nucleotides) than the consensus “AGGAGG” RBS sequence. This means that the model
must generate 435 possible RBS sequences. All these sequences are then analyzed until one
is found that matches as closely as possible the desired translation rate [Salis et al. 2009].
"K" and "NEQ" (“Kinetic trap” and “Not at equilibrium”, respectively) are warnings that
indicate the folding of the mRNA transcript creates problems that violate the thermodynamic
assumptions of the model [Salis, 2011].
The model requires at least the first 35 nucleotides of the protein’s CDS to make a
prediction. The forward engineering option generally satisfies the model's assumptions,
because the RBS is created from a non-existent one. The reverse engineering option, on the
other hand, may result in K or NEQ outputs [Salis, 2011].
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3.2. R E S U L T S
The purpose of this chapter is to show whether sfGFP, BsFbFP, PpFbFP, hbLOV and
hotLOV are effective as fluorescent reporter proteins in G. thermoglucosidans. To test for
expression, they are to be coupled to known G. thermoglucosidans promoters, namely ldh,
p43 and RlpS. First the plasmids containing the promoter-RBS-reporter cassettes had to be
assembled and the results below explain in detail the strategy used for assembly. The
plasmids were assembled in E. coli and for this reason E. coli was tested first for
fluorescence. After the correct expression of all the reporters in E. coli was confirmed, the
plasmids were transformed into G. thermoglucosidans and the expression of the reporters
was determined by analysis of fluorescence and protein purification.

3.2.1. SUPERFOLDER GREEN FLUORESCENT PROTEIN (SFGFP)
STEP 1: ASSEMBLY OF PLASMID PUCG18+LDH+SFGFP
Primers emk001 and emk002 were initially designed to amplify sfGFP. All primers
sequences are included in the Appendix Table A12. The PCR yielded a 774 bp fragment,
which was run through a 0.8% agarose gel to determine the fragment's correct size and gelextracted.
The forward primer (emk001) encoded an XbaI site and the same RBS as the one
that had already been used in the pGR002 (i.e. pheB-RBS) construct at the 5'-end (see
Figure A137). The reverse primer (emk002) added a rho-independent transcriptional
terminator at the 3'-end.
Due to the lack of a restriction site at the 3'-end, a third primer (emk003) was
subsequently designed to add an EcoRI site so that sfGFP could be ligated as an
XbaI/EcoRI flanked DNA fragment. Thus, 10 ng of the 774 bp PCR-product obtained with the
primer pair emk001 and emk002 were used as template for a second PCR-amplification with
primers emk001 and emk003, yielding a 794 bp fragment, which was subsequently digested
with XbaI and EcoRI, to generate a 782 bp cohesive-end fragment.
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The vector into which sfGFP was integrated was pGR002 [Bartosiak-Jentys, 2009].
This plasmid was digested with XbaI and EcoRI to remove pheB and replace it for sfGFP.
This way, sfGFP is expressed under the control of the ldh promoter.
The XbaI/EcoRI pGR002 vector and the XbaI/EcoRI sfGFP insert were mixed in a 3:1
molar ratio (insert:vector) ligation reaction, which was incubated overnight at 4 ºC and
subsequently was used to transform chemically competent E. coli JM109.
In order to confirm the presence of sfGFP in E. coli, an observational assay would not
have picked up any green fluorescent colonies because the NCA1503 promoter does not
work in E. coli. This was chosen because it was the strongest known promoter available for
G. thermoglucosidans under aerobic conditions at the time. An equivalent result was also
observed by Bartosiak-Jentys when the aforementioned ldh promoter was placed
downstream from the pheB gene (xylE reporter).
Therefore, to select for the correct transformant colonies, a colony PCR was done to
screen for the presence of the sfGFP gene using the primer pair emk001 and emk002. The
result can be observed in Figure 16. Eleven out of twelve colonies produced a band of the
expected size (774 bp), thus confirming the presence of the sfGFP insert in the plasmid
backbone.

Figure 16. Colony-PCR products looking for the presence of sfGFP in E. coli transformants
analyzed on a 0.8% agarose gel. Lane 1 contained the molecular size marker (1 kb GeneRuler,
Fermentas). Relevant band sizes indicated. The size expected for sfGFP was 793 bp. Lanes 2-12
contained 20 µM of the PCR-product obtained from screening 11 transformant DH10B colonies using
the primer pair emk001 and emk003. A positive and negative control were included in the PCR, in
lanes 13 and 14, respectively.
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STEP

2:

TESTING

OF

PLASMID

PUCG18+LDH+SFGFP

IN

G.

THERMOGLUCOSIDANS

Once confirmed, the resulting plasmid, which hereafter will be referred to as
"pUCG18+ldh+sfGFP", depicted in Figure 17, was isolated from the correct transformant E.
coli colonies and 100 ng were used to transform G. thermoglucosidans DL33 and DL44. The
detailed sequence can be found in Appendix Figure A115.

Figure 17. Cassette used to express sfGFP under the control of the ldh promoter, in G.
thermoglucosidans DL44. Restriction sites marked in red. Detailed sequence in Figure A115.

Two of the transformant colonies obtained were restreaked on a fresh TGP/
kanamycin plate and the green fluorescence seen in Figure 18 confirmed the expression of
sfGFP under the control of the NCA1503 Ldh promoter.
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Figure 18. Expression of sfGFP by G. thermoglucosidans. Photograph of two colonies of G.
thermoglucosidans transformed with pUCG18+ldh+sfGFP expressing sfGFP under the control of the
ldh promoter and the pheB-RBS were restreaked on a TGP-kanamycin plate and grown overnight at
55 ºC. The colony at the left corresponds to the wild-type DL33 strain of G. thermoglucosidans and the
colony to the right corresponds to DL44, an ldh knockout strain of DL33. The fluorescence of sfGFP in
the plate was viewed on a table-top UV viewer with orange filter and irradiated with UV light.

3.2.2. THE LDH PROMOTER IN E. COLI
E. coli JM109 did not show any green fluorescence when transformed with a plasmid
containing the ldh promoter upstream from sfGFP. There are two possible explanations for
this: (1) the ldh promoter doesn't work in E. coli, perhaps due to the absence of a necessary
transcription factor or sigma factor in E. coli, or (2) the RBS located downstream from the ldh
promoter is not compatible with the sequence of sfGFP or pheB.
To investigate the latter, the sequence was analyzed by the reverse engineering
function of the Salis RBS calculator5. The results are shown in Appendix Figures A116 and
A117. Two RBSs were analyzed using this function: the native RBS found upstream from the
start codon of the ldh gene of G. stearothermophilus and the RBS developed by BartosiakJentys [2009] to express pheB, which was also used in the "pUCG18+ldh+sfGFP".
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The RBS Calculator could not perform a definitive analysis of the strength of either of
the RBSs reporting both "OLS" and "NEQ", which are warnings that indicate that the criteria
for the model could not be satisfied. Further research is necessary to investigate whether
changing the RBS would result in an ldh promoter that works in both E. coli and G.
thermoglucosidans.

3.2.3. SFGFP IN THE ABSENCE OF OXYGEN
When G. thermoglucosidans DL44 containing plasmid pUCG18+ldh+sfGFP were
grown anaerobically or microanaerobically, no fluorescence was observed. It was assumed
sfGFP was being expressed because the culture was inoculated with the cells containing the
pUCG18-ldh+sfGFP plasmid that showed fluorescence aerobically and kanamycin was
supplemented to the growth medium to ensure retention of the plasmid. In an attempt to
refold the misfolded proteins, DL44 pUCG18+ldh+sfGFP was grown anaerobically for 16
hours. The cells were harvested by centrifugation and were allowed to aerate by transferring
them to a baffled flask containing 50 mL of 2TY medium supplemented with 30 µg/ml
chloramphenicol (to halt protein production) and shaken at 250 rpm for two hours. After
which, they were harvested once more by centrifugation and observed under blue light. No
fluorescence was observed. Furthermore, in a second attempt to refold the misfolded
proteins, the cell pellet was heated to 100 ºC for 20 minutes in order to denature all proteins,
after which, they were transferred to a baffled flask containing 50 mL of 2TY supplemented
with chloramphenicol and they were allowed to aerate for two hours, in the hope that sfGFP
can be refolded after being denatured, but once again, no fluorescence was observed.
The absence of fluorescence when sfGFP was grown anaerobically was unlikely to
be a sign that the ldh promoter was not active anaerobically, as refuted by N. Crowhurst
[2010], but rather, because oxygen is required for the correct formation of the sfGFP
chromophore, the lack of oxygen in these conditions prevent fluorescence [Drepper et al.
2007]. Therefore, taking into consideration that the ldh promoter is active anaerobically
according to Bartosiak-Jentys [2009], it was assumed that DL44 is expressing sfGFP, but
seeing as there are no oxygen molecules for the chromophore to form, the proteins misfold
and thus are not fluorescent. This indicates that once sfGFP in the cells has folded
incorrectly or has not been expressed, it is irreversible and a functional formation cannot be
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achieved. A Western Blot should have been carried out to confirm that sfGFP was effectively
being expressed under anaerobic conditions under the control of the ldh promoter.

3.2.4. BSFBFP IN E. COLI AND G. THERMOGLUCOSIDANS
STEP 1: ASSEMBLY OF PLASMID PUCG18+P43+BSFBFP
The ytvA gene was amplified as a 843 bp fragment from the genome of B. subtilis
168 using the pair of primers emk004 and emk005. As seen in Figure 19, eight primers were
designed to amplify YtvA and convert it to BsFbFP. The PCR products obtained with each
pair are shown in Figure 20. Primers emk006 and emk007 were designed to carry out the
directed mutagenesis required to transform YtvA to BsFbFP. The sequences are included in
Appendix Figures A119 and A120.

Figure 19. Schematic representation of the primers used to amplify ytvA.
As seen in Figure 20, the mutation to change the cysteine residue in position 62 for
an alanine residue was inserted by PCR-amplification. The PCR-amplified ytvA was used as
a template for two subsequent PCR amplifications: the primer pair emk004 and emk007
added the mutation to one of the PCR products, and the primer pair emk006 and emk005
added the mutation to the second PCR product.
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Figure 20. Primer pairs and PCR products used to amplify ytvA from the genome of B. subtilis 168
and convert it to BsFbFP.

The parental ytvA was digested with DpnI to eliminate it, and PCR products 2 and 3
were joined together by PCR-amplification to yield BsFbFP as a fourth PCR product,
amplified with the primer pair p43-XbaI-YtvA(pheB-RBS) and rho-SacI-pUC_ori. This final
pair of primers added overhangs for the P43 promoter in the 5'-end and for pUC_ori in the 3'end. The p43 promoter was PCR amplified from pNCBS5 supplied by N. Crowhurst, using
the primer pair pUC_ori-PacI-p43 and RC-p43-XbaI-YtvA(pheB-RBS) (see Figure 21). This
primer pair also added 30 bp of overhang to the pUCG18 vector at the 5'-end end to ytvA at
the 3'-end. The vector backbone, pUCG18, was amplified to add overhangs for both, the p43
promoter and BsFbFP using primers rho-SacI-pUC_ori and RC-p43-XbaI-YtvA(pheB-RBS).

Figure 21. Analysis of PCR-amplification of the p43 and ldh promoters in an 0.8% agarose
gel. Lanes 2-4 are the PCR product of the amplification of the P43 promoter using primers pUC_oriPacI-P43 and RC-P43-XbaI-YtvA. Lanes 7-9 are the PCR product of the amplification of the ldh
promoter using primers pUC_ori-PstI-ldh and RC-ldh-XbaI-YtvA. Lanes 1 and 6 correspond to the
molecular size marker (Fermentas, 1 kb-ladder). The sizes expected were 0.474 Kb for the p43
promoter and 0.157 Kb for the ldh promoter.
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The three fragments: p43, BsFbFP and the pUCG18 backbone were assembled
together using Gibson assembly, thus resulting in the plasmid depicted in Figure 22, which
will be named "pUCG18+p43+BsFbFP". The detailed sequence can be found in Appendix
Figure A121.

Figure 22. Cassette used to express BsFbFP under the control of the p43 promoter, in both
E. coli JM109 and G. thermoglucosidans DL44. Restriction sites shown in red. Detailed sequence is
in Figure A145.

The correct E. coli transformant colonies containing pUCG18+p43+BsFbFP were
selected by the presence of cyan-green fluorescence (449 nm maximal emission at 495 nm
upon excitation), observed under a blue light transilluminator. Unlike the ldh promoter, the
p43 promoter is active in E. coli, so fluorescent colonies were easy to detect. The
fluorescence of BsFbFP is shown in Figure 23.

Figure 23. Fluorescence of BsFbFP in E. coli. Six E. coli colonies, labeled 1-6, transformed with
plasmid pUCG18+p43+BsFbFP were restreaked on an LB-ampicillin plate and grown overnight at 37
ºC. The cyan-green fluorescence is due to the expression of BsFbFP under the control of the p43
promoter. The fluorescence was seen when observing the plate under a table-top UV light
transilluminator with an orange filter.
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STEP

2:

TESTING

OF

PLASMID

PUCG18+LDH+SFGFP

IN

G.

THERMOGLUCOSIDANS

The plasmid pUCG18+p43+BsFbFP was isolated from the fluorescent E. coli colonies
and 300 ng of DNA were used to transform G. thermoglucosidans DL44. The transformant
colonies were selected on TGP/kanamycin plates at 55 ºC. No cyan-green fluorescence was
observed by inspection under a blue-light transilluminator of the transformant DL44 colonies
at this temperature.
The absence of fluorescence in G. thermoglucosidans had three possible
explanations: either the protein was not stable at temperatures as high as 55 ºC, or, the p43
promoter was not strong enough to allow the detection of fluorescence or the protein was not
made (a Western blot was not carried out to confirm this). Given the lack of experimental
confirmation about the expression of BsFbFP in thermophiles, the thermostability and
thermophilicity of this protein were unknown. To test the former hypothesis, the DL44 cells
containing pUCG18+p43+BsFbFP were grown at 45 ºC, which is the lowest temperature at
which G. thermoglucosidans will grow. No fluorescence was observed at 45 ºC either, so the
attention was focused on replacing the p43 promoter for a different promoter that's stronger
in DL44.

STEP 3: ASSEMBLY OF PLASMID PUCG18+LDH+BSFBFP
The p43 promoter in the pUCG18+p43+BsFbFP construct was excised using PstI
and XbaI. The primer pair pUC_ori-PstI-ldh and RC-ldh-XbaI-(pheB-RBS) was used to
amplify the ldh promoter from the pUCG18+ldh+sfGFP plasmid. The PCR product was
digested with PstI and XbaI and a 157 bp band was extracted from a 1.2% agarose gel
(Figure 39). The PstI/XbaI ldh promoter was ligated to the promoterless PstI/XbaI
pUCG18+BsFbFP backbone to yield pUCG18+ldh+BsFbFP, shown in Figure 24.
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Figure 24. Cassette used to express BsFbFP under the control of the Ldh promoter, in G.
thermoglucosidans DL44. Restriction sites shown in red. Detailed sequence is in Figure A145.

Since the ldh promoter does not work in E. coli, a colony PCR was performed to
screen for the correct transformant colonies. The result is shown in Figure 25. Four correct
transformants were selected and grown in 5 mL LB/ampicillin. The pUCG18+ldh+BsFbFP
plasmid was isolated and 300 ng of it were used to transform G. thermoglucosidans DL44.
The sequence of the ldh promoter and BsFbFP can be found in the Appendix Figure A122.

Figure 25. Colony-PCR of ldh+BsBfFP analyzed on a 0.8% agarose gel. Lane 1 is the 1kb
GeneRuler molecular size marker. Lanes 2-7 are the PCR-products obtained by screening for the ldh
promoter plus the mutated form of ytva (BsFbFP) from six colonies of E. coli. Lane 8 is the positive
control. Lane 9 is the negative control.
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G.

THERMOGLUCOSIDANS

By visual inspection under a blue-light transilluminator of DL44 transformed with
pUCG18+ldh+BsFbFP or pUCG18+p43+BsFbFP and grown at 45 ºC, no differences were
seen between the BsFbFP cells and the negative controls. A Western Blot to confirm protein
expression was not carried out because the sequence of the protein did not include a tag.
However, to test whether DL44 were transcribing BsFbFP, RNA was extracted from a culture
that had been growing at 47 ºC and converted to cDNA, after which reverse transcription
reaction was performed using the primer pair emk004 and emk005.

Figure 26. 0.8% agarose gel showing the RT_PCR of BsFbFP. Lane 1 is the 1kb GeneRuler
molecular size marker. Lane 2 is the result of the PCR amplification, using primers emk004 and
emk005, of the cDNA obtained from the reverse transcription of the RNA extracted from DL44 cells
containing the plasmid pUCG18+p43+BsFbFP. The size expected for BsFbFP was 785 bp.

As it can be seen in Figure 26, a band that appears to be the correct size was seen,
thus confirming the presence of mRNA transcript of BsFbFP suggesting that the absence of
fluorescence might be due to the protein not being made. The primers should not have
amplified the plasmid DNA because DNA removal was carried out when total RNA was
extracted by DNaseI treatment.
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3.2.5. PPFBFP
A sequence comparison study among BsFbFP and PpFbFP (Figure 27) revealed
that there is only 36 % similarity between the amino acid sequences of BsFbFP and PpFbFP,
indicating that structurally, even though both have the LOV domains, their amino acid
sequences are somewhat different and therefore, their folding patterns might be different and
perhaps PpFbFP might be more thermostable or less prone to degradation as suggested by
Drepper et al. (2007) who reported that Rhodobacter capsulatus expressed PpFbFp much
more efficiently than BsFbFP.

Figure 27. Comparison of the amino acid sequences among BsFbFP and PpFbFP using
6

protein BLAST . The subject sequence is BsFbFP and the query sequence is PpFbFP. The similarity
between them is 36%, so it was hypothesized that the amino acid sequence was different enough to
justify testing PsFbFP for thermostability.

STEP 1: ASSEMBLY OF PLASMID P11AK+RPLS+PPFBFP
To test PpFbFP, the gene encoding it, as reported in Drepper et al. (2007), was
synthesized with codon optimization for G. stearothermophilus by GeneART (Life
Technologies). A 6X-Histidine tag was added before the stop codon for purification purposes.
An RBS was designed using the forward engineering function of the RBS calculator. An
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XbaI site was included in the 5'-end and a SacI site was added to the 3'-end of the gene as
well. This entire sequence was synthesized by GeneART. A map of the construct is shown in
Figure 28. The gene encoding PpFbFP together with the synthetic RBS were placed
downstream from the wild-type RplS promoter developed by Benjamin Reeve (IC).
The gene string was amplified with the primer pair PpFbFP and RC-PpFbFP and
digested using XbaI and SacI. Plasmid p11AK (discussed in Chapter 2 of this work) was also
digested with XbaI and SacI. Both parts were ligated together overnight and the ligation was
transformed into chemically competent DH10B cells.
The correct transformants were selected from plates by their weak cyan-green
fluorescence under UV light. Four correct transformant colonies were grown in 5 mL
LB/ampicillin overnight and the plasmid was isolated. 300 ng of it were used to transform G.
thermoglucosidans DL44 electrocompetent cells.

STEP

2:

TESTING

OF

PLASMID

P11AK+RPLS+PPFBFP

IN

G.

THERMOGLUCOSIDANS

The presence of the gene encoding the 6X-His PpFbFP as well as the synthetic RBS
were confirmed by sequencing of DNA from plasmid isolated from G. thermoglucosidans
DL44.

Figure 28. Cassette used to express PpFbFP under the control of the RplS promoter, in both
E. coli DH10B and G. thermoglucosidans DL44. Restriction sites shown in red. Detailed sequence
is in Figure A146.
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As shown in Figures 31 and 32, E. coli DH10B and G. thermoglucosidans DL44 cells
containing the plasmid p11AK+RplS+PpFbFP showed no fluorescence. So, to confirm the
expression of PpFbFP by G. thermoglucosidans DL44, the protein was purified using a
Western blot using the 6X-His tag added to the 3'-end. The result is shown in Figure 29. The
band observed is closer to 30 kDa, whereas the size of the band expected was 17.8 kDa.
Given that flavin-photosensors, when heterologously expressed, could potentially
take up too much of the FMN pool from the host [Losi, 2006], LB and 2TY plates, containing
the appropriate antibiotic, were prepared supplemented with 100 mg FMN (flavin
mononucleotide).

BsFbFP

and

PpFbFP

G.

thermoglucosidans

transformants

were

restreaked on these plates. No fluorescence was observed on these plates either, indicating
that the unavailability of FMN is not the reason for the lack of fluorescence of either BsFbFP
or PpFbFP.

Figure 29. Western blot detecting the PpFbFP protein from cultures of G. thermoglucosidans
DL44 containing the p11AK+RplS+PpFbFP construct. Lane 1, prestained protein size marker.
Lanes 2-4, cell lysate from colonies 1-3. Lane 5, positive control (purified 6X his-tagged Kdc).

The possibility that the 6X histidine tag might be affecting the folding of the protein,
seeing as no fluorescence was observed in E. coli either, which should have been
fluorescent according to the results obtained by Drepper et al. in 2007. This is unlikely,
however, considering that Gawthorne et al. in 2012, reported on the expression of a Cterminal 8X His-tagged shortened version of BsFbFP in E. coli and it did not affect the
fluorescence.
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3.2.6. HOTLOV
Benjamin Reeve (Imperial College London) expressed hotLOV under the control of
the ldh promoter and using the pheB-RBS. The fluorescence was measured in both E. coli
and G. thermoglucosidans, and results show that while it shows the expected cyan-green
fluorescence when expressed in E. coli, in G. thermoglucosidans it exhibits no fluorescence
[Benjamin Reeve, personal communication].

3.2.7. HBLOV
As shown by Drepper et al. in 2007, codon optimization for E. coli of BsFbFP was one
of the factors that produced a BsFbFP version with enhanced fluorescence, so Benjamin
Reeve (IC) optimized the sequence of the Song et al. triple-mutant (N107Y-N124Y-M111F)
that showed the highest melting temperature (Tm).

Figure 30. Fluorescence observed for each of the reporter proteins tested in this study when
exposing pellets to blue light in a blue-light transilluminator. At the top are pellets corresponding
to G. thermoglucosidans DL44 aerobic cultures and at the bottom are cell pellets from E. coli DH10B
cultures expressing, from left to right, mCherry under the RplS promoter, pheB under the RplS
promoter, PpFbFP under the RplS promoter, BsFbFP under the p43 promoter, hbLOV under the RplS
promoter, sfGFP under the RplS promoter and sfGFP under the ldh promoter. All Geobacillus cultures
were grown at 45 ºC, except for the sfGFP ones, which were grown at 55 ºC. All E. coli cultures were
grown at 37 ºC.
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3.2.8. FLOW CYTOMETRY
Flow cytometry readings were carried out to test whether the cells shown in Figure
30 had no fluorescence because (1) the excitation wavelength produced by the table-top
blue light transilluminator might have not been the most appropriate to obtain the maximum
emission and (2) to accurately discern if the cells show the same amount of green
fluorescence as non-fluorescent negative controls. Results indicate that there is weak
fluorescence shown by BsFbFP that can only be detected by flow cytometry.
Figure Appendix A124 shows a comparison between the size and agglomeration of
E. coli and G. thermoglucosidans when compared by flow cytometry. G. thermoglucosidans
cells are bigger in size and less agglomerated than E. coli but the same gating settings were
applied to G. thermoglucosidans cells as for E. coli cells.
Figure 31 shows the results obtained from analyzing the same cultures of E. coli (AG) and G. thermoglucosidans (I-K) from Figure 30 by flow cytometry.
Histogram B shows that BsFbFP exhibits green fluorescence in E. coli due to the right
shift of the peak in FL1-H. PpFbFP (C) also exhibits very weak fluorescence. The large
amount of cells that exhibit no fluorescence can be explained by degradation of the FbFP
proteins during stationary phase. hbLOV (D) shows a much more significant green shift and
no loss of fluorescence, evidenced by the one peak in FL1-H. The green fluorescence
exhibited by any of the flavin proteins is nowhere nearly as bright as sfGFP, for instance, the
FL1-H median for hbLOV is 10.9 and for sfGFP its 334. Remarkably, histogram G shows that
there is a trace amount activity of the Ldh promoter in E. coli. E. coli expressing mCherry
shows a significant shift of the peak to the right in FL2-A.
In the case of G. thermoglucosidans, on the other hand, histogram I shows that there
is fluorescence of BsFbFP in this host, both under the control of the p43 promoter and under
the ldh promoter (J). It is interesting that such fluorescence could not be detected visually,
but it could be detected by the flow cytometer. Also, it appears to be significantly strong (FL1H median of 16.4 in I compared to 89.8 for ldh+sfGFP in M). hbLOV (K) is significantly
weaker than BsFbFP. PpFbFP (L) is definitely not fluorescent in this thermophile. The
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comparison between ldh+sfGFP (M) and RplS+sfGFP (N) reveals that the wild-type RplS
promoter appears to be much stronger than the ldh promoter. Histogram O confirms that the
red shift by mCherry is very weak, the median in FL2-A was 219 compared to 134 for the
negative control (H).

A. E. coli DH10B (negative control). Median FL1-H= 1.03, FL2-A= 111

B. E. coli DH10B p43+BsFbFP. Median FL1-H= 1.32, FL2-A= 111

C. E. coli DH10B RplS+PpFbFP. Median FL1-H= 2.09, FL2-A= 110
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D. E. coli DH10B RplS+hbLOV. Median FL1-H= 10.9, FL2-A= 110

E. E. coli DH10B RplS+mCherry. Median FL1-H= 1.04, FL2-A= 686

F. E. coli DH10B RplS+sfGFP. Median FL1-H= 334, FL2-A= 140
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G. E. coli DH10B ldh+sfGFP. Median FL1-H= 1.39, FL2-A= 117

H. G. thermoglucosidans DL44 (negative control). Median FL1-H= 1.54, FL2-A= 134

I. G. thermoglucosidans DL44 p43+BsFbFP. Median FL1-H= 16.4, FL2-A= 141
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J. G. thermoglucosidans DL44 ldh+BsFbFP. Median FL1-H= 5.94, FL2-A= 142

K. G. thermoglucosidans DL44 RplS+hbLOV. Median FL1-H= 1.72, FL2-A= 136

L. G. thermoglucosidans DL44 RplS+PpFbFP. Median FL1-H= 1.72, FL2-A= 135
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M. G. thermoglucosidans DL44 ldh+sfGFP. Median FL1-H= 89.8, FL2-A= 144

N. G. thermoglucosidans DL44 RplS+sfGFP. Median FL1-H= 334, FL2-A= 140

O. G. thermoglucosidans DL44 RplS+mCherry. Median FL1-H= 4.37, FL2-A= 219
Figure 31. Histograms A-O obtained from flow cytometry analysis of the various promoter
/reporter protein combinations. FL1-H indicates green fluorescence. FL2-A indicates red
fluorescence.
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3.3. D I S C U S S I O N
The advantages/disadvantages of each of the promoters and reporters used in this
work will be discussed in detail below.

3.3.1. PROMOTERS FOR G. THERMOGLUCOSIDANS
In an effort to try to understand why the ldh promoter is not functional in E. coli, the
analysis of the sequence of the RBS using the reverse engineering function produced
inconclusive results and due to the uncertainty regarding the strength of the RBSs, the next
possible explanation would be that the ldh promoter from G. stearothermophilus NCA1503
doesn't work in E. coli due to E. coli's metabolism. E. coli represses the ldh promoter
according to Toyoda et al. [2009]. Therefore, growing E. coli aerobically means that the ldh
promoter is repressed because the production of NADH is not needed. This theory was not
pursued in the present work due to the availability of other promoters such as p43 or RplS
that have been shown to be functional in both E. coli and G. thermoglucosidans.
Since the formation of lactate is a fermentative pathway, the ldh promoter in theory
should be induced only by low aeration. However, at 55 ºC, the solubility of oxygen is
significantly lower that at lower temperatures. For instance, at 35 ºC, the solubility of oxygen
in fresh water (0% salinity) is 7 mg/L and in sea water (3.5% salinity) it's 5.6 mg/L. Whereas
at 50 ºC, the solubility of oxygen in fresh water (0% salinity) is 5.6 mg/L and in sea water
(3.5% salinity) it's 4.6 mg/L7, therefore a fully aerobic culture cannot be achieved when
growing G. thermoglucosidans at 55 ºC. For this reason, it acts as a constitutive promoter in
Geobacillus spp. [Bartosiak-Jentys 2012]. It has been used in previous publications
[Bartosiak-Jentys, 2012 and Crowhurst, 2010] to express the reporter protein pheB. The
combination of ldh promoter with pheB_RBS appears not to be context dependent since
expression of both sfGFP and pheB [Batosiak-Jentys, 2009] were obtained when these two
bioparts were placed in combination. The ldh promoter does not have activity on E. coli, and
depending on the application, this might either be an advantage. For instance, when E. coli is
used exclusively as a cloning host and it is not required to express any protein in E. coli, or if
the plasmid cannot be assembled because the protein is toxic for E. coli, then the ldh
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promoter should be the promoter of choice. On the other hand, the RplS promoter has
activity in both E. coli and G. thermoglucosidans, so when paired with a reporter protein, it
facilitates quick selection of fluorescent transformant E. coli and G. thermoglucosidans
colonies and the same applies for the p43 promoter. It was not an aim of this work to
characterize the activity of promoters, so their strengths were not compared.
In addition, it is possible to tell from the results obtained so far that the p43 and RplS
promoters, coupled to the pheB-RBS will successfully drive transcription and translation of
potentially any coding sequence placed downstream, given that they have successfully
directed expression of proteins of diverse sequences (pheB, sfGFP, mCherry, BsFbFP), so it
can be assumed that these parts in combination create minimal secondary structures that
interact with the CDS and therefore can be appropriate to be used for future heterologous
expression or as references for characterization efforts.

3.3.2. REPORTERS FOR G. THERMOGLUCOSIDANS
3.3.2.1. SUPERFOLDER GREEN FLUORESCENT PROTEIN (SFGFP)
sfGFP is an ideal reporter to characterize promoters aerobically in Geobacillus spp.
This work confirms that sfGFP is expressed efficiently and that the protein is stable at 55 ºC,
therefore it will be included in the E. coli/G. thermoglucosidans toolbox. Flow cytometry
should be used to measure sfGFP output when characterizing promoters aerobically,
however, it cannot be used to characterize promoters anaerobically because the correct
formation of the fluorophore and thus the emission of green fluorescence, is dependent on
molecular oxygen.
According to Andrews et al. [2007], the de novo folding of sfGFP occurs before
chromophore formation but the refolding of GFP after it has been denatured by heat and
urea, occurs in the presence of the already cyclized chromophore. In this work, in the
experiments that attempted to refold GFP from anaerobic cultures, the absence of
fluorescence after reintroducing oxygen could mean that the chromophore has formed
without oxygen and did not mature, so the de novo folding of sfGFP occurred without the
presence of oxygen and the chromophore didn’t form due to the absence of molecular
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oxygen. The attempted refolding of sfGFP could not occur due to absence of a cyclized
chromophore.

3.3.2.2. RED FLUORESCENT PROTEIN (MCHERRY)
The presence of mCherry in E. coli can be detected by eye because the colonies look
pink/purple, just as sfGFP can be detected by eye because E. coli colonies look light green,
at least when expressed under the RplS promoter. The presence of the reporters can be
confirmed by looking at the plates under a table-top blue light transilluminator, which will
excite the fluorophores and the difference in coloration compared to non-fluorescent cells is
greater. This is an advantage because colonies on a plate can be screened instantly without
having to run every colony on a flow cytometer or plate reader just to check whether red or
green (or both) transformant colonies have been obtained and to easily separate them from
background non-fluorescent colonies, an experiment which was carried out in Chapter 5.

3.3.2.3. ANAEROBIC FLUORESCENT PROTEINS: LOV-DOMAIN REPORTERS
The LOV-domain reporters tested in this work were isolated from three different
bacterial species: Bacillus subtilis, Pseudomonas putida and Thermosynechococcus
elongatus. As indicated by Losi et al. [2006] it appears that LOV-domain proteins have a very
ancient origin and their sporadic distribution among bacterial species could be explained by
several independent endosymbiotic events or perhaps instances of horizontal gene transfer.
Of the four LOV-domain proteins tested, only BsFbFP could potentially be used as an
anaerobic fluorescent reporter in G. thermoglucosidans as long as the cultures are grown at
45 ºC and fluorescence of the cells is measured by flow cytometry, but this would be
inappropriate considering that the downstream long term use for G. thermoglucosidans is in
industrial fermenters that are maintained at 60 ºC.
The absence or weak fluorescence observed for LOV-domain proteins could probably
be due to incorrect folding during expression and/or the inability to retain a functional
structure due to high temperatures. However, they could be good candidates for reporter
genes in E. coli, since, during the course of the experiments with them, it was observed that
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the proteins degrade and the fluorescence is lost in cultures that have been in stationary
phase for more than 12 hours. For some applications, this could be an advantage. sfGFP
does not degrade, so the accumulation of sfGFP over time does not allow to quantify
promoter activity in exponential phase alone or in stationary phase alone. Or for example, in
the case of biosensors which exhibit fluorescence as an output, using sfGFP makes the
biosensor a one-time use application because the reporter doesn't degrade, but having a
reporter that does degrade could make a biosensor reusable.
Flow cytometry confirmed that the Song et al. hbLOV does not fold at high
temperatures, highlighting the fact that a thermostable protein isn't necessarily thermophilic,
and it needs to be both to function in a thermophile. FoldX's predictions for thermostability of
hbLOV did not seem to be correct because the models only seems to take into account the
stability of the structure once it has folded, but it does not take into account that kinetics
during folding are different for thermophiles due to the high temperatures.
It is difficult to understand why hotLOV showed no fluorescence in G.
thermoglucosidans. Especially when taking into consideration that hotLOV is derived from a
host whose optimal growth temperature is 55 ºC. It is difficult to accept the explanation that
the absence of fluorescence is due to the protein not being thermophilic. Folding should not
have been a problem.
Endogenous FMN depletion cannot be the reason the proteins are not fluorescent,
given that there was no fluorescence after FMN was supplemented to the media, unless the
extracellular FMN was not incorporated by the cells. However, sequencing confirmed the
presence of the cysteine codon mutation, so it is not possible that the absence of
fluorescence is due to the FMN binding to the cysteine residue. And if FMN doesn't bind, it is
improbable FMN is becoming sequestered so the presence or absence of FMN in
Geobacillus is irrelevant to fluorescence. This is supported by the findings of Gaidenko et al.
in 2009, who confirmed that the cysteine 62 is required for YtvA to function as a regulatory
element involved in the stress response. Which indicates that without the cysteine, the
protein is inactive. Therefore, it is not possible either that G. thermoglucosidans is not
fluorescent because the LOV-proteins have unwanted interactions with the stress signalling
pathway in this host.
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A second option to explain the lack of fluorescence could be due to the intracellular
environment of G. thermoglucosidans. It is possible that the internal pH is causing misfolding.
The most likely explanation is that none of the LOV proteins work in G. thermoglucosidans
for the same reason but more research is needed to understand it.
In the Song paper, it is evident that the formation of new van der Waals interactions
as well as hydrogen bonds helped confer thermostability to the protein. It was very
interesting to see how new interactions between amino acids formed after mutations were
introduced and while in some cases they resulted in the reduction of fluorescence, as it was
to be expected, in other cases, such as for the triple mutant N107Y-N124Y-M111F, the
fluorescence remained, indicating that strong binding between the two domains is required.
The stronger the binding, the more stable. The misfolding at 55 ºC could be explained
because high temperatures make difficult the permanence of van der Waals interactions and
hydrogen bonds given that there is higher mobility among the components of proteins, which
is why chemical reactions catalyzed by enzymes occur faster, according to the Arrhenius
equation.
The Western Blot included as Figure 29 clearly shows that the purified PpFbFP is
bigger (about 30 KDa) than the expected 18 KDa. The incorrect size obtained could be
explained due to misfolding, which might have caused unwanted interactions between
neighbouring amino acids that generated a three dimensional structure with the incorporation
of additional unwanted domains from either other PpFbFP proteins or from other proteins
within the cell.
A weakness of this work is that a tag was not added to BsFbFP, hotLOV and hbLOV
so it was not possible to confirm the presence of the protein in cell lysates from G.
thermoglucosidans by Western blotting.
Throughout this work it has been believed that it is not so important that the LOVdomain proteins are involved in a signalling response in their respective bacterial hosts
because in this work we are expressing the non-active mutated form of the protein and as
Gaidenko [2006] points out, the signalling response cannot be triggered without the
interaction between FMN and the cysteine 62 of the LOV domain. However, it might possible
that these proteins are triggering a signalling response nonetheless, or it might be possible
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that they are sequestering too much of the cell's supply of FMN. There must be a reason that
explains why hosts like E. coli, as reported by Drepper et al. [2007] are degrading the
BsFbFP proteins when heterologously expressed by them. A possible explanation might be
that the expression of these proteins might be having a negative effect on the cell's
physiology and one of the ways of surviving would be by degrading this protein that might be
very detrimental to their health or that might be interfering too much with their own signalling
pathways and which is completely non-essential or them. That is an unlikely explanation
however, because the strains of E. coli used (DH10B) have mutations that make them less
likely to generate a response to a stressful input, such as a toxic heterologously expressed
protein. If the burden is too much, then the cells might not survive or they might grow too
slowly, in which case, colonies would not have been seen on a plate after overnight
incubation. Therefore, the most likely explanation for the absence of fluorescence is that the
proteins are misfolding when expressed at temperatures of 45 ºC or higher. 45 ºC is the
lowest temperature at which G. thermoglucosidans will grow, and therefore, it was not
possible to try a lower incubation temperature. This hypothesis might explain why some
variants like BsFbFP are slightly more fluorescent than others, i.e., it has to do with their
structure. All these variants were chosen to be tested as reporters in G. thermoglucosidans
because they all have a different amino acid sequence and therefore their three-dimensional
structures would be very different, so it was possible that one of these structures might have
had a higher degree of interactions among neighbouring amino acids that conferred it more
robust folding kinetics. This seems to have been the case for BsFbFP. Even though it is not
very robust, it seems to fold better at higher temperatures than the PpFbFP, hotLOV or
hbLOV counterparts. It is possible that the three-dimensional structure of BsFbFP, which was
originally derived from Bacillus subtilis, is more agreeable with G. thermoglucosidans due to
their common evolutionary ancestry.
Protein degradation might be an explanation for low fluorescence, given that it might
be possible that some degradation in E. coli and G. thermoglucosidans occurs, seeing as
Drepper et al. (2007) reported that when BsFbFP was tested in Rhodobacter capsulatus, a
Gram-negative mesophilic bacterium, the levels of fluorescence due to protein accumulation
were very low, possibly due to protein degradation or inefficient gene expression.
The next Chapter (Chapter 5) focuses on the development of parts of the toolbox that
are not directly involved in gene expression, but are vital if G. thermoglucosidans is to
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become a chassis for synthetic biology, and those bioparts are constituents of the plasmid
backbone required for any genetic modification in this thermophile.

3.4. CONCLUSIONS
The main contributions of this chapter are:
•

sfGFP can be used as a reporter in G. thermoglucosidans under aerobic growth
conditions but not anaerobic.

•

mCherry can be used as a reporter in G. thermoglucosidans under aerobic growth
conditions but not anaerobic.

•

sfGFP and mCherry have excitation/emission wavelengths that do not overlap, so
can be used when two reporter need to be expressed simultaneously.

•

mCherry could be used as a reporter in G. thermoglucosidans under anaerobic
growth conditions as long as the fluorescence is measured by flow cytometry and
growth occurs at 45 ºC.

•

BsFbFP was the only LOV-domain protein that exhibited weak fluorescence in G.
thermoglucosidans.

3.5. FUTURE WORK
The main work that needs to be carried out in the future should be the
characterization of the reporters that this work has incorporated in the E. coli/G.
thermoglucosidans toolbox, namely:
•

Growth must be carried out in baffled flasks to achieve better aeration and healthier
(faster growing) cultures.

•

Reporter stability must be measured at a range of temperatures starting at 45 ºC and
ending at 70 ºC.

•

Different media types need to be tested to determine whether salt content might have
an effect on oxygen solubility and therefore fluorescence of the reporters.
More research needs to be carried out to determine how important oxygen, salt

content and temperature really are for the expression of fluorescent reporters. sfGFP
requires molecular oxygen for the formation of the chromophore. mCherry also requires
molecular oxygen for the formation of the chromophore. Throughout this project, reporters for
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G. thermoglucosidans were routinely tested by growing in 5 mL of rich media (TGP) in falcon
tubes and incubated with shaking at 200 rpm (with 45 º inclination angle) at 55 ºC. These are
standard conditions for growing G. thermoglucosidans and they are considered "aerobic".
However, throughout this project it has become increasingly evident that more aerobic
conditions and healthier and faster growing cells have been obtained when growing G.
thermoglucosidans in 50 mL of media in 250 mL baffled conical flasks, because they permit
better aeration of the cultures and aeration is a problem due to the lower solubility of oxygen
at high temperatures. In particular, cells expressing mCherry should be grown in baffled
flasks and their fluorescence compared to cells grown in falcon tubes. It is possible that the
higher permeation of oxygen might result in increased fluorescence.
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4. C H A P T E R 4:
SHUTTLE VECTORS FOR E. COLI /G. THERMOGLUCOSIDANS
The key contributions and results of this chapter are:
1. Two sets of E. coli /G. thermoglucosidans shuttle vectors have been constructed.
2. The architectonic configuration new vectors is entirely modular.
3. The issue of host-specificity for the use of thermostable kanamycin nucleotidyltransferase
in E. coli has been resolved.
4. The new vectors have higher transformation efficiencies than previously existing ones.
5. An entirely synthetic Multiple Cloning Site was incorporated into the shuttle vectors, which
includes entirely unique restriction sites and is limited by two transcriptional terminators.

4.1. I N T R O D U C T I O N
It is urgently necessary to develop a new set of shuttle vectors for E. coli/G.
thermoglucosidans because the existing vectors are extremely inefficient due to:
•

Their extremely large size, which reduces transformation efficiencies.

•

The lack of knowledge regarding the sequences composing them.

•

The large amount of unnecessary DNA they contain.

•

Their lack of modularity.

•

The lack of suitable selection markers.

•

The inadequacy of the current antibiotic selection markers.

This work will focus on the creation of a new set of shuttle vectors for E. coli/G.
thermoglucosidans with the following aims:
•

To carefully study the sequences existing plasmids for G. thermoglucosidans are
composed of to determine the useful DNA from the unnecessary sequences.

•

Create vectors that are minimal in size by identifying the minimal functional bioparts
required to achieve full functionality (promoter, RBS, CDS, terminator).

•

Confirm whether a smaller size of shuttle vector results in higher transformation
efficiencies in E. coli and G. thermoglucosidans.

•

!

Investigate online software tools that could be used to analyze plasmid sequences.
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•

Create vectors that are modular to follow the ethos of synthetic biology.

•

Investigate the incorporation of new selection markers to the toolbox, namely
chloramphenicol resistance and uracil auxotrophy.

•

Use the knowledge generated from the abstract study of the minimal bioparts
required for the construction of synthetic biology devices to develop an adequate and
efficient selection marker.

•

Propose potential uses for the vectors included in the toolbox.
The majority of molecular tools constructed for the genetic modification of Geobacillus

spp. involve shuttle vectors [Kananavičiūtė and Čitavičius 2015] but the number of shuttle
vectors that can be used in G. thermoglucosidans is limited mainly because research in this
area is still in its infancy. The lack of efficient vectors hampers the exploration of the full
potential of this thermophile and it's a subject regularly mentioned in Geobacillus-related
publications that involve genetic engineering [Blanchard et al. 2014, Lin et al. 2014,
Bartosiak-Jentys et al. 2013] because there's a fundamental need for efficient vectors.
pUCG3.8 [Bartosiak-Jentys et al. 2013] is the most used E. coli/G. thermoglucosidans
shuttle vector by the Leak group now. Before the construction of this vector, the most
commonly used vector was pUCG18 [Kananavičiūtė and Čitavičius 2015]. Both plasmids are
very similar in terms of their components but they differ in size. pUCG18 is relevant to this
work because it is the starting point for the creation of the new shuttle vectors and pUCG3.8
is important because it will be the reference the new plasmids are compared against. In the
following section, these two plasmids will be introduced.

4.1.1. EXISTING

SHUTTLE VECTORS FOR

E.

COLI/G. THERMOGLUCOSIDANS:

PUCG18 AND PUCG3.8

The plasmid map of pUCG18 is shown in Figure 32. pUCG18 is composed of five essential
parts detailed below:
1. ColE1 is the pUC18 origin of replication for the well-known E. coli pUC18 plasmid. It
is a high copy number origin of replication in E. coli (300-400 copies per cell). It was
derived from a naturally occurring plasmid of E. coli and the high copy number is
attained because its replication is independent from that of the chromosome
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[Yanisch-Perron et al. 1985].

E. coli is used because it is a well-established

transformation system.
2. lacZ, encoding for ß-galactosidase, allows for blue/white screening selection in E.
coli, and was also derived from pUC18. It is located between thermostable_kanR and
pUC_ori. In the middle of lacZ is the Multiple Cloning Site (MCS) for pUC18.
3. ampR is the gene that encodes for a ß-lactamase, which confers resistance to
amplicillin in mesophiles such as E. coli.
4. repBST1 is the origin of replication for Geobacillus. It was derived from a plasmid
created for G. stearothermophilus called pBST22 [Liao and Kanikula, 1990]. The
exact copy number of plasmids with this origin within cells has not yet been
determined.
5. Thermostable_kanR encodes a thermostable kanamycin nucleotidyltransferase,
which confers resistance to kanamycin in thermophiles and was also derived from
pBST22. The mutations that confer thermostability are Asp-80-Tyr and Thr-130-Lys
and the protein becomes denatured at 65 ºC [Liao and Kanikula, 1990].
As the name indicates, half of pUCG18 actually corresponds to the pUC18 plasmid
from E. coli. The vector is essentially a fusion between pUC18 and pBST22 so the
plasmid is significantly big, which is its main disadvantage: 6332 bp is significantly large
for an empty vector and its size can only increase if cargo is added to the MCS. This is a
problem because the larger the plasmid, the lower the transformation efficiency
[Hanahan, 1983; Szostkova, 1998]. In an attempt to solve this problem, Bartosiak-Jentys
et al. [2013] created a smaller version of pUCG18 and it was named pUCG3.8. The
plasmid map for pUCG3.8 is included in Figure 33. Small plasmids for the genetic
transformation of Geobacillus spp. are of the utmost necessity because their thick
peptidoglycan layer and low permeability of the plasma membrane are the main
hindrances for DNA transfer to cells (Lian and Xu, 2013).
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Figure 32. Shuttle vector pUCG18. The plasmid is composed of the same four essential parts:
ColE1 is an origin of replication for E. coli, repBST1 is an origin of replication for G.
thermoglucosidans, AmpR is a mesophilic ampicillin resistance gene and kanR is a thermostable
kanamycin resistance gene. The multiple cloning site (MCS) and lacZ are located between kanR and
pUC18_ori and they are derived from pUC18. The size of the empty plasmid is 6332 bp. Recognition
sites for common restriction enzymes have been included.

Figure 33. Plasmid map of pUCG3.8. The shuttle vector is composed of the same four essential
parts as pUCG18: ColE1 is an origin of replication for E. coli, repBST1 is an origin of replication for G.
thermoglucosidans and kanR encodes a thermostable kanamycin nucleotidyltransferase. The multiple
cloning site (MCS) and lacZ are located between kanR and pUC18_ori and they are from pUC18. The
difference between pUCG18 and pUCG3.8 them is the absence of AmpR, the mesophilic ampicillin
resistance gene, in the latter. Recognition sites for common restriction enzymes have been included.
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pUCG3.8 was constructed because an even smaller vector was necessary to express
cellulases in G. thermoglucosidans, which often are extremely large genes [Bartosiak-Jentys,
personal communication]. pUCG3.8 is composed of same parts as pUCG18: ColE1,
repBST1, kanR, and lac(MCS)Z located after kanR. Ampicillin selection was left out.
However, this vector incorporated some modularity: an AsiSI restriction site was placed
between kanR and pUC18_ori, XhoI was placed between pUC18_ori and repBST1 and AscI
separated repBST1 from kanR. But pUCG3.8 has three problems: (1) new parts cannot be
easily incorporated and (2) the MCS contains many restriction sites that are common and
which cut parts that could be placed within it like promoters, reporters or genes encoding
cellulases. And (3) even though high transformation efficiencies were reported (2.8X105
c.f.u./µg), these transformations efficiencies are for G. thermoglucosidans, not for E. coli.
Kanamycin selection in E. coli with this vector is actually extremely troublesome. Very low
transformation efficiencies are achieved as it will be evidenced in the results section of this
chapter. For applications where high transformation efficiency is required, for example when
creating a library of synthetic bioparts, it would definitely present a problem. The Leak group
has tried to overcome this problem by using LB medium supplemented with glucose to
recover cells but low transformation efficiencies in E. coli are still an issue.

4.1.2. ARE TWO ANTIBIOTIC RESISTANCE GENES REALLY REQUIRED?

•

Ideally, only one resistance marker should be useful for both hosts, but that cannot
always be the case.

•

Shuttle vectors typically carry two origins of replication and either one or two antibiotic
resistance selection markers because the expression or resistance profile of these
selection markers is host-specific [Kananavičiūtė and Čitavičius 2015].

•

Kanamycin resistance would be an ideal selection marker for both E. coli and G.
thermoglucosidans but for the moment, it is functional only in G. thermoglucosidans.
The efficiencies obtained with E. coli are poor (as it will be demonstrated in the
results section of this chapter).

•

This project will attempt to use the knowledge generated by the engineering side of
synthetic biology to attempt to break the host-specificity barrier of kanR.
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Throughout the development of plasmids for thermophiles, it has been understood
that the standard E. coli antibiotic selection markers like ß-lactamase (AmpR) are unsuitable
as markers for thermophilic organisms because either the protein or the antibiotic itself are
thermolabile. That's not the problem for kanamycin resistance though: kanamycin is the most
thermostable of the commonly-used antibiotics and the KanR used in pUCG18 is a double
mutant more thermostable than its parent [Liao and Kanikula, 1990].
When E. coli is transformed with pUCG18 it is typical to find fewer colonies when
selecting on kanamycin than on ampicillin. The present work seeks to answer if a synthetic
biology approach could elucidate the reason E. coli cannot be selected on kanamycin when
transformed with either pUCG18 or pUCG3.8. The section below contains a glimpse of the
problem.

4.1.3. CHLORAMPHENICOL RESISTANCE IN THERMOPHILES
The use of chloramphenicol resistance selection in thermophiles is problematic but
not impossible. For instance, Turner et al. [1992] mention that the chloramphenicol
acetyltransferase gene encoded in pMK4 was able to confer resistance to chloramphenicol in
G. stearothermophilus at 70 ºC and that this enzyme retained 90% of its activity after being
heated at 70 ºC for one hour, which suggests that this chloramphenicol acetyltransferase
should be tested in G. thermoglucosidans.

4.1.4. PMK3 AND PMK4
pMK3 and pMK4 are B. subtilis/E. coli shuttle vectors (NCBI accession numbers
EU549779 and EU549778, respectively). The plasmids maps for both vectors have been
included below (Figures 34 and 35). They are relevant for this work because three parts will
be isolated from them and tested for inclusion in the toolbox. These three parts are:
•

repB- temperature sensitive origin of replication useful for doing knock-outs in G.
thermoglucosidans as explained in Chapter 6 of this work.

•

repC- an origin of replication which will be tested for functionality in G.
thermoglucosidans.

•

catE- chloramphenicol acetyltransferase which will be tested for functionality in G.
thermoglucosidans. It is not functional in E. coli [Gryczan et al. 1978].
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Figure 34. Plasmid map of pMK3. pMK3 is an E. coli/B. subtilis shuttle vector [Sullivan et al. 1984]
containing an origin of replication for E. coli (ColE1), ß-lactamase (ampR) for selection in E. coli. For
selection in B. subtilis, the plasmid encodes a kanamycin nucleotidyltransferase (kanR). The plasmid
also contains an origin of replication (repB) derived from a Staphylococcus aureus cryptic plasmid.
The sequence can be found under NCBI accession number EU549779.

Figure 35. Plasmid map of pMK4. pMK4 is an E. coli/B. subtilis shuttle vector [Sullivan et al. 1984]
containing an origin of replication for E. coli (ColE1), ß-lactamase (ampR) for selection in E. coli. For
selection in B. subtilis, the plasmid encodes a chloramphenicol acetyltransferase (catE), which is not a
functional in E. coli. The plasmid also contains an origin of replication (repC) derived from a
Staphylococcus aureus cryptic plasmid. The plasmid sequence can be found under NCBI accession
number EU549778.
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The first requirement for the development of G. thermoglucosidans as a chassis for
synthetic biology is the construction of a toolbox of genetic components and the starting point
for that is the creation of shuttle vectors. Their design and the method used for their
assembly are discussed in the results section of this chapter, found below.

4.2. R E S U L T S
The results obtained in this work can be divided into the following subjects:
1. Analysis of DNA sequence of existing plasmids to determine the minimal
composition.
2. Design of the shuttle vectors based on:
•

How will modularity for each vector be maintained?

•

What are components that will be included in the toolbox?

•

How will these components be split into shuttle vectors?

3. Assembly of the shuttle vectors.
4.

Testing of the shuttle vectors.

4.2.1. ANALYSIS OF THE DNA SEQUENCE OF EXISTING PLASMIDS

•

Existing plasmids were analyzed to identify the functional units comprising them (i.e.
promoters, RBSs, CDS, terminators) in order to identify the minimal sequences
required to assemble a minimal plasmid.
It was decided that the first modular plasmid to be constructed for Geobacillus would

be an improved version of pUCG18. This plasmid was selected as a reference because it
was the most commonly used shuttle vector plasmid in the Leak Group at the time when this
research project began. Initial work was undertaken to carefully analyze the entire sequence
of pUCG18 in order to be able to draw a delimiting line between each of the parts it is
composed of, and to identify important non-coding regions, such as promoters, transcription
factors and transcriptional terminators, that should not be removed unless necessary.
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Annotations for the coding sequences (hereinafter CDS) were found using the NCBI
database. In particular, accession number EU547236 refers to the sequence of pUCG18
[Taylor et al. 2008]. Potential promoter regions were identified using BPROM [Softberry,
Solovyev and Salamov, 2011 8 ], an online tool that identifies, by comparison against a
database, consensus -35 and -10 transcription site boxes for bacterial promoters. Common
transcription factors are also highlighted by BPROM. Rho-independent transcriptional
terminator regions were identified by analyzing the sequences located directly after the stop
codons with IDT’s online Oligoanalyzer tool v.3.19 specifically looking for the presence of
hairpins that may arise and the results are depicted in Figure 59. The results of the
terminator search are highlighted in Figures A148 for repBST1, A149 for kanR and A150 for
ampR.

4.2.2. THE PROBLEM WITH KANR
Kanamycin selection doesn't work in E. coli due to the lack of a transcriptional

•

terminator at the 3'-end of the gene in the pUCG18 and pUCG3.8 plasmids.
When analyzing the sequences of the parts that comprise pUCG18 and pUCG3.8
and trying to identify the functional units that form each part, it was discovered that perhaps
the reason the kanamycin resistance gene has poor functionality in E. coli is because a
synthetic biology approach was not applied when both plasmids were assembled.
It is not surprising that even though pUCG3.8 is smaller than pUCG18, the
transformation efficiencies when selecting E. coli on kanamycin are similarly poor. The
problem is that both vectors have the same architecture and the same basic design element
is missing: there is no transcriptional terminator in either vector at the 3'-end of kanR. This
detail was omitted in both the pUCG18 paper [Taylor et al. 2008] and Mark Taylor’s thesis
[2007].
The reason kanR does not have a transcriptional terminator is that when joining the
two

plasmids

pUC18

and

pBST22,

the

original

transcriptional

terminator

of

thermostable_kanR was eliminated and replaced by an NdeI site used to join both plasmid

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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vectors together. Therefore, there is a need for a sequence downstream from the stop codon
of thermostable_kanR that can potentially act as its transcriptional terminator. As seen in
Figure 36, the DNA located immediately after kanR is that corresponding to the lacZ gene.
The hairpin formed seems to indicate that might be a transcriptional terminator, but, given
that the orientation of the lacZ gene is opposite to the orientation of the kanR gene, it's most
likely that it is a unidirectional terminator for lacZ and it does not function as a bidirectional
terminator for kanR. Figure 59 shows the hairpin structure associated with a transcriptional
terminator when the sequence of the lacZ terminator is analyzed by the IDT OligoAnalyzer
tool10.

Figure 36. Secondary structures of transcriptional terminators. The RNA sequences of the
terminator regions of repBST1, ampR and kanR as in pUCG18 and pUCG3.8 were analyzed for the
11
formation of secondary structures by the software OligoAnalyzer . The hairpin-shaped secondary
structures obtained from the modelling analysis suggest that the sequences act as transcriptional
terminators by creating a physical block to the RNA polymerase. For sequence detail, visit Figures
A148-A150.
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Figure 37. Plasmid map of pUCG18. Two kinds of annotations are displayed: small
annotations indicate exclusively the location of the CDS for each of the parts. Larger
annotations, i.e. annotations that have six plus signs included in the name, indicate the
minimal sequence for each of the parts including promoter, CDS and terminator. Big yellow
arrows indicate where restriction sites should be to permit creating a minimal vector that
would allow swapping parts. Size in base pairs (bp).
The "minimal" sequence necessary to compose each of the parts was selected based
on the information encoded before and after the coding sequence so that promoters and
terminators for each coding sequence were also included. As it can be observed in Figure
37, it was determined that pUCG18 contains a lot of unnecessary DNA, especially
surrounding repBST1.
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Furthermore, from looking at Figure 37, it is evident that in a vector like pUCG18,
replacing any one part for its “minimal” version would not be a straightforward process given
the absence of existing common restriction enzyme cutting sites in key locations separating
some of these parts. Replacing any part would result in an unpractical and unnecessary
accumulation of one-time use plasmids each having various degrees of modification.
Therefore building modular plasmids that reduce the amount of work needed to replace one
part can be a long-term cost-effective solution and fits with the ethos of synthetic biology
[Keasling, 2012].

4.2.3. DESIGN OF THE SHUTTLE VECTORS
The construction of a new set of G. thermoglucosidans/E. coli shuttle vectors was
proposed with one principle in mind: modularity. Having a standardized plasmid system can
provide efficiency, ease of use and will facilitate sharing parts between different research
groups. The creation of a new set of plasmids needs to start by having one modular
backbone to begin with, not only because the possibility of exchanging parts within it then
exists, but also because it sets the rules for standardizing what all the following parts must
conform to if they are to contribute to the expanding toolkit.
In order to design this first modular backbone, attention was focused on existing
design norms for plasmids suggested in the literature. One such example is SEVA, described
bellow.

4.2.3.1. PSEVA
pSEVA is a design for a plasmid for one host, not for a plasmid like a shuttle vector that
involves two hosts, so the pSEVA design cannot be implemented to the letter in this work,
however:
•

The Multiple Cloning Site MCS of the new modular vectors must be compatible with
the pSEVA architecture because it will make easier the sharing of cargo bioparts.

•

Ease

of

sharing

cargo

bioparts

may

in

turn

facilitate

the

adoption

of

G.thermoglucosidans as a thermophile chassis.
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The Standard European Vector Architecture (SEVA) was published in 2013 by SilvaRocha et al. and updated in 2014 by Martínez-García et al. and it is a guideline scaffold for
the design of plasmids which intends to facilitate the swapping of parts. The basic design of a
pSEVA vector is shown in Figure 38. The ideal of SEVA is that all plasmids use the same
and a specific standard nomenclature. However, the original pSEVA design allows for one
antibiotic marker and one origin of replication. For the toolbox shuttle vectors, two origins and
two antibiotic resistance markers need to be incorporated so the pSEVA designed will not be
followed except for the Multiple Cloning Site because it should facilitate the sharing and
testing of bioparts between the Geobacillus and the wider synthetic biology community.
Therefore, the design elements of SEVA incorporated into the toolbox design were the AscI
and SwaI restriction enzyme recognition sites to delimit the MCS.

Figure 38. The basic design of a pSEVA plasmid. In pSEVA plasmids, the functional parts are
separated by the rare-cutter restriction sites AscI, PacI, SpeI, SwaI, PshAI and FseI. Two rhoindependent transcriptional terminators T1 and T0 delimit the cargo region. oriT permits the
conjugative transfer of DNA between E. coli and alternative hosts. The new modular plasmids will also
contain an MCS delimited by the restriction enzyme AscI and SwaI recognition sites.
Figure taken from Silva-Rocha et al. [2013].

Rare-cutting restriction enzyme recognition sites NotI, PmeI, SwaI, AscI, FseI were
identified as appropriate enzymes to cut at sites at the boundary of parts because their 8 bp
recognition sequences were absent from all parts to be included in the vector set. In addition,
they are commercially available and with the exception of SwaI, are all compatible with the
same buffer (New England Biolabs).
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The architecture of the first modular plasmid was designed to resemble that of
pUCG18 as closely as possible, so that its efficacy could be compared to this existing
internal standard.

4.2.3.2. FIRST MODULAR PLASMID DESIGN
The first modular plasmid follows the design seen in Figure 39. The design of this
first plasmid was to have the sequences ColE1 delimited by the SwaI and FseI sites, ampR
by FseI and NotI, repBST1 by NotI and PmeI and kanR between PmeI and AscI. A fifth
building block would also be added between these main four plasmid parts. This fifth block
would be a Multiple Cloning Site (MCS) containing many restriction enzyme sites to allow the
plasmids created to be easy to use as shuttle vectors. The obvious way to include DNA
sequences into shuttle vectors is to design a zone designated for this purpose, with plenty of
unique restriction sites to choose from. The MCS included in the set is represented in Figure
40. The MCS was designed entirely de novo to contain a variety of restriction sites that don’t
inconveniently cut any of the parts expected to be parts of the toolbox. The MCS was
designed to be placed between kanR and ColE1. Additionally, the wild type RplS promoter
as well as the Song et al. hbLOV fluorescent protein were included so that it could be
immediately assayed for being able to host an expression cassette. The entire sequence was
synthesized by GeneART (Life Technologies).

!

118

Figure 39. Plasmid map of the first modular plasmid. The first modular plasmid was
designed to resemble the architecture of pUCG18 as closely as possible. Two kinds of
annotations are displayed: small annotations indicate exclusively the location of the CDS for
each of the parts. Larger annotations, i.e. annotations that have six plus signs included in the
name, indicate the minimal sequence for each of the parts including promoter, CDS and
terminator. Big yellow arrows indicate the location of the rare-cutter restriction sites that
confer modularity to the vector, namely, PmeI, AscI, SwaI, FseI and NotI. Size in base pairs
(bp).

Figure 40. Design of the synthetic MCS to be included in the modular plasmids. The
wild-type RplS promoter was placed between the SbfI and XbaI sites and the sequence for
the Song et al. hbLOV was placed between the XbaI and SacI sites. Two rho-independent
transcriptional terminators (rho1 and rho2) were placed delimiting the MCS. Other restriction
sites included within the transcriptional terminators are PacI, SpeI, AvrII, NheI, SexAI, XmaI,
SalI, XhoI, SbfI, XbaI and SacI. In addition, the RsrII and Bsu36I restriction sites will permit
placing parts outside of the transcriptional terminators.
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Within the synthesized part, two rho-independent transcriptional terminators
designated “rho1” and “rho2” delimit the central region of the MCS. Their specific location in
the MCS region can be seen in Figure 40. The hairpins they form can be seen in Figure 41.
The first one, “rho1”, has the purpose of terminating transcription of the kanR gene. The
second one, “rho2”, terminates transcription of genes included between the PacI and SacI
sites if they are in forward orientation.

Figure 41. Secondary structures of transcriptional terminators. The RNA sequences of
the two rho-independent transcriptional terminators included in the MCS were analyzed for
the formation of secondary structures by the software OligoAnalyzer12. The hairpin-shaped
secondary structures obtained from the modelling analysis suggest that the sequences act
as transcriptional terminators by creating a physical block to the RNA polymerase.

4.2.3.3. ASSEMBLY OF THE PLASMIDS OR DNA SYNTHESIS?
For the creation of a set of modular Geobacillus plasmids, various new DNA
assembly standards and techniques, such as MODAL (Modular Overlap Directed Assembly
with Linkers), Golden Gate and Gibson Assembly were considered to construct the modular
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plasmids. DNA synthesis of the entire plasmid was not contemplated because the cost would
have been significantly higher than the price paid for the necessary oligonucleotides required
for PCR amplification plus reagents. It was concluded that the easiest and most accessible
way to allow plasmids to not only be built but to allow plasmid parts to be quickly swapped in
and out would be traditional digestion and ligation that leaves standard restriction cutting
sites between different parts. Therefore, in order to base the modularity of this vector on
restriction cutting, suitable restriction sites needed to be chosen. The appropriateness of
rare-cutters is accentuated in this situation as their target sequences are longer than the
usual 6 bp of common type II restriction endonucleases, and are therefore much less often
encountered within existing DNA sequences.

4.2.4. CONSTRUCTION OF THE FIRST MODULAR PLASMID
To construct the plasmid, an approach was taken to build up a modular equivalent of
pUCG18 in one go from all the parts necessary. All parts were PCR amplified from pUCG18
(except the synthesized MCS) and the primers used to amplify each part are included in
Table A12. Primers and PCRs were designed to remove unnecessary DNA between
pUCG18 parts and add in the necessary restriction sites between each region. The approach
required a 5-part ligation to work to give any plasmid that could be further modified. Despite
trying repeated times; this always resulted in no colonies, probably due to the complexity of a
5-part assembly (data not shown). So in order to construct the vector, a second approach
was taken where pUCG18 would be iteratively modified by PCR mutation until it became
compatible with the intended modular design and contained the necessary restriction sites in
the right places.
Figures 42-50 illustrate the step-by-step process used to create the first modular
plasmid, hereafter referred to as "p11AK1". First, as shown in Figure 42, pUCG18 was PCRamplified with primers AscI-SwaI-pUC_ori and RC-kanR-AscI. The forward primer encoded
AscI and SwaI sites. The reverse primer encoded an AscI site.
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Figure 42. Primers AscI-SwaI-pUC_ori and RC-kanR-AscI were used to amplify pUCG18. The
forward primer encoded AscI and SwaI sites. The reverse primer encoded an AscI site.

The PCR product was digested with AscI and self-ligated to circularize. The resulting
plasmid is shown in Figure 43. Subsequently, it was digested with AscI and SwaI, as shown
in Figure 67.

Figure 43. Plasmid resulting from the AscI self-ligation of the PCR product from Figure 64.

Figure 44. M13F and M13R primers were used to PCR-amplify the sequence corresponding to the
synthetic MCS that included the wild-type RplS promoter as well as the hbLOV which was codon
optimized for B. subtilis.

As seen in Figure 44, primers M13F and M13R were used to amplify the synthetic
MCS sequence that also included the wild-type RplS promoter and the Song_hbLOV
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reporter. The PCR product was digested with AscI and SwaI. These restriction sites were
already included in the sequence that was synthesized. The AscI/SwaI plasmid and the
AscI/SwaI MCS were ligated and transformed. The resulting plasmid is shown in Figure 45.
E. coli colonies were selected based on the presence of fluorescence produced by hbLOV
being expressed.

Figure 45. Plasmid resulting from the ligation of the plasmid shown in Figure 43 digested with AscI
and SwaI with the AscI/SwaI MCS which also included the wild-type RplS promoter as well as hbLOV.

Figure 46. PCR-amplification of the plasmid from Figure 45 with primers PmeI-kanR and RCpUC18_ori-FseI.

The plasmid from Figure 45 was PCR amplified to add PmeI and FseI restriction
sites with primers PmeI-kanR and RC-pUC18_ori-FseI (Figure 46). Likewise, he same
plasmid was also amplified with primers FseI-AmpR and RC-repBST1-PmeI (Figure 47) to
also add FseI and PmeI.

Figure 47. PCR-amplification of the plasmid from Figure 46 with primers FseI-ampR and RCrepBST1-PmeI.
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The PCR products from Figures 46 and 47 were digested with FseI and PmeI and
ligated together. The ligation was transformed into E. coli and the resulting plasmid, shown in
Figure 48, was isolated and test-digested to confirm the presence of the FseI and PmeI
restriction sites.

Figure 48. Plasmid resulting from the ligation of the PCR products from Figures 46 and 47 digested
with FseI and PmeI.

Subsequently, the plasmid from Figure 48 was PCR-amplified this time with primers
NotI-repBST1 and RC-AmpR-NotI (Figure 49).

Figure 49. Primers NotI-repBST1 and RC-AmpR-NotI were used to amplify the entire vector shown
in Figure 48 to add NotI at either end of the PCR product.

The PCR-product from Figure 49 was digested with NotI and self-ligated. The
resulting minimal modular plasmid, p11AK1 is shown in Figure 50 and the detailed sequence
can be found in Figure A129. This was the first plasmid created to match our standard
modular design.

Figure 50. Schematic view of the new minimal modular plasmid p11AK1. Rare cutter restriction
enzyme recognition sites (FseI, NotI, PmeI, AscI and SwaI) delimit each of the modules of the new
shuttle vector. This vector is composed of the same essential elements as pUCG18, with the addition
of the synthetic MCS, which contains the RplS promoter and hbLOV.
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The functionality of the boundary enzymes in the plasmid was confirmed after a
series of test-digests. Examples of the results from this are given in Figures 51 and 52.

Figure 51. 1% agarose gel of test-digest with NotI/PmeI to demonstrate the functionality of two
of the boundary restriction sites in p11AK1. Lane 1: ladder (Fermentas 1 kb). Lanes 2,3: DNA
extracted from E. coli colonies 1 and 2. Size represented in Kilo base pairs (Kb).

Figure 52. 1% agarose gel of test-digest with PmeI/AscI to demonstrate the functionality of
these two boundary restriction sites in p11AK1. Lane 1: ladder (Fermentas, 1 kb). Lanes 2,3: DNA
extracted from E. coli colonies 1 and 2. Size represented in Kilo base pairs (Kb).
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4.2.5. CONSTRUCTION OF A SECOND MODULAR PLASMID
In plasmid p11AK1, the region between AscI and SwaI contains an MCS occupied by
the RplS promoter and hbLOV between the SbfI and SacI sites. To remove them to leave an
empty MCS, the plasmid was digested with SbfI and SacI. Primers BR068 and BR069 were
designed (by Benjamin Reeve) to anneal to each other to form a small dsDNA part that
completes the MCS that can easily ligate in place of the promoter and hbLOV when digested
with SbfI and SacI and mixed with p11AK1. Both plasmid and dsDNA parts were ligated
together to produce the shuttle vector with an empty MCS as shown in Figure 53.

Figure 53. Restriction map of the empty Multiple Cloning Site (MCS) and location of the “rho1”
and “rho2” transcriptional terminators. The RplS promoter and hbLOV have been replaced by a
HindIII site.

The resulting plasmid was named p11AK0 following the naming convention given in Table 3.
Table 8. Naming convention for modular toolbox plasmids based on parts composition.
G.
E. coli origin of
replication

pUC18_ori
(ColE1=)1

thermoglucosidans Antibiotic
origin

of resistance

MCS

replication

repBST1=1

AmpicillinR=A

Empty=0

repB=2

KanamycinR=K

rplSWT+hbLOV=1

repC=3

ChloramphenicolR=C

rplSWT+sfGFP=2
rplSWT+mCherry=3
rplSWT+pheB=4
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Table 9. Naming given to modular toolbox plasmids according to naming convention.

!

E. coli
origin of
replication

G.
thermoglucosidans
origin of replication

Antibiotic
resistance

MCS

Resulting
plasmid

1

1

AK

1

p11AK1

1

1

AK

0

p11AK0

1

1

AK

2

p11AK2

1

1

AK

3

p11AK3

1

1

AK

4

p11AK4

1

1

AC

1

p11AC1

1

2

AK

1

p12AK1

1

3

AK

1

p13AK1

1

2

AK

1

p12AK1

1

2

AC

1

p12AC1

1

1*

AC

2

p11*AC1

1

2

AK

3

p12AK3

1

1

K

0

p11K0

1

2

K

0

p12K0

Components
ColE1, repBST1,
ampR, kanR,
RplS+hbLOV
ColE1, repBST1,
ampR, kanR,
empty MCS
ColE1, repBST1,
ampR, kanR,
RplS+sfGFP
ColE1, repBST1,
ampR, kanR,
RplS+mCherry
ColE1, repBST1,
ampR, kanR,
RplS+pheB
ColE1, repBST1,
ampR,
pMK4_catE,
RplS+hbLOV
ColE1, repB,
ampR, kanR,
RplS+hbLOV
ColE1, repC,
ampR, kanR,
RplS+hbLOV
ColE1, repB,
kanR, empty
MCS
ColE1, repB,
ampR, kanR,
RplS+hbLOV
ColE1,
mutant_repBST1,
ampR, catE,
RplS+sfGFP
ColE1, repB,
ampR, kanR,
RplS+mCherry
ColE1, repBST1,
kanR, empty
MCS
ColE1, repB,
kanR, empty
MCS
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The plasmids constructed to conform the early E.coli/G. thermoglucosidans toolbox
are listed in Table 4 and schematic views of the two plasmids sets are included in Figures
54 and 55.

Figure 54. Schematic representation of the larger vector set constructed to be part of the E.
coli/G. thermoglucosidans toolbox. Two sets of shuttle vectors were constructed to constitute an
early E. coli/G. thermoglucosidans toolbox. The larger vectors include two antibiotic resistance genes:
one for E. coli (ampR) and one for G. thermoglucosidans (kanR or catE) although kanR can be used
to select both E. coli and G. thermoglucosidans. Also included within the toolbox are three origins of
replication for G. thermoglucosidans (repBST1, the mutant repBST1* or the temperature-sensitive
repB), and an origin of replication for E. coli (ColE1). The suitability of this larger set as an expression
vector is demonstrated by the expression of the four reporter proteins (pheB, hbLOV, mCherry and
sfGFP) discussed in chapter 4 of this work. The transcription of each reporter is driven by the RplS
promoter and the translation is driven by the pheB_RBS. The number next to each part is the one
used in the naming convention shown in Table 3.
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Figure 55. Schematic representation of the smaller vector set constructed to be part of the E.
coli/G. thermoglucosidans toolbox. The smaller, more minimal, vectors include only one antibiotic
resistance gene, kanR because it can be used to select both E. coli and G. thermoglucosidans. In
addition, included within the toolbox are two origins of replication for G. thermoglucosidans (repBST1
or the temperature-sensitive repB), and an origin of replication for E. coli (ColE1). This smaller vector
set is also supplemented with an empty MCS. The number next to each part is the one used in the
naming convention shown in Table 3.

4.2.6. CONSTRUCTION OF P11AC1
In order to replace the kanamycin resistance gene of p11AK1, two chloramphenicol
resistance genes were tested for thermostability in G. thermoglucosidans DL44. The first
tested was catE from the E. coli plasmid pLysE, a protein known to confer resistance to
chloramphenicol in this mesophile at concentrations as high as 33 µg/mL. The second one
was catE from pMK4 [Sullivan et al. 1984] - a vector commonly-used for B. subtilis [Yao et al.
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2003, Ozcelik et al. 2004]. These two genes were selected due to the availability of the
plasmids within the research group.
p11AK1 was digested with PmeI and AscI to extract kanR. pLysE_catE was amplified
using primers PmeI-catE_ATG and RC-catE_ATG-AscI. pMK4_catE was PCR-amplified
using primers PmeI-pMK4_catE_JUN and RC-pMK4_catE_JUN_AscI. The PCR-products
were also digested with PmeI and AscI. Each gene was ligated to the PmeI/AscI p11AK1.

4.2.7. CHLORAMPHENICOL RESISTANCE IN G. THERMOGLUCOSIDANS
pLysE_catE was observed to confer resistance to chloramphenicol in E. coli DH10B
at concentrations of up to 33 µg/mL but when the plasmid was transformed into G.
thermoglucosidans DL44, no colonies were observed at 55 ºC or at 45 ºC. This was
determined by transforming G. thermoglucosidans DL44 with 300 ng of the plasmid and
allowing the cells to recover in 2TY medium at either 45 ºC or 50 ºC for 90 minutes, and
either plating them on 2TY chloramphenicol plates supplemented with 8 or 12 µg/mL
chloramphenicol.
pMK4_catE was observed to not be able confer resistance to chloramphenicol in E.
coli DH10B, not even at concentrations as low as 6 µg/mL, but when the plasmid was
transformed into G. thermoglucosidans DL44, colonies were retrieved when incubating at 55
ºC for 48 hours in 2TY plates supplemented with 12 µg/mL chloramphenicol.
An artificial selection method was then applied to attempt to obtain a much more
thermostable version of pMK4_catE by subculturing a colony of G. thermoglucosidans DL44
at 50 ºC in liquid 2TY media and adding ever increasing amounts of chloramphenicol. The
first culture of the transformed colony was obtained when supplementing the medium with 12
µg/mL and growth was observed only after 48 hours. 500 µL of this culture were used to
inoculate fresh 2TY medium supplemented with 16 µg/mL. Growth was observed after 48
hours. Once again, 500 µL of this culture were used to inoculate fresh medium, this time
supplemented with 20 µg/mL chloramphenicol. After 48 hours, 500 µL of the resulting culture
were inoculated to fresh medium containing 24 µg/mL chloramphenicol. Surprisingly, this
time, growth was observed after 24 hours. 500 µL of this were inoculated and selected on 28
µg/mL. Once again, growth was detected after 24 hours. Finally, 500 µL of this culture were
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used to inoculate medium that was supplemented with 32 µg/mL chloramphenicol. It was
decided to stop the selection at this point because 32 µg/mL is a sufficiently high enough
concentration of antibiotic. The resulting plasmid was isolated and sequenced.
Interestingly, sequencing revealed four mutations in the repBST1 gene, but none in
the catE region. These mutations are marked in the sequence in Figure A153. This plasmid
will be hereafter referred to as p11*AC1 because repBST1 is mutated.

4.2.8. CONSTRUCTION OF P12AC1
In order to replace the origin of replication in p11*AC1 with repB, plasmid p11*AC1
was digested with PmeI and NotI to extract repBST1. repB was PCR-amplified using primers
NotI-repB and RC-repB-PmeI. The PCR-product was also digested with PmeI and NotI. Each
gene was ligated to the PmeI/NotI p11AK1. The ligation was transformed into E. coli DH10B
and the correct colonies were confirmed by sequencing. Then this plasmid was transformed
into G. thermoglucosidans DL44. Colonies appeared on the 2TY/chloramphenicol (12 µg/mL)
plate after 48 hours when incubated at 50 ºC.
One colony was subjected to the same selection pressure as that used to increase
the tolerance to chloramphenicol, which resulted in p11*AC1, but growth was not observed
above 16 µg/mL, suggesting that this origin of replication is not as resilient to mutation as
repBST1.

4.2.9. CONSTRUCTION OF P12AK1
repB is another origin of replication that has been shown to have activity in G.
thermoglucosidans by Cripps et al. (2009). To determine the minimal sequence needed to
obtain a functional gene, the promoter region was screened with BPROM for the -10 and -35
boxes and with the IDT OligoAnalyzer tool to find transcriptional terminators. The detailed
sequence has been included in Figure A128. The promoter -35 and -10 boxes are
highlighted in this sequence, and the terminator has been marked as well.
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Plasmid p11AK1 was digested with NotI and PmeI to remove repBST1. repB was
PCR-amplified from pUB190 [Cripps et al., 2009] using primers NotI-repB3 and RC-repBPmeI. The PCR-product was digested with NotI and PmeI and ligated to the NotI/PmeI
vector. The ligation was transformed into E. coli DH10B and the correct transformants were
confirmed by sequencing. The resulting plasmid was transformed into G. thermoglucosidans
DL44. Colonies were obtained when selecting on 2TY/kanamycin plates at 55 ºC. The
correct transformants were confirmed by test-digesting the plasmids isolated from them.

4.2.10. CONSTRUCTION OF P13AK1
Originally, one of the aims of this work was to test whether the components of pMK4,
a plasmid shown in Figure 35, would work in G. thermoglucosidans. When pMK4 was
transformed into G. thermoglucosidans DL44, no colonies were retrieved when the plates
were incubated at 50 ºC and supplemented with 12 µg/mL chloramphenicol. pMK4 is
composed of repC and pMK4_catE. It has been demonstrated as part of this work that
pMK4_catE does work in G. thermoglucosidans at 50 ºC (see plasmid p11AC1). It was
assumed that repC and catE were perhaps not the best combination of parts and it was
possible that the absence of colonies could be due to repC being a very low copy plasmid
and not producing enough copies to produce enough chloramphenicol acetyltrasferase.
Decreasing the amount of chloramphenicol was not recommendable because when
incubating 2TY plates supplemented with cloramphenicol at 50 ºC, the antibiotic starts
degrading and the longer they are incubated and the lower the amount of chloramphenicol
used, the more background can be observed. 12 µg/mL is actually the lowest
recommendable amount for chloramphenicol supplemented to plates, although 8 µg/mL will
also be acceptable in the cases where colonies can be retrieved after 24 hours (see plasmid
p11*AC1).
repC is an origin of replication for B. subtilis also found in pMK4 [Sullivan et al. 1984].
Since B. subtilis is a close relative to G. thermoglucosidans, the functionality of this origin of
replication in the thermophile seemed probable. So instead of decreasing the amount of
chloramphenicol, it was decided to exploit the modularity and ease of cloning new parts into
the toolbox plasmids and replace repBST1 in p11AK1 with repC, thus creating p13AK1. So
plasmid p11AK1 was digested with NotI and PmeI to remove repBST1. repC was PCRamplified using primers NotI-repC and RC-repC-PmeI. The PCR-product was digested with
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NotI and PmeI and ligated to the NotI/PmeI vector. The ligation was transformed into E. coli
DH10B and the correct colonies were confirmed by sequencing. However, when this plasmid
was transformed into G. thermoglucosidans DL44, no colonies were observed, at either 55
ºC or 45 ºC, suggesting that this origin of replication is not suitable for G. thermoglucosidans.
It was therefore not pursued any further.

4.2.11. SMALLER SET OF MINIMAL THREE-PART MODULAR PLASMIDS
Two minimal plasmids were also constructed as part of the toolbox: p11K0 and
p12K0. Plasmid p11K0 was constructed by PCR-amplifying plasmid p11AK0 with primers
NotI-repBST1 and RC-pUC_ori-NotI. Plasmid p12K0 was constructed by PCR-amplifying
plasmid p11AK0 with primers NotI-repB3 and RC-pUC_ori-NotI. The PCR-products were
digested with NotI and self-ligated. The ligation was transformed into E. coli DH10B cells and
the correct colonies were confirmed by sequencing. These two plasmids are smaller because
they only have one antibiotic resistance gene: kanR as well as an empty MCS.

4.2.12. CHARACTERIZATION OF PARTS: KANR
Table 10 shows a comparison of the transformation efficiencies obtained with some
of the plasmids of the modular toolbox and pUCG18 and pUCG3.8 for comparison.
Table 10. Average number of colonies obtained after transforming with 15 ng of DNA.
N=3
Organism
E. coli
G. thermoglucosidans
Incubation
37 ºC
37 ºC
55 ºC
55 ºC
temperature
Chloramphenicol
Ampicillin
Kanamycin
Kanamycin
Antibiotic
(12 µg/mL)
(100 µg/mL)
(50 µg/mL)
(25 µg/mL)
p11AK0
>1000
>1000
547
p11K0
>1000
>1000
p12AK1
>1000
355
>1000
p12AC1
734
23.5
p11*AC1
>1000
18
pUCG18
2.5
9*
0.3
pUCG3.8
N/A
6*
>1000
*Observed after 48 hours of incubation at 37 ºC.
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In Figures 56 and 57, it can be seen that the transformation efficiencies, when
selecting on ampicillin and kanamycin, are much higher for the modular plasmids than for the
reference pUCG18 and pUCG3.8. In E. coli, for the modular plasmids the transformation
efficiencies obtained when selecting on ampicillin were just as high as when selecting on
kanamycin.
For DL44, it can be clearly observed that the number of colonies obtained when
selecting on chloramphenicol is much lower than when selecting on kanamycin. Also, the
efficiencies between pUCG3.8 and the modular plasmids appear to be similar. The size
differences between the vectors that have two antibiotic markers and the ones that have only
one does appear to have an effect in G. thermoglucosidasius transformation efficiency,
confirming previous anecdotal data from the Leak Group.

Figure 56. Transformation efficiencies of E. coli obtained with the modular vectors. Graphic
representation of the transformation efficiencies reported in Table XX of chemically competent E. coli
DH10B obtained with the plasmids of the toolkit compared to the pre-existing reference plasmids
pUCG18 and pUCG3.8. The size of the circle correlates to the average number of colonies obtained
after three transformations using 15 ng of DNA. The black colour scheme indicates that the selection
of colonies was carried out in the presence of ampicillin (100 µg/mL), whereas red represents
kanamycin (50 µg/mL) selection.
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Figure 57. Transformation efficiencies of G. thermoglucosidans obtained with the modular
vectors. Graphic representation of the transformation efficiencies reported in Table 3 of
electrocompetent G. thermoglucosidans DL44 obtained with the plasmids of the toolkit compared to
the pre-existing reference plasmids pUCG18 and pUCG3.8. The size of the circle correlates to the
average number of colonies obtained after three transformations using 15 ng of DNA. The red color
scheme indicates that the selection of colonies was carried out in the presence of kanamycin (f.c. 25
µg/mL), whereas green represents chloramphenicol (f.c. 12 µg/mL) selection.

4.2.13. PLASMID COMPATIBILITY
To determine whether it is possible for G. thermoglucosidans to maintain two
plasmids simultaneously, two new plasmids were created: (mutant_repBST1*, pMK4_catE
and RplS+mCherry) as well as p12AK2 (repB, kanR, RplS+sfGFP). These were chosen
because they have different origins of replication and different antibiotic selections, therefore
these two plasmids could potentially replicate and propagate independently within a single
cell. p11*AC3 was transformed into G. thermoglucosidans DL44 first. The cells were grown
at 50 ºC and the correct colonies were confirmed by screening for red fluorescence. These
cells were made electrocompetent and transformed once more, this time with p12AK2.
To test for plasmid incompatibility, the cells were grown in kanamycin and
chloramphenicol. When these cells were seen under a microscope to screen for either green
or red fluorescence of each individual cell, as seen in Figure 58, it was evident that the
majority of the cells express either sfGFP or mCherry. Only in a very small number of cells,
can weak expression of both reporters be seen.
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Figure 58. Microscopy imaging detection of sfGFP and mCherry fluorescence to test
for plasmid (in)compatibility. G. thermoglucosidans was transformed with p11*AC3
(containing the mutant repBST1*, catE, and mCherry) and p12AK2 (containing repB, kanR
and sfGFP) and selected simultaneously on chloramphenicol (f.c. 32 µg/mL) and kanamycin
(f. c. 12 µg/ml). Cells were restreaked on a microscope slide and were viewed under a
microscope to detect fluorescence of sfGFP and mCherry. Labeled as "1" and "2" are the
cells that appear to show fluorescence of both reporters.

4.2.14. CHARACTERIZATION OF PARTS: E. COLI ORIGIN OF REPLICATION
The several rounds of PCR required in DNA assembly resulted in two mutations in
pUC18_ori (ColE1) (shown in Figure A129), but these weren't corrected because the yields
obtained, when compared to the parent pUCG18, were still significantly high, as seen in
Figure 59. Therefore, the effect of these mutations on the copy number was not regarded as
problematic.
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Yield per MiniPrep
DNA (µg)

40.00
30.00
20.00
10.00
0.00
Plasmid
p11AK0

p11K0

pUCG18

pUCG3.8

Figure 59. Average DNA concentration obtained after extracting each plasmid from
overnight E. coli. Plasmid DNA was isolated from 5 mL cultures of E. coli growing in
LB/ampicillin in the case of p11AK0 and pUCG18 and LB/kanamycin for p11K0 and
pUCG3.8 at 37 ºC. Error bars indicate standard deviation of a population of at least 3
samples per plasmid.

4.2.15. CHARACTERIZATION OF PARTS: GEOBACILLUS ORIGINS OF REPLICATION
In an attempt to determine what is the difference between repB, repBST1 and the
mutagenic repBST1*, G. thermoglucosidans DL44 cells transformed with p11AK1, p11*AC1
and p12AC1 were inoculated to 5 mL of 2TY supplemented with the appropriate antibiotic
and were grown at 50 ºC. After overnight growth, the cells were harvested by centrifugation
and their plasmid DNA was extracted. The DNA was quantified using a NanoDrop 1000 to
compare yields. The results are shown in Figure 60.
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Figure 60. Average DNA concentration obtained after extracting each plasmid from
overnight G. thermoglucosidans. Plasmid DNA was isolated from 5 mL cultures of G.
thermoglucosidans DL44 grown in 2TY/chloramphenicol (f.c.12 µg/mL) at 50 ºC with shaking
at 200 rpm. Error bars indicate standard deviation of three measurements.
As it can be seen in Figure 60, it's not possible to make a clear distinction of the copy
numbers of each plasmid based on the plasmid yield alone, since all three produced very
similar yields.
In another experiment, G. thermoglucosidans DL44 modified with p12AC1 and
p11*AC1 were grown in parallel in a baffled flask containing 50 mL of 2TY supplemented
with 32 µL of chloramphenicol at 50 ºC to determine whether there is any difference in their
growth, but, as it can be seen in Figure 61, the differences observed do not allow to clearly
establish if these two origins of replication have any effect on growth. It's interesting to see
that the mutations of repBST1 do not appear to help the cells grow significantly faster.
Tracking the growth on chloramphenicol was selected for this experiment because
cells take longer to grow than on kanamycin so any difference should have been made much
more obvious by this.
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Figure 61. Growth comparison among strain p12AC1 (repB pMK4_catE) and strain
p11*AC1 (repBST1 pMK4_catE). Fresh 50 mL 2TY medium was supplemented with 32
µg/mL (f.c.) chloramphenicol. 500 µL of G. thermoglucosidans DL44 transformed with
plasmids p12AC1 and p11*AC1 were inoculated from an overnight culture and grown in
baffled 250 mL flasks at 55 ºC. Growth was followed by taking OD600 measurements at
selected time points. Error bars represent the standard deviation of two measurements.

4.3. D I S C U S S I O N
•

The transformation efficiency yields demonstrate the positive effect the new
transcriptional terminator in the synthetic MCS are having on the transcriptional
regulation of the gene and it's clearly a significant improvement over the previously
existing vectors.

•

Chloramphenicol resistance with catE_pMK4 in G. thermoglucosidans is inconclusive
from the experiments carried out so far. Oxygenation needs to be investigated
because the enzyme is dependent on acetyl-CoA.

•

repBST1 and repB are not compatible origins of replication.

4.3.1. CHLORAMPHENICOL RESISTANCE IN G. THERMOGLUCOSIDANS
Of the two versions of the chloramphenicol resistance protein tested, pLysE_catE
proved to not be suitable for thermophiles. To the author's best knowledge, there are no
reports in literature of this protein being used in a thermophile, thus suggesting that it is not
thermostable. pMK4_catE on the other hand, was shown to be able to withstand much higher
temperatures, but it is not recommendable selecting at a temperature above 50 ºC because
chloramphenicol itself degrades at these temperatures and the result observed on plates is a
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high level of background; making it impossible to distinguish positive transformants.
Chloramphenicol selection at 50 ºC is also not recommendable because 50 ºC is actually a
low temperature for Geobacillus, and is far from the ideal 60 ºC. Thus cells grows at a much
slower rate and transformants cannot be observed on plates until after 48 hours incubation
and by then, a large amount of the chloramphenicol on the plates will have degraded, and
individual colonies can no longer be differentiated since there is a thin layer of cells on the
plate due to the bacteriostatic nature of chloramphenicol.
The mutations seen in repBST1 might help confer chloramphenicol resistance at 55
ºC. It may be that the mutations lead to a higher copy number of repBST1 and therefore
enough catE copy-number to produce enough of the resistance enzyme to allow growth in
the presence of chloramphenicol. Although, one would think that it would be easier for the
cells to mutate catE instead of repBST1. Since this wasn't the case, it suggests that the only
thermostable configuration of the gene is the one it presently has, and that if any other
mutations arose, they probably did not permit the survival of the cells.
In conclusion, pMK4_catE can be used as an alternative selection marker in G.
thermoglucosidans as long as the cells are selected at 55 ºC for no more than 24 hours and
the plasmid being used has the mutated repBST1. Unfortunately transformation efficiencies
of this will be very low compared to kanamycin selection (Figure 57).
In summary, the results obtained from this experiment are inconclusive until it can be
demonstrated that the mutant repBST1*-chloramphenicol resistance plasmid can be
transformed back into G. thermoglucosidans with the obtention of transformants at 12 µg/mL
at 55 ºC overnight. Otherwise, the mutagenic origin of replication does not actually confer
any improved resistance to chloramphenicol. Also, taking into consideration that
chloramphenicol resistance is dependent on acetyl-CoA and there is more production of
acetyl-CoA in aerobic fermentation, then it is most likely that the reason more colonies are
obtained when selecting at lower temperatures (i.e. 45 ºC) is that oxygen solubility is lower at
those temperatures and therefore there is more cofactor available for the enzyme to interact
with, and the reason is not so much that the actual enzyme is not temperature sensitive.
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4.3.2. KANAMYCIN RESISTANCE IN G. THERMOGLUCOSIDANS
The thermostable kanamycin nucleotidyltransferase produced by Liao et al. (1990)
appears to be a significantly better selection marker for thermophiles than chloramphenicol.
On top of this, it works well in E. coli too, which means that the shuttle plasmid can be
smaller in size if the kanR gene is used by both organisms. Previously, thermostable KanR
expression in E. coli had been problematic, meaning that three-part vectors (ones that use
thermostable KanR for selection in both organisms) gave very low numbers of colonies when
transformed into E. coli. In this work, it was identified that a transcriptional terminator was
missing from previously constructed plasmids containing a thermostable KanR. Both
pUCG18 and by extension, pUCG3.8, lack a transcriptional terminator and have low
efficiencies when transformed into E. coli and selected by kanamycin. In the case of
pUCG18, the low efficiencies are due to two factors: the lack of the terminator and the very
large size of the empty vector. In the modular plasmids, the transcriptional terminator "rho2"
was placed at the 5'-end of the MCS. This acts as a transcriptional terminator for kanR and
could explain the improved transformation efficiency of the modular plasmids when
transformed into E. coli and selected by kanamycin. The comparison of the transformation
efficiencies obtained when selecting E. coli on kanamycin shows how significant having an
effective transcriptional terminator after kanR is. Likely this terminator is positively affecting
the expression of this gene. While this seems to have little impact in the case of G.
thermoglucosidans, it does make a substantial difference for E. coli. And with this design,
having a minimal plasmid that has only kanR for selection in both hosts is very promising.
It would be interesting to find out why the absence of a terminator at the end of kanR
has had no effect on G. thermoglucosidans, whereas in E. coli it does have a strong impact.
Understanding this could be useful for future synthetic biology device designs and
characterization of parts.
The transformation efficiencies obtained between the modular plasmids that have two
antibiotic resistance genes and those that have one seem to have an important effect in G.
thermoglucosidasius. This highlights the need for an efficient minimal vector that can be used
on both hosts effectively.
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Interestingly, during the course of this work it was found that no matter what
concentration of kanamycin is used in E. coli (50 µg/mL or 100 µg/mL), false positives were
occasionally encountered when plating on LB. This has previously been reported by Studier
[50], who discovered that E. coli can develop natural resistance to kanamycin when there is a
high concentration of phosphate in the medium combined with amino acids in rich media.
During the course of this investigation, it was also found that the amount of salt in LB media
is too high to effectively select on kanamycin. The amount of salt in media is directly linked to
the number of false positives seen on plates, which can be discerned from real transformants
because the colonies are significantly smaller and won't grow when transferred to liquid
media with kanamycin. The best way to avoid this is to add only half the amount of salt that
LB normally requires.

4.3.3. PLASMID (IN)COMPATIBILITY
repB and repBST1 appear from the results to be incompatible origins of replication. It
is possible also that having the two plasmids simultaneously is putting the cells under too
much stress. It is remarkable that within one colony there are three different phenotypes:
mCherry, sfGFP or weak sfGFP/mCherry. And more remarkable yet is the fact that the cells
are able to survive the presence of two antibiotics. The loss of one of the two plasmids would
explain why cells are either green or red, but they couldn't possibly survive if they lost both
kanR and catE. This indicates the possibility that the plasmids are being recombined into the
genome (even though they lack homology regions) in order to guarantee the survival of the
cell. This result hints towards the powerful recombination capabilities of the thermophilic host
cell.
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4.3.4. MULTIPLE CLONING SITE (MCS) DESIGN
The MCS design is one of the strongest attributes contained in the modular plasmids
that form part of the toolbox. It contains restriction sites for enzymes that do cut not any of
the fragments that are included in the toolbox, and it offers the user a significant number of
unique enzymes to choose from. None of the restriction sites included in the MCS are blunt
cutters. PacI produces a two-nucleotide overhang, for example, while RsrII leaves four
nucleotides. Most of the enzymes chosen however, leave at least four nucleotides of
overhang, such as SpeI, AvrII, NheI, XmaI, SalI, XhoI, SbfI, XbaI, HindIII and SacI. In the
case of SexAI, a five-nucleotide overhang remains after cutting. Most of these enzymes are
compatible with the New England Biolabs CutSmart Buffer and they are available
commercially. These restriction sites were selected because longer overhangs are much
more likely to be more efficient in a ligation than an overhang of only two base pairs.

4.4. C O N C L U S I O N
In conclusion, the shuttle vectors created as part of this project are minimal, modular
and offer several choices regarding biopart composition, for instance, it includes two origins
of replication for G. thermoglucosidans, one of it is temperature sensitive and it allows doing
genomic recombinations in this thermophile. Both origins of replication appear have similar
copy numbers and can be isolated comparable to E. coli, although it appears that the two
origins of replication are not compatible, so it is not possible to have these two plasmids
simultaneously in G. thermoglucosidans.
The toolbox also offers three antibiotic resistance markers that permit selecting on
ampicillin or kanamycin (E. coli) and either kanamycin or chloramphenicol for G.
thermoglucosidans, depending on the temperature of growth. Kanamycin selection is much
more recommendable at any temperature than chloramphenicol selection because it offers
higher transformation efficiencies, but in the case that another origin of replication is to be
tested for compatibility then it will be possible to do so with the chloramphenicol marker.
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The high copy number origin of replication for E. coli ensures that large amounts of
the plasmid will be produces, which can subsequently be used to transform G.
thermoglucosidans. If need be, the E. coli origin can be easily replaced by a lower copy
number origin if the vector are being used to express a protein that's toxic or that creates
significant stress. And it's not just the E. coli origin can be easily swapped. All other parts can
be readily exchanged due to the modular nature of the vector. The use of rare cutters as
border enzymes is particularly advantageous because it is highly unlikely they will be present
in any additional part to be included in the future in the toolbox. With that in mind, the Multiple
Cloning Site offers many unique restriction sites, to accommodate new parts. The MCS can
be transferred to a SEVA vector, thus making sharing parts easier among the SEVA
community.
The minimal three part vectors are smaller in size than any of the previous vectors for
G. thermoglucosidans and thus offer the possibility to clone large genes, such as genes for
lignocellulosic degrading enzymes, without compromising transformation efficiency, which is
definitely a desirable property for any plasmid, and the shuttle vectors created as part of this
toolbox offer much higher transformation efficiencies than any of the previously existing
vectors.
The elements included in this toolbox and assembled as functional shuttle vectors
should

facilitate,

enhance

and

accelerate

the

transfer

of

bioparts

between

G.

thermoglucosidans and E. coli.

4.5. F U T U R E W O R K
The shuttle vector have not been tested for stability. Additional experimental work needs to
be carried out to determine whether the plasmids have:
1. segregational stability to ensure that all the cells in the culture have the plasmid.
2. consitent copy number- to ensure product consistency.
3. ability to carry large sequences of DNA.
More origins of replication from other classes or orders also classified under
Firmicutes could be tested, especially those from other thermophiles such as Clostridium
thermocellum for example, which might show activity in G. thermoglucosidans. It would be
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ideal to build a toolkit that contains multiple parts that have different functions. For instance,
other origins of replication that are compatible with each other could be used to express two
cassettes simultaneously carried by two vectors, or lower/higher copy number origins of
replication could be swapped depending on the effect they have in a particular application,
especially when too many/too little copies of the plasmid are a drawback to achieve optimal
results. It would also be interesting to determine whether the origins of replication work in
other Geobacilllus species, apart from G. thermoglucosidans because the shuttle vectors
could be used by the Geobacillus community and not only by the G. thermoglucosidans
community.
Other selection markers that could be included in the toolbox are for instance,
hygromycin resistance, which has been shown to work on other thermophiles such as
Thermus thermophilus (Cava et al. 2008) or Sulfolobus solfataricus (Cannio et al. 2001). But
not all selection markers need to be antibiotic selection markers. For instance, alcohol
dehydrogenases have been used for selection in hyperthermophilic archaea that have
sensitivity to alcohols, by catalyzing the conversion of the alcohol to a non-toxic derivative
(Aravalli and Garrett, 1997). Yet a third potential selectable marker could be an auxotrophic
marker: by eliminating the pathway for production of an essential compound, selection can
be achieved by supplementing the necessary compound. Cultures may develop resistance to
antibiotics but auxotrophy markers might be more difficult to evolve resistance to because
the cells would have to acquire the pathway de novo.
The antibiotic selection resistance markers need to be characterized under various
oxygen and salinity conditions. For kanamycin resistance it is known that the concentration of
kanamycin affects translational processes and the general cell physiology to different extents
[Gorochowski et al. 2013] and it was observed in the course of this investigation that salt
concentration has an effect on the number of E. coli false positives. Therefore, it is necessary
to test whether salt concentrations have an effect on the transformation efficiencies of G.
thermoglucosidans. For chloramphenicol resistance, because the protein (chloramphenicol
acetyl-transferase) is dependent on acetyl-CoA, it is necessary to determine whether oxygen
availability has an effect on the amount of acetyl-CoA produced and therefore and the
amount of cofactor available. It is possible that the growth conditions need to be made more
aerobic to permit better functionality of the marker.
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CHAPTER 5:
GENOMIC KNOCK-IN/OUTS IN G. THERMOGLUCOSIDANS
The key contributions and results of this chapter are:
•

A shuttle vector containing the combination of parts repB+thermostable_kanR was
constructed.

•

The shuttle vector was used in an attempt to create a knock-out of ldh by
simultaneously doing a knock-in of sfGFP in its locus.

•

The strategy resulted too ambitious: it was not possible to do a knock-out of ldh in the
wild-type strain DL33, but it was possible to do a knock-in of sfGFP in the ldh locus of
the ldh- strain DL44.

•

Due to the lack of a selection marker for the second recombination event, it was not
possible to select for colonies that did not revert their phenotype back to wild-type.

•

Uracil auxotrophy is proposed as a selection marker for the second recombination
event.

•

The genome of G. thermoglucosidans was screened to determine the feasibility of
knocking-out the uracil biosynthesis pathway by targeting the gene pyrE for a knockout.

5.1. I N T R O D U C T I O N
Genomic knock-in/outs in G. thermoglucosidans are relevant to this work because:
•

The temperature-sensitive shuttle vectors from this toolbox can be used to do
genomic knock-ins or knock-outs.

•

The shuttle vectors included in this toolbox that contain the repB/thermostable_kanR
combination of parts should be more effective for the knock-in or knock-out process in
G. thermoglucosidans than previously existing vectors.

•

repB is a temperature sensitive origin of replication and thermostable_kanR differs
from the mesophilic_kanR by two mutations.

•

The vectors previously used for knock-outs were not ideal because they did not
contain the correct parts to make them efficient, i.e. they contained the mesophilic
kanR instead of the thermophilic one.
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•

The hypothesis that the parts in this toolbox are better for doing a knock-out will be
experimentally verified in this work.

•

The knock-out process in G. thermoglucosidans, based on reports found in the
literature, consists of two recombination events.

•

While kanamycin resistance is the marker that permits selecting transformants from
the first recombination event, currently there is no selection marker for the second
recombination event, which limits the strategy and level of modifications to the
genome of G. thermoglucosidans.

•

It is necessary to find a marker that permits selection of transformants from the
second recombination event.

•

The tools provided in the G. thermoglucosidans toolbox are the first step required for
the creation of a better and improved method for genome scale modification of this
thermophile.

5.1.1. THE KNOWN KNOCK-OUT PROCEDURE
Cripps et al. (2009) created a vector called pUB190, with the purpose of doing knock
outs in Geobacillus spp. This plasmid contains a temperature sensitive origin of replication
called "repB", which becomes non-functional at temperatures above 65 ºC. It also contains a
kanamycin resistance gene, but it is different from that of Liao and Kanikula, [1990] in that it
does not contain the two mutations that add thermostability at temperatures between 55 and
68 ºC. The mesophilic kanamycin resistance gene, works poorly at temperatures above 55
ºC, as demonstrated in an earlier report [Martinez-Klimova, 2011], in which the mesophilic
kanR resistance gene was paired with repBST1.
Taylor [2007] was the first report of a knock-out in G. thermoglucosidans. The ldh
gene of wild-type DL33 was knocked out to create DL44, which has now become the strain
of choice as the G. thermoglucosidans model strain because it is the one that has the highest
resilience and produces the highest transformation efficiencies [Bartosiak-Jentys, personal
communication]. The Taylor strategy for doing the knock-out, as well as the strategy used by
Cripps et al. [2009] and by Crowhurst in G. thermodenitrificans [2010] to replicate the ldh
knockout of Taylor [2007] is illustrated in Figures 62 and 63. In order for the inactive version
of ldh to permanently replace the functional version of ldh in the genome, two cross-over
events are needed, each of which depends on two regions of homology.
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Figure 62 shows the first cross-over between the Geobacillus spp. genomic DNA and
the plasmid. First (A, Figure 62) a plasmid was created that contained repB, the
temperature sensitive origin of replication as well as a kanamycin resistance gene. In Taylor
[2007], Crowhurst [2010] and Cripps et al. [2009], the kanamycin resistance gene used was
the mesophilic one, because these authors were under the assumption that it was
thermophilic. In addition, the plasmid had two 500 bp regions that were identical to the ldh
gene. In the middle, 50 bp were omitted and replaced instead by a NotI restriction site. The
first region of homology from the plasmid pairs with the corresponding identical region in the
chromosome (B, Figure 62) and the first cross-over yields a genotype that has incorporated
the entire plasmid into the chromosome (C, Figure 62).

Figure 62. Illustration of the sequence of events leading to the first cross-over event
according to Crowhurst [2010], Taylor [2007] and Cripps et al. [2009]. (A) shows the plasmid
containing two regions identical in sequence to the chromosomal ldh gene (B), but in the plasmidbound version, the ldh gene has had 50 bp in the middle deleted and replaced by a NotI site. In (C)
the genomic incorporation of the entire plasmid has taken place due to the recognition of the two
identical plasmid-bound and genomic ldh regions.
Figure taken from Crowhurst [2010].
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Figure 63. Illustration of the sequence of events leading to the second cross-over event
according to Crowhurst [2010], Taylor [2007] and Cripps et al. [2009]. (A) shows the genomic
incorporation of the entire plasmid has taken place due to the recognition of the two identical plasmidbound and genomic ldh regions. (B) shows the loop-in event between the second homology regions in
the plasmid and in the genome. (C) shows the remaining non-functional copy in the genome and the
absence of the functional copy as well as of the rest of the plasmid components, such as kanR.
Figure taken from Crowhurst [2010].

In order for the genome to incorporate the plasmid, the temperature of the cultures
needs to be raised to 68 ºC. At this temperature, the plasmids can no longer replicate
autonomously because repB has lost functionality. The presence of kanamycin in the media
prompts the cells to incorporate the plasmid-bound kanR resistance cassette into the
genome in order to survive, and the homology region of the plasmid facilitates finding the
target where the genome recombination is to take place.
After the first recombination event, the genome contains the non-functional ldh as
well as the remaining part of the functional ldh, i.e., the second homology region that didn't
recombine, remained in the genome after the first cross-over event.
During the second cross over event, shown in Figure 63, the part of the genome that
contains both copies of ldh loops-in, and thus the second homology region of the nonfunctional copy is aligned to the second homology region of the functional copy. The nonfunctional copy replaces the functional copy in its entirety and the plasmid components that
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were in the genome are lost in this process. The outcome is therefore a strain that is Δldh,
and has lost resistance to kanamycin.

5.1.2. PYRE COUNTER-SELECTION FOR SECOND CROSS-OVERS
The problem with the approach that has been used so far by Crowhurst [2010], Taylor
[2007] and Cripps et al. [2009] is that, while it is easy to select for the first recombination
event, there is no selection for the second recombination event, so hundreds of colonies
have to restreaked everyday on kanamycin and non-kanamycin containing plates in the hope
that within ten days one colony will appear that has lost resistance to kanamycin. This is
extremely labor-intensive and time consuming and shouldn't be necessary in an era of
synthetic biology. Therefore, this work investigates uracil auxotrophy as a second selection
marker that could be used:
•

As a selection marker alternative to kanR.

•

For the quick selection of the second cross-over event in knock-outs.
Heap et al. in 2012 reported a system to do genomic recombinations in Clostridum

acetobutylicum that involved creating a uracil-auxotrophic strain as a baseline to do
subsequent genomic modifications.
pyrE in C. acetobutylicum is the equivalent of the well-known ura3 marker of
Saccharomyces cerevisiae. A uracil-auxotrophic strain is created when pyrE is disrupted by a
genomic recombination event and similarly requires two homology regions that are identical
in their DNA sequence to the part of pyrE that requires to be knocked out, as shown in
Figure 64.
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Figure 64. Creation of a pyrE knock-out strain. (A) A plasmid needs to contain two homology
regions identical to the genomic region it needs to recombine into. In the case of Heap et al. [2012],
these regions were 1200 bp and 300 bp. (B) the first cross-over event occurs between the 1200 bp
region corresponding to hydA, which in the gene proximal to pyrE in the C. acetobutylicum
chromosome, and the 1200 bp region. Its larger size means that this is the region that has the highest
likelihood of recombining first. (C) The second cross-over occurs between the smaller 300 bp region
and pyrE, which encodes an orotate phosphoribosyltransferase (EC 2.4.2.10), thus yielding a uracil
auxotrophic strain when pyrE becomes fractured after losing half of its 3'-end sequence in the second
cross-over event.
Figure modified from Heap et al. [2012].

A uracil auxotrophic strain can be selected in two ways: (1) by supplementing it with
uracil and (2) by using 5-FOA (5-fluoroacetic acid). The orotate phosphoribosyltransferase
encoded by pyrE has the capacity to convert 5-FOA into the compound 5-fluorouracil that will
cause cell death. Therefore, supplementing the growth medium with 5-FOA results in
colonies that do not encode a functional pyrE and which therefore should be uracilauxotrophic. 5-FOA is a thermostable chemical compound [Suzuki et al. 2012] so it can be
used for selection at high temperatures.
Using a pyrE knock-out would solve the problem of lack of selection for the second
cross-overs in G. thermoglucosidans knock-in procedures. The first cross-over in this
thermophile is forced by incubating at 68 ºC. The second cross-over could be forced by the
addition of 5-FOA to a ΔpyrE strain. A knock-in into the G. thermoglucosidans genome could
be achieved by following the procedure illustrated in Figure 65. However, using such
approach would mean that genes can only be knocked-in in the pyrE locus, because having
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a functional pyrE confers an advantage over uracil auxotrophy, and the recombination is
more likely to occur if the cells can take up a function they need.

Figure 65. Knock-in of lacZ into the chromosome of Clostridium acetobutylicum as described
by Heap et al. [2012]. (A) A plasmid contains a 1200 bp and a 300 bp identical regions to the pyrE
region. The 300 bp region corresponds to the 3'-end of the fractured sequence of pyrE produced at the
end of the second cross-over shown in Figure 64. In the middle of these two homology regions is a
sequence corresponding to any gene of interest that is to be knocked-in, in this case, the authors used
lacZ. The first cross-over occurs between the 1200 bp region and its homologous counter-part hydA.
(B) The second cross over occurs between the region corresponding to the 3'-end deleted part of the
pyrE gene together with a pyrE homology region. (C) The functionality of the pyrE region has been
restored after the fracture was repaired after the second recombination.
Figure modified from Heap et al. [2012].

5.2. R E S U L T S
5.2.1. KNOCK-IN OF SFGFP IN THE G. THERMOGLUCOSIDANS GENOME
The design for the genomic recombination experiment followed a modified version of
the procedure used by Crowhurst [2010], Taylor [2007] and Cripps [2009] but with slight
modifications. As shown in Figure 65, the first step needs to be the creation of a vector that
contains a temperature-sensitive origin of replication, such as repB, which becomes inactive
at a temperature lower than the upper temperature limit at which G. thermoglucosidans can
grow. This vector also needs to contain a thermostable antibiotic resistance marker for
selection.
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Two recombination events are required. The sequence of events that should lead to
the first recombination event are illustrated in Figure 66. The second cross-over is illustrated
in Figure 67. It was decided that the ldh gene should be the target for inactivation because
it has been demonstrated that Δldh cells are viable (G. thermoglucosidans DL44).
In order to select for the first cross-over, the culture of G. thermoglucosidans needs to
be incubated at 68 ºC to inactivate repB and promote recombination via one of the two
homology regions. The presence of kanamycin acts as a selection marker to ensure that the
cells incorporate the entire plasmid into the genome.
The selection of the second cross-over is much more difficult because it cannot be
forced to happen. There is no selection available. The cells need to loop-out the kanR gene
together with the rest of the plasmid components on their own. The way Crowhurst [2010],
Taylor [2007] and Cripps [2009] approached this problem was by continuously replica-plating
hundreds of colonies in both 2TY and 2TY/kanamycin plates until one colony is found that
can no longer survive in the presence of kanamycin.

Figure 66. Sequence of events leading to the first cross-over event. The temperaturesensitive origin of replication repB becomes inactive at 68 ºC, so at this temperature the
plasmid can no longer replicate autonomously. Selection with kanamycin prompts the
incorporation of the entire plasmid into the genome by recombination between the ldh
promoter regions of the plasmid and of the genome.
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Figure 67. Sequence of events leading to the second cross-over event. The entire
plasmid has been incorporated into the genome. Now there's two copies of the ldh gene, the
genomic one and the one interrupted by sfGFP. The second recombination event occurs
when the genome loops-in and both copies anneal, after which only one copy will remain and
the plasmid components, including kanR, are looped-out as a result.
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5.2.1.1. CONSTRUCTION OF THE KNOCK-OUT/IN PLASMID
In order to demonstrate the functionality of a plasmid that was created earlier as part
of this project [Martinez-Klimova, 2011] which contained a longer version of the temperature
sensitive origin of replication "repB" than the one included in p12AK0, as well as the
thermostable kanamycin resistance marker, an experiment was designed to attempt to do a
knock-out of ldh in DL33 by interruptinging it with the sequence of sfGFP.

Figure 68. PCR-amplification of the first homology region using primer pair pUC_oriPstI-Ldh5 and RC-Ldh6-sfGFP were used to amplify a 500 bp region corresponding to the
ldh promoter of the genome of G. thermoglucosidans DL33.

As shown in Figure 68, primers pUC_ori-PstI-Ldh5 and RC-Ldh6-sfGFP were used
to amplify a 500 bp region corresponding to the ldh promoter of the genome of G.
thermoglucosidans DL33. The forward primer in turn added the PstI site and a 35 bp
homology region to the 3'-end of pUC18_ori and the reverse primer added 35 bp of
homology to sfGFP.

Figure 69. PCR-amplification of the second homology region using primers sfGFP-Ldh7
and RC-Ldh8-SacI-pUC_ori, which amplified a 500 bp region at the 3'-end of the ldh gene of
G. thermoglucosidans DL33.
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Figure 69 shows the amplification of the second homology region of 500 bp at the 3'end of the G. thermoglucosidans DL33 gene with primers sfGFP-Ldh7 and RC-Ldh8-SacIpUC_ori. The forward primer in turn added 35 bp of homology to sfGFP and the reverse
primer added a SacI site as well as 35 bp of homology to pUC_ori.

Figure 70. PCR-amplification of the gene encoding for sfGFP using primers Ldh6-sfGFP
and RC-sfGFP-Ldh7.
Figure 70 shows the amplification of the gene encoding sfGFP using primers Ldh6sfGFP and RC-sfGFP-Ldh7. The forward primer in turn added 35 of homology to the
promoter region of ldh PCR-amplified from Figure 68, and the reverse primer added 35 of
homology to the 3'-region of ldh PCR-amplified from Figure 69. The three fragments from
Figures 68, 69 and 70 were joined together using Gibson isothermal assembly and the
product was PCR-amplified using primers pUC_ori-PstI-Ldh5 and RC-Ldh8-SacI-pUC_ori
(see Figure 71) and digested with PstI and SacI.

Figure 71. PCR-amplification of the Gibson isothermal assembly reaction product using
primers pUC_ori-PstI-Ldh5 and RC-Ldh8-SacI-pUC_ori.
The plasmid containing the temperature sensitive origin and the thermostable kanR
was digested with PstI and SacI and the PstI/SacI PCR-amplification of the Gibson assembly
product were ligated together. The plasmid resulting from the ligation is shown in Figure 72.
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Figure 72. Plasmid resulting from the PstI/SacI ligation of the PCR-amplification of the
Gibson isothermal assembly reaction product with the vector containing the temperaturesensitive origin of replication repB and the thermostable kanR gene.
The plasmid containing the temperature sensitive origin and the thermostable kanR
as well as the two homology regions to the ldh promoter and to the 3'-end of ldh was
transformed into G. thermoglucosidans DL33, but no colonies were retrieved when selecting
the transformed cells on 2TY/kanamycin plates at 55 ºC.
The same plasmid was transformed into G thermoglucosidans DL44. In this case,
colonies were retrieved after plating the transformation on 2TY/kanamycin plates at 55 ºC but
the colonies lacked green fluorescence even though the gene encoding sfGFP was placed in
frame with the ldh promoter: ldh, since the start codon, was replaced by sfGFP.
An analysis carried out using the reverse function of the RBS Calculator13 revealed
that the RBS of the native ldh promoter of DL33 has the very low transcription initiation rate
of 48.66 au (Figure 73), possibly due to low compatibility of the RBS with the sequence of
sfGFP, which might explain the absence of fluorescence.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Figure 73. RBS calculations to determine the suitability of the ldh native RBS with sfGFP. The
Reverse Engineering function of the Salis RBS Calculator was used to analyze whether the native
RBS of the genomic ldh of G. thermoglucosidans is compatible with sfGFP. The analysis identifies
several potential RBS sites and measures translation initiation rates. The result of the analysis of the
native RBS of ldh is highlighted in yellow. The term NEQ suggests that the parameters of the analysis
could not be met and therefore it is likely that the native RBS of ldh is not compatible with the
sequence of sfGFP, which would explain the absence of fluorescence.

Even though the absence of green fluorescence was certainly a desirable property, it
was not crucial for the experiment. The first recombination event was enforced after G.
thermoglucosidans DL44 cells transformed with the plasmid that contained the knock-out
cassette was incubated in liquid 2TY medium, supplemented with 12 µg/mL kanamycin at 68
ºC while shaking overnight, after which, 300 µL of the culture were plated on a 2TY plate
supplemented with kanamycin and left to grow overnight and also, 300 µL of the same
culture were used to inoculate fresh 2TY medium supplemented with 12 µg/mL kanamycin.
No colonies were observed on the plate after overnight incubations, but growth was
observed in the liquid 2TY. Therefore, it was decided that instead of restreaking hundreds of
colonies on plates over the course of the next several days, as per the procedure followed by
Crowhurst [2010], Taylor [2007] and Cripps [2009], a variation using liquid 2TY medium
would be employed: 300 µL of the liquid 2TY culture in which growth was observed at 55 ºC
were used to inoculate fresh liquid 2TY medium and while not supplementing with antibiotic,
the cells were left to grow overnight. The following day, 300 µL of this new culture were used

!

158

to once more inoculate 300 µL of liquid 2TY medium, without antibiotic, and were left to grow
overnight. The same produce was repeated for another five days, after which 300 µL of the
culture were plated on a 2TY plate and left to incubate overnight at 55 ºC. Thirteen of the
resulting colonies were replica plated on two fresh 2TY plates with and without 12 µg/mL
kanamycin. All colonies were able to grow on 2TY as well as on 2TY kanamycin. None of
them lost the kanamycin resistance gene.
These thirteen colonies were subjected to colony PCR with primers SEQ-Ldh-KO and
SEQ-RC-Ldh-KO. These primers align in the genome of DL44, in locations adjacent to the
ldh gene, as illustrated in Figure 74.

Figure 74. Primers SEQ-Ldh-KO and SEQ-RC-Ldh-KO anneal to regions adjacent to the Ldh
locus in the genome of G. thermoglucosidans DL44. This primer pair does not anneal anywhere in
the plasmid.

The results of the PCR amplification are shown in Figure 75. Only three colonies
produced bands. Based on the size, it can be deduced that two of them reverted back to
wild-type and did not incorporate the sfGFP gene, whereas one colony appears to have both
phenotypes within the same colony, i.e., some of the cells within the same colony reverted
back to wild-type and some of the cells within the same colony did incorporate the knock-in
of sfGFP in the ldh locus.
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Figure 75. Colony-PCR screening results of the Ldh locus using primers SEQ-Ldh-KO
and SEQ-RC-Ldh-KO. Primer pair SEQ-Ldh-KO and SEQ-RC-Ldh-KO are primers that
anneal in the genomic region flanking the ldh gene and do not anneal anywhere in the
plasmid. Therefore, this primer pair was used to PCR-amplify the genomic content of the
colonies that underwent several days of subculturing in order to determine if the plasmid is
still present (i.e. if the genetic content of the cells is still that obtained after the first
recombination event) or if the second recombination event had occurred. Lane 1: molecular
size marker (Fermentas, 1 kb). Lanes 2-14: thirteen colonies were screened. Size band
expected for the wild-type gene was 1.5 kb, and for the knock-in, the size expected was 2 kb.
The colonies from lanes 2 and 11 have either (1) reverted back to wild-type or (2) never
incorporated the plasmid so didn't undergo the first recombination event. The colonies from
lanes 3-10, 12 and 14 probably still contain the entire plasmid in the genome and no bands
are seen because the fragment was too large to amplify (nearly 6 kb). Lane 13 contains two
bands which can be attributed to both phenotype states: some of the cells within the same
colony have reverted back to wild-type and some of the cells have incorporated the knock-in
of sfGFP in the ldh locus.
The knock-in experiment demonstrates one thing: it is of the utmost necessity to find
a method to force the second recombination event to happen, as it is not ideal to screen
hundreds of colonies and wait for the desired phenotype to occur.

5.2.2. PYRE KNOCK-OUT IN G. THERMOGLUCOSIDANS
The presence of pyrE in the genome of G. thermoglucosidans was investigated using
the KEGG database14. The results are shown in Figure 76. Geobacillus sp. Y4.1MC1 was
selected as the species of reference because, as shown in Figure 5, it is the closest relative
to G. thermoglucosidans.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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[http://www.genome.jp/kegg/kegg2.html]
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Figure 76. Genome map of Geobacillus sp. Y4.1MC1 highlighting (red box) the location of the
pyrE gene in the genome. pyrE (orotate phosphoribosyltransferase) corresponds to gene
GY4MC1_2747. Gene GY4MC1_2745 corresponds to a fibronectin-binding A domain-containing
protein, GY4MC1_2746 is a pseudogene, GY4MC1_2748 corresponds to pyrF (orotidine 5'phosphate) decarboxylase, GY4MC1_2749 is a dihydroorotate dehydrogenase and GY4MC1_2750 is
a dihydroorotate dehydrogenase, electron transfer subunit, iron-sulfur cluster binding domaincontaining protein.

The sequence corresponding to pyrE, as well as the sequence downstream from
pyrE was compared between Geobacillus sp Y4.1MC1 and the genome sequence of G.
thermoglucosidans DL33, provided by Ward [2014]. After it was confirmed that they match,
the DL33 genome sequence was used as template to design primers to amplify the two
homology regions that would result in a pyrE knock-out following the procedure by Heap et
al. [2012]. The primers anneal to the regions shown in Figure 77.
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Figure 77. Primers AscI-400 and RC-400 were designed to amplify the first 400 bp homology
region. Primers AvrII-1200 and RC-1200-Bsu36I were designed to amplify the second 1200 bp
homology region.

As it can be seen in Figure 78, bands of the correct size were obtained when the 400
bp region was amplified with primers AscI-400 and RC-400. This region is present in DL33,
DL44 and TM89. This last strain is also an ldh knock-out of a wild-type strain.

Figure 78. PCR-amplification of the 400 bp region using primers AscI-400 and RC-400. Lane 1:
molecular size ladder. Lanes 2-4: DL33 genomic DNA was used as template. Lanes 5-7: DL44
genomic DNA was used as a template. Lanes 8-10: genomic DNA from TM89 was used as template.
DL33 is the wild-type strain of G. thermoglucosidans. Both DL44 and TM89 are Δldh strains.
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Figure 79. PCR-amplification of the 1200 bp region using primers AvrII-1200 and RC-1200Bsu36I. Lane 1: molecular size ladder. Lanes 2-4: DL33 genomic DNA was used as a template.
Lanes 5-7: DL44 genomic DNA was used as a template. Lanes 8-10: genomic DNA from TM89 was
used as template.

As it can be seen in Figure 79, when the 1200 bp second homology fragment was
PCR-amplified with primers AvrII-1200 and RC-1200-Bsu36I, a band of the correct size was
produced from DL33, but not from DL44 or TM89.

5.3. D I S C U S S I O N
5.3.1. WHY IS IT IMPORTANT TO KNOW THE PARTS OF THE VECTOR IN USE?
In the knock out experiments of Taylor [2007], Cripps et al. [2009] and Crowhurst
[2010], it is evident that the lack of knowledge about the parts composing the vector used to
knock-out ldh in G. thermoglucosidans resulted in an unnecessarily inefficient process: the
selection marker being used was the wrong one. The fact that Cripps et al. used the
mesophilic KanR (derived from pUB190) instead of the thermophilic one (derived from
pBST22) indicates that, in order for the procedure to have worked, there must have been
some residual activity of the mesophilic KanR at 65 ºC. However, this could only have been
fortuitous and less than optimal. In subsequent discussions with Dr. B. Rudd [personal
communication], who developed pUB190, the use of a mesophilic KanR would explain why
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the colonies that were selected had the pUB190_kanR incorporated multiple times in the
targeted gene. So the only colonies that were able to tolerate the presence of kanamycin
were those that were expressing a significant number of copies of the mesophilic kanamycin
nucleotidyl transferase. This also would explain why Taylor [2007], Cripps et al. [2009] and
Crowhurst [2010] had to screen hundreds of colonies by restreaking in kanamycin and nonkanamycin plates for ten days to find a single colony that has lost kanamycin resistance that
might indicate that the second recombination has taken place.

•

In the future, knock-outs should be done using the vector included this toolbox that
contains the temperature-sensitive origin of replication repB and the thermophilic
kanR to avoid multiple genomic copies of kanR.

5.3.2. KNOCK-OUT/IN IN G. THERMOGLUCOSIDANS
It was not possible to knock-out the ldh gene in G. thermoglucosidans DL33, which is
the wild-type strain, perhaps because the size of sfGFP was too large to be incorporated in
the genome. To the best of the author's knowledge, it had never been attempted before to do
a knock-in in G. thermoglucosidans, especially of a fragment the size of sfGFP. In addition, it
is most likely that the plan to knock a gene out by knocking a second gene in its place was
extremely ambitious and the DL33 strain, which does not appear to be as resilient to stress
as DL44, could not cope with the stress caused by having to recombine the plasmid to the
genome and rearranging its genome and its metabolic pathways fast enough to survive.
Second, it appears that trying to avoid replica-plating hundreds of colonies by growing them
in liquid medium instead is not a good strategy to obtain the second cross-over strain. There
is more control over the entire process when each colony is identified and marked and
followed through. Third, the fact that the second recombination cannot be forced to happen
due to the lack of a counter-selection mechanism is a severe limitation to the creation of
knock-out or knock-in strains in this thermophile.
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5.3.3. PYRE KNOCK-OUT IN G. THERMOGLUCOSIDANS DL33
The lack of a band for the 1200 bp second homology region indicates that DL44 is not
genetically identical to DL33 except for the ldh gene. And the same seems to be the case for
TM89, which also happens to be an ldh knock-out strain. It appears that knocking-out the ldh
gene brought significant stress that resulted in a rearrangement of the genome, and a
genome sequence of DL44 is required if a pyrE knock-out is to ever be created using this
strain. Unfortunately, due to lack of time, the pyrE knock-out of DL33 was not pursued any
further.

5.4. C O N C L U S I O N
The creation of the pyrE knock-out strain would permit having uracil auxotrophy as a
second selection marker and it would put in evidence that the vectors in the toolbox paired
with uracil auxotrophy can be used in conjunction as an improved strategy to do knock-outs,
which is a requirement for G. thermoglucosidans to become a chassis so its potential for
various downstream applications can be explored.

5.5. F U T U R E W O R K
It is necessary to create a pyrE or a pyrF/pyrR knock-out strain to test if 5-FOA can
be used as a selection marker. This would significantly speed up genomic recombinations.
However, it seems that the genomes among strains are significantly variable, at least in the
pyrE region, so it will be necessary to know the genome sequence, at least of pyrE and its
surroundings for DL44 and for any other strain that's more used than DL33.

!
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6. C H A P T E R 6:
ISOBUTANOL PRODUCTION BY GEOBACILLUS THERMOGLUCOSIDANS
The key contributions and results of this chapter are:
1. A pathway for isobutanol production was introduced in G. thermoglucosidans as a
proof-of-principle demonstration that the new modular shuttle vectors can be
efficiently used for the metabolic engineering of G. thermoglucosidans to achieve the
production of valuable compounds that are not ethanol.
2. The production of 50 mg/L of isobutanol was achieved under aerobic growth
conditions.
3. It was discovered that a native enzyme (acylating aldehyde dehydrogenase, or
ALDH) of G. thermoglucosidans has the potential to produce isobutanol.
4. This work presents the first experimental confirmation that ALDH has the capacity to
produce isobutanol from 2-ketoisovalerate as a precursor.
5. This work also confirms the findings of Lin et al. [2014] regarding the poor
thermostability of Kdc.

6.1. I N T R O D U C T I O N
The potential of G. thermoglucosidans for useful applications needs to be explored in
order to justify the effort invested into developing tools that permit the efficient metabolic
modification of this thermophile because:
• Demonstrating the utility of G. thermoglucosidans would promote its candidacy as a
chassis for synthetic biology.
• The use of G. thermoglucosidans so far has only been limited to the industrial
production of ethanol (TMO Renewables), but that doesn't have to be the case.
• G.

thermoglucosidans

could

be

used

for

the

production

of

thermostable

pharmaceuticals, fuels or chemical precursors from cheap feedstocks.
• G.

thermoglucosidans

attracted

attention

from

the

biotechnological

research

community because (1) it is a natural producer of ethanol, (2) it has tolerance to
elevated ethanol concentrations (up to 10%), (3) it is capable of degrading cheap
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lignocellulosic feedstocks to use them as a carbon source and (4) the several
advantages that running industrial application at high temperatures brings. These
four properties made it an environmentally friendly host for the industrial production of
bioethanol.
• However, G. thermoglucosidans could be the producer of other fuel substituents as an
example, to promote the potential uses of this thermophile.
• Ethanol is an alcohol, so the present work explores the possibility to engineer pathways
for the production of other alcohols, in particular, higher chain alcohols, which are
being investigated for their potential to become fuel substituents and replace ethanol.
• Isobutanol is one of the most researched higher chain alcohols due to its high energy
content and octane number that are very similar to gasoline.
• If this work demonstrates that it is possible to modify G. thermoglucosidans to introduce
a pathway for isobutanol production, it could open the doors to the scientific
exploration of:
1. The use of the toolbox for the metabolic engineering of G. thermoglucosidans, which in
turn would result in further contributions to the toolbox.
2. The use of G. thermoglucosidans or other Geobacillus species for the production of
useful compounds from cheap feedstocks.
3. The enhanced study of the biology of thermophiles brought by a change in perspective
achieved when thermophiles are seen as platforms of production instead of sources
of thermostable enzymes.

6.1.1. BUTANOLS AS FUELS
Butanols have been proposed as substitutes or supplements for gasoline, since they
are particularly advantageous as biofuels [Atsumi and Liao, 2008, Chen et al. 2011]. They
produce less sulphur and nitrogen oxide emissions in comparison to gasoline and, given that
they have more carbon-hydrogen bonds than ethanol, their energy content is higher [Altun et
al. 2011]. n-Butanol, for instance, has an energy content of 27 MJ/L, which is similar to the
32 MJ/L of gasoline [Atsumi and Liao, 2008]. Isobutanol, on the other hand, is an isomer of
1-butanol. It has similar physical and chemical properties as n-butanol, but it has a higher
octane number due to the branched CH3 group [Atsumi and Liao, 2008]. Table 11 shows the
physical and chemical properties of isobutanol.
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Table 11. Physical and chemical properties of isobutanol (PubChem, NCBI)
IUPAC nomenclature

2-methylpropan-1-ol

Molecular formula

C4H10O

Molar mass

74.122 g/mol

Density

0.802 g/cm3

Melting point

-101.9 ºC

Boiling point

107.9 ºC

Solubility in water

8.7 mL/100 mL

Refractive index

(nD) 1.3959

Viscosity

3.95 cP at 20ºC

Appearance

Colorless liquid

Solubility in water

8.5 % at 20 ºC and 7.5% at 30 ºC

Ramey [2007] demonstrated that n-butanol can completely replace gasoline, with no
modifications to the engine but there hasn't been a report of a car that has been tested with
100% isobutanol in the tank. Testing performed regarding the use of butanols as gasoline
substituents show that engines can operate when up to 20% isobutanol is mixed with
gasoline [Karabektas and Hosoz, 2009]. So the 20% vs. 100% butanol/isobutanol-in-the-tank
uncertainty still remains to be solved, but in the meantime, both butanol and isobutanol could
be added to gasoline as additives that constitute less than 20% of the mixture [Bruno et al.
2009]. Butanols are also attractive as fossil-fuel substituents because water-containing
butanol blends with diesel result in reduced emissions of persistent organic pollutants 15
(POP) [Chang et al. 2014].

6.1.2. TOXICITY OF BUTANOLS
The successful biosynthesis of butanols by a non-natural producer is still a challenge
because heterologous pathways interfere with the native metabolism of the cell [Connor and
Liao, 2009] and because they are toxic for the cells [Brynildsen and Liao, 2009]. For
instance, Saccharomyces cerevisiae cannot tolerante more than 4% butanol [Zaki et al.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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including polycyclic aromatic hydrocarbons, polychlorinated dibenzo-p-dioxins and
dibenzofurans, polychlorinated biphenyls, polychlorinated diphenyl ethers, polybrominated
dibenzo-p-dioxins and dibenzofurans, polybrominated biphenyls and polybrominated
diphenyl ethers.
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2014], Zymomonas mobilis and Clostridium acetobutylicum, E. coli. Some industrial yeast
strains can grow under 25% (v/v) ethanol [Shi et al. 2009]. In contrast, E. coli is inhibited by
3% ethanol and the cyanobacteria Synochocystis sp. is inhibited by 1.5% ethanol (v/v), 0.2%
butanol. Lactobacillus spp. have tolerance to up to 18% (v/v) ethanol and up to 3% butanol.
Lactobacillus spp. are considered to be the species with the most biofuel tolerance capacity
by Liu et al. [2008].
Table 12. Tolerance to alcohols by natural and non-natural producers of ethanol and
butanol. According to [Zaki et al. 2014, Shi et al. 2009, Liu et al. 2008, Wu et al. 2010].
Organism

Ethanol tolerance (v/v)

Butanol tolerance (v/v)

E. coli

3%

1%

S. cerevisiae

25 %

4%

Lactobacillus spp.

18 %

3%

1.5 %

0.2 %

Synochocystis spp.
(cyanobacteria)

Butanols are toxic for the cells because they can accumulate in the membrane,
altering its fluidity. They have also been found to decrease intracellular pH and ATP
concentration, inhibit the uptake of glucose and, common to other stress responses,
intracellular reactive oxygen species levels are increased. Isobutanol is also known to cause
quinone depletion, which leads to respiratory distress. Solvents partition into the membrane
and disrupt its fluidity, which in turn results in ion leakage [Fischer et al. 2008].
E. coli cannot tolerate isobutanol concentrations of more than 0.84% (v/v) under
aerobic conditions [Blombach and Eikmanns, 2011]. Wu et al. in 2010 developed a strain of
E. coli that can tolerate 1% (v/v). This was achieved by selection on ever-increasing amounts
of isobutanol. When the resulting strain was sequenced, it was revealed that the cells were
overexpressing glmS16, which participates in the synthesis of peptidoglycans and cell wall
lipopolysaccharides. The low tolerance of isobutanol suggests that isobutanol has
undesirable effects on the cell wall. Wu et al. discovered that the 1% (v/v) isobutanol-tolerant
strain does not produce higher amounts of isobutanol than the less tolerant one, which

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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glmS: Glucosamine-6-phosphate synthase; glucosamine--fructose-6-phosphate
aminotransferase; C-terminal F6P-binding domain has isomerase activity (EG10382) )
[Zhou and Rudd, 2012. http://www.ecogene.org/]
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means that when isobutanol is added to the growth medium, it does not permeate the cells.
So, the strain developed tolerance to exogenous isobutanol but not to endogenous
isobutanol, which is very possibly the reason why there was no increase in isobutanol
production by this strain. Endogenously produced isobutanol is still toxic, possibly because it
accumulates inside the cells.

6.1.3. NATURAL PRODUCERS OF BUTANOLS
Clostridium acetobutylicum produces butanol naturally as part of its characteristic ABE
fermentation (Acetone-Butanol-Ethanol) [Kaminski, 2011], but in low yields and low
maximum concentrations due to limited tolerance, which makes it an unsuitable host to
produce butanol at an industrial scale [Alper and Stephanopoulos, 2009]. Saccharomyces
cerevisiae [Chen et al. 2011] and Lactococcus lactis [Connor and Liao, 2009] produce
isobutanol naturally, but in trace amounts.

6.1.4. HETEROLOGOUS PRODUCERS OF BUTANOLS
Using metabolic engineering, the genes for natural pathways that lead to the
production of higher alcohols as metabolic by-products have been moved to bacterial userfriendly hosts, in particular Escherichia coli. One of the most influential works on the area of
biofuels is that by Atsumi and Liao. In 2008, the heterologous production of butanol,
isobutanol and other higher alcohols such as 1-propanol, 2-methyl-1-butanol and 3-methyl-1butanol using E. coli as a production platform, was published. It was the first report of a
successful non-native strategy for the production of isobutanol, which resulted in a yield of
86% of the theoretical maximum. The pathway proposed and patented by Atsumi and Liao
[2008] for isobutanol production is summarized in Figure 80.
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Figure 80. Atsumi and Liao’s 2008 strategy to produce isobutanol in E. coli. 2-ketoisovalerate is
the precursor to valine. A keto-acid decarboxylase (Kdc) converts 2-ketoisovalerate into
isobutyraldehyde and then an alcohol dehydrogenase (Adh) converts isobutyraldehyde into
isobutanol.

6.1.5. SOURCES OF 2-KETO ACID DECARBOXYLASES (KDC)
Table 13. Kdc and Adh enzymes screened by Atsumi and Liao [2008]
Equals: Final
isobutanol production
by E. coli (µM)

Kdc

Plus Adh

Pdc6 from S. cerevisiae

adh2 from S. cerevisiae Not detectable

Aro10 from S. cerevisiae

adh2 from S. cerevisiae 2,094

Thi3 from S. cerevisiae

adh2 from S. cerevisiae Not detectable

Kdc from L. lactis

adh2 from S. cerevisiae 5,242

Pdc from C. acetobutylicum

adh2 from S. cerevisiae 260

Keto acid decarboxylases are common in plants, yeasts and fungi, but not in bacteria
[3]. Atsumi and Liao screened five enzymes in the hope to find one able to decarboxylate
ketoisovalerate to isobutyraldehyde. Their results are shown in Table 13.
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After screening a number of potential candidates, it was evident that the best results
were obtained with the Lactococcus lactis Kdc. In fact, it seems that L. lactis has several
enzymes that can transform α-keto acids into aldehydes [Plaza et al. 2004, Smit et al. 2005].
Pyruvate decarboxylases (PDC), on the other hand, seem to be highly specific for pyruvate
and show no activity against non-pyruvate α-keto acids [Plaza et al. 2007].
Atsumi and Liao [2008] therefore opted to use the broad range 2-ketoacid
decarboxylase (Kdc) from Lactococcus lactis, to convert the direct precursor of valine, 2ketoisovalerate, to isobutyradehyde in combination with the adh2 gene from S. cerevisiae,
encoding an alcohol dehydrogenase, which converts isobutyraldehyde into isobutanol.
Isobutanol production was further increased by overexpressing ilvIHCD, encoding enzymes
involved in the production of 2-ketoisovalerate and by deleting competing pyruvate
consuming pathways. The result was a strain that produced, under aerobic growth
conditions, 0.86 mol of isobutanol per mol of glucose. The same strategy has subsequently
been implemented and perfected in Bacillus subtilis and Corynebacterium glutamicum, as
summarized in Table 14.

6.1.6. ISOBUTANOL PRODUCTION IN B. SUBTILIS
When Li and Wen, in 2011, implemented this strategy in B. subtilis, the production of
0.2 mol of isobutanol per mol of glucose was achieved after the integration of kivd, adh2 and
ilvIHCD in the genome, under the control of the strong constitutive p43 B. subtilis promoter.
This experiment was carried out under oxygen-limited conditions in order to create a pseudofermentative process, but B. subtilis is only weakly fermentative, so the low yield could be
explained by a redox imbalance. Also, the expression of the enzymes from the genome,
instead of plasmid-bound, might have resulted in less protein being produced and so limited
pathway flux. The low yield might also be explained by toxicity because B. subtilis is not
tolerant to concentrations higher than 2% butanol [Fisher et al. 2008].

6.1.7. ISOBUTANOL PRODUCTION IN C. GLUTAMICUM
Corynebacterium glutamicum is the workhorse of industrial amino acid production
[Smith et al. 2010]. Since the pathways for 2-ketoisovalerate overproduction have already
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been engineered in C. glutamicum for the production of valine, a straightforward alternative
application for this strain was the production of isobutanol.
Blombach et al. [2011] reported the production of 0.77 mol of isobutanol, per mol of
glucose, under oxygen-limited conditions by C. glutamicum. Competing pathways that
consume pyruvate were knocked-out and subsequently, ilvBNCD, kivd and adhA were
expressed plasmid-bound together with pntAB. The purpose of including pntAB, which
encodes a membrane-bound transhydrogenase, was to increase the production of NADPH to
counteract redox imbalance.

Table 14. Relevant characteristics of engineered isobutanol producing strains

!

Organism

Relevant
genomic Plus plasmid-bound Isobutanol
characteristics of the genes
production
strain
(mol
isobutanol/m
ol glucose)

E. coli

ΔadhE, ΔldhE, ΔfrdBC, kivd from L. lactis,
Δfnr, Δpta, ΔpflB
adh2
from
S.
cerevisiae, ilvIH from
B. subtilis and ilvCD
from E. coli

0.86
Aerobic
conditions
(20 g/L)
[Atsumi
and
Liao, 2008]

E. coli

ΔldhA-fnr::FRT,
ΔadhE::FRT, Δfrd::FRT,
ΔpflB::FRT,
F’(lacIq),
ΔilvC::PLlacO1::Ll_kivd
1::Ec_ilvD_coEc::FRT,
Δpta::PLlacO1::Bs_alsS
1, FRT::KAN::FRT

1.03
Anaerobic
conditions
(13.4 g/L)
[Bastian et al.
2011]

C. glutamicum

ΔaceE
Δpqo
ΔldhA Δmdh

B. subtilis

ΔamyE::(P43__kivdadh2-SPCr), P43::ilvDilvC-alsS-SPCr

ilvC_NADH_depende
nt_mutant
and
adhA_mutant from L.
lactis

ΔilvE ilvBNCD, pntAB, kivd, 0.77
adhA
(Oxygenlimited
conditions)
[Blombach,
2011]
0.2
(Oxygenlimited
conditions)
[Li et al. 2011]
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Bastian et al. in 2011 reported a yield of 1.03 mol of isobutanol per mol of glucose
(i.e. the theoretical stoichiometric maximum) achieved under anaerobic conditions using a
strain of E. coli that had competing pathways inactivated, as well as integration of kivd from
L. lactis under the control of PLlacO1. The issue of NADPH/NADH redox imbalance when trying
to produce isobutanol anaerobically was addressed by two procedures:
(1) Over-expressing a transhydrogenase (PntAB) and
(2) By mutating the cofactor binding site of IlvC in order to change its cofactor dependence
from NADPH to NADH.
In the E. coli strain of Bastian et al. [2011], the natural chromosomal ilvC encoding the
NADPH dependent enzyme was knocked out and replaced with a plasmid-bound copy of the
mutant ilvC encoding an NADH dependent enzyme. Therefore, given that E. coli generates
two mol of NADH per mol of glucose during glycolysis, the use of an NADH dependent IlvC
and an NADH dependent alcohol dehydrogenase turned isobutanol production into a
sustainable fermentation pathway.

6.1.8. BIOSYNTHESIS OF 2-KETOISOVALERATE IN E. COLI AND C. GLUTAMICUM
•

Since 2-ketoisovalerate is the precursor for isobutanol, it is important to explore the
possibility of upregulating the biosynthetic pathway for this compound.

•

2-Ketoisovalerate is the direct precursor of valine.

•

So far only two organisms, Corynebacterium glutamicum and E. coli, have been
metabolically engineered to overproduce valine [Park and Lee, 2010]. The
biosynthesis of valine in E. coli is shown in Figure 81.

•

It starts with a sugar, generally glucose, being converted to pyruvate via glycolysis.

The first step in the biosynthesis of valine is the condensation between two molecules
of pyruvate, catalyzed by ilvIH (encoding an acetohydroxy acid synthase) to form 2acetolactate.

ilvC

(acetohydroxy

acid

reductoisomerase)

converts

this

to

2,3-

dihydroxyisovalerate. Subsequently, ilvD (dihydroxy-acid dehydratase) will transform 2,3dihydroxyisovalerate into 2-ketoisovalerate. And finally, ilvE (branched chain amino acid
aminotransferase) converts 2-ketoisovalerate into valine. There are two other fates for 2-
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ketoisovalerate: one is the formation of pantothenate by panB (3-methyl-2-oxobutanoate
hydroxymethyl transferase) and the other is the formation of leucine by leuA (2isopropylmalate synthase). Bacterial IlvIHC proteins are composed of two subunits: IlvH is
the large catalytic one, sized about 60 kDa and IlvI is the small regulatory one of 9-18 kDa
[Porat et al. 2004].

Figure 81. Map of the biosynthesis of the branched-chain amino acid valine in E. coli. The
highlight in blue indicates that genes ilvIH and ilvC are together in the genome of E. coli in an operon.
The green highlight indicates that ilvD is in a separate operon. Pyruvate is the starting point for valine
biosynthesis. Lrp regulation activates ilvIH. 2-ketoisovalerate is the direct precursor of valine, leucine
and pantothenate.
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6.1.9. KETO ACID DECARBOXYLASES (KDC) FOR G. THERMOGLUCOSIDANS
The are two keto acid decarboxylases from Lactococcus lactis subsp. lactis that have
decarboxylase activity on 2-ketoisovalerate and catalyze the formation of isobutyraldehyde.
These two enzymes are:
1. kdc - Accession number CAB34226
2. kdc- Accession number LLKF_1386
•

The present work is focused on kdc_CAB34226 exclusively.

•

6.1.9.1. KETO ACID DECARBOXYLASE KDC_CAB34226
•

The keto acid decarboxylase kdc_CAB34226 was sourced from a mesophile.

•

Therefore, in it necessary to test whether it is (1) thermophilic and (2) thermostable
before expressing it in G. thermoglucosidans.
The gene encoding the Lactococcus lactis Kdc used by Atsumi and Liao in 2008 was

originally reported by Plaza et al. in 2004. It belongs to the Lactococcus lactis subsp. lactis
strain IFPL730 kivd gene encoding an alpha-ketoisovalerate decarboxylase. The sequence
of the gene can be found on NCBI, under the accession number AJ746364 (protein
sequence CAB34226).
Keto acid decarboxylases are TPP-dependent enzymes. Thiamine pyrophosphate
(TPP) is a cofactor they require for correct three-dimensional folding. Pyruvate
decarboxylases (PDC), just like keto acid decarboxylases, are another member of the family
of TPP-dependent enzymes that have attracted interest for their ethanol production
capabilities. It has been reported in a work by Davidson (2009) that PDC is unable to fold
properly at high temperatures, suggesting that the folding of the protein around the TPP
cofactor is impaired at high temperatures resulting in a misfolded inactive enzyme. This
might also be the case for Kdc, so testing is required to determine whether incorrect folding
will affect the activity of Kdc when expressed at high temperatures by G. thermoglucosidans.
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6.1.10. TESTING KETO ACID DECARBOXYLASES FOR ACTIVITY
As observed by Davidson, two tests need to be carried out when expressing
mesophilic proteins in a thermophile in order to determine whether the protein will function
correctly at high temperatures:
1. It is necessary to determine whether Kdc_CAB34226 is thermostable as well as
thermophilic. A thermostable protein remains correctly folded and retains activity at
high temperatures. However, in order to express a mesophilic protein, such as
Kdc_CAB34226 in a thermophile.
2. It is necessary to determine whether the protein is also thermophilic. If the protein is
thermophilic, it will be able to fold correctly at high temperatures and the threedimensional structure will have activity.
Gocke et al. reported in 2007 that this enzyme showed decarboxylase activity on 2ketoisovalerate at an optimal temperature of 50 ºC. The authors determined the
thermostability of Kdc by two assays:
1. A direct decarboxylase assay, which consisted of spectrophotometrically measuring
the decay of 2-ketoisovalerate when mixing 2-ketoisovalerate with purified Kdc.
2. A coupled assay, which consisted in pairing the purified kdc with a wide-range Adh
(Alcohol dehydrogenase) and measuring spectrophotometrically the NADH output,
since Adh is NAD+ dependent and an increase in NADH could be linked to an
increase in isobutanol production.
•

Based on the results obtained from both assays, the authors suggested that the Kdc
CAB34226 might be thermostable, which was remarkable given that the source of the
Kdc was the mesophile Lactococcus lactis and the probability of Kdc to have activity
at high temperatures was low.

•

But isobutanol production at high temperatures wasn't tested.
Taking the work by Gocke et al. into account, it was decided that this work would

focus on the expression of Kdc CAB34226 with the aim of testing its thermostability by:
1. Corroborating the results obtained from the coupled assay of Gocke et al. [2007].
2. Corroborating by HPLC that the protein is capable of producing isobutanol at 50 ºC.
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6.1.11. ISOBUTANOL PRODUCTION IN G. THERMOGLUCOSIDANS
At the time of the realization of this work, a paper by Lin et al. [2014] was published
that reported three main findings:
1. The keto acid decarboxylase Kdc_CAB34226 from L. lactis is not thermostable.
2. The keto acid decarboxylase Kdc_ LLKF_1386 from L. lactis is thermostable.
3. Kdc_LLKF_1386 was used to produce isobutanol in G. thermoglucosidans.
Lin et al. [2014] compared the thermostability of two keto acid decarboxylases from L.
lactis. They were named CAB34226 and LLKF_1386 according to their amino acid sequence
NCBI

accession

numbers.

Kdc_CAB34226

has

no

activity

at

50

ºC,

whereas

Kdc_LLKF_1386 starts losing activity at 55 ºC. The two proteins differ by only seven amino
acids. Kdc_LLKF_1386 was used to produce isobutanol in this thermophile at 50 ºC. The
authors, however, report that no isobutanol could be produced at 55 ºC due to "instability of
the protein".
The yields achieved by Lin et al. are shown in Table 15. The authors overcame the
issue of ilvIH feedback inhibition by overexpressing alsS, which is the ilvIH gene of B.
subtilis. AlsS is not inhibited by end-products and it has a higher specifity towards pyruvate.
Also, by replacing the native ilvIH promoter by the strong, constitutively expressed Ldh
promoter, transcriptional attenuation of ilvIH was simultaneously eliminated.
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Table 15. Isobutanol production titres achieved by Lin et al. [2014] in G.
thermoglucosidans using the Kdc_LLKF_1386. alsS is the ilvIH gene from B. subtilis that
has been overexpressed due to its higher affinity for pyruvate (see Figure XX). ilvC and ilvD
further contribute to the overproduction of 2-ketoisovalerate and hence, isobutanol.
Table modified from Lin et al. 2014

Genes expressed

Titer (g/L)

N/D

0.2 ± 0.0

3.3 ± 0.4

2.8 ± 0.5

Based on the contradictory findings regarding the thermostability of Kdc_CAB34226,
it was decided as an aim of this work to compare the results obtained from the work by Lin et
al. [2014] to the results obtained by Gocke et al. [2007] to determine whether
Kdc_CAB34226 can be used for the production of isobutanol in G. thermoglucosidans.

6.1.12. ALTERNATIVE PATHWAY FOR ISOBUTANOL PRODUCTION
Two other options have been reported in the literature about enzymes that have the capacity
to produce isobutyraldehyde:
1. AlsS, the acetolactate synthase from B. subtilis has 2-ketoisovalerate decarboxylase
activity as well, following a report by Atsumi et al. in 2009. However, the yield of
isobutanol obtained was very low (0.17 mol of isobutanol/mol glucose) compared to
all the strains which use a Kdc.
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2. The second alternative is an acylating aldehyde dehydrogenase (ALDH). ALDH is
encoded by gene ald in Clostridium beijerinckii. As a report by Toth et al. suggests,
this enzyme is capable of catalyzing the reduction of acetyl-CoA and butyryl-CoA to
acetaldehyde and butyraldehyde in this host. These aldehydes are then reduced to
ethanol and butanol by an alcohol dehydrogenase (ADH). It is NADH-dependent and
in C. beijinckii, it has a preference for butyryl-CoA as a substrate. There is, however,
no information in the literature about its capacity to produce isobutyraldehyde, apart
from a United States Patent by Donaldson et al. from 2010, which suggests that
isobutyraldehyde could be produced from isobutyryl-CoA by this enzyme, using
NADH as an electron donor. They are known by the EC numbers 1.2.1.10 and
1.2.1.57 and they are also available from Clostridium acetobutylicum, Pseudomonas
putida and Thermus thermophilus. The proposed pathway is represented in Figure
82.

Figure 82. Pathway for isobutanol production as proposed by Donaldson et al. [2010],
mediated by an acylating aldehyde dehydrogenase (ALDH) and an alcohol dehydrogenase
(Adh). The difference between the approach proposed using ALDH and the approach that uses Kdc is
that ALDH converts a valine catabolism intermediate, isobutyryl-CoA, to isobutyraldehyde, whereas
Kdc converts a valine anabolism intermediate, 2-ketoisovalerate, to isobutyraldehyde. The final step in
both approaches is the same: an alcohol dehydrogenase (Adh) will convert isobutyraldehyde into
isobutanol.

The fact that it is present in the thermophile T. thermophilus, suggests that ALDH is
thermostable and that it might also be present among other thermophiles, namely, G.
thermoglucosidans.
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6.1.13. SOURCES OF ALCOHOL DEHYDROGENASES (ADH)
Alcohol dehydrogenases are oxidoreductases. They catalyze, reversibly, the
reduction of aldehydes to alcohols/ketones. Generally, they are versatile enzymes, and
different families with different substrate specificities exist [Savrasova et al. 2011].
Atsumi and Liao, in 2008, demonstrated that the alcohol dehydrogenase from
Saccharomyces cerevisiae (adh2) had the capacity to convert isobutyraldehyde into
isobutanol. The authors knew that adh2 was a good choice because S. cerevisiae naturally
produces isobutanol in low yields [Dickinson et al.1998]. Subsequently, it was reported that
adh2 is not the only enzyme that can do this, one of the native alcohol dehydrogenases of E.
coli, also has the capacity to convert isobutyraldehyde into isobutanol very efficiently [Atsumi
et al. 2010]. This implies that, in the 2008 paper, it is impossible to tell how much of the
isobutanol produced was due to the heterologously expressed adh2 from S. cerevisiae and
how much of it was the work of the native yqhD. In terms of cofactor dependence, yqhD
requires NADPH while adh2 requires NADH [Savrasova et al. 2011], but their experiment
was carried out aerobically, so redox imbalance did not present a problem.
The aim of the work in the present chapter was to use the toolbox created using a
synthetic biology approach to demonstrate, as proof-of-principle, its capacity to express the
heterologous proteins Kdc from Lactococcus lactis and ALDH from Thermus thermophilus,
as well as to overexpress an intrinsic ALDH from G. thermoglucosidans. In addition, a
secondary aim of this chapter was to determine whether the addition of 2-ketoisovalerate to
the growth medium would result in a higher production of isobutanol, which, if it indeed is
achieved, would suggest that it is possible to bypass the need to overexpress precursor
pathways before testing the thermostability of an enzyme.
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6.2. R E S U L T S
6.2.1. TOLERANCE OF G. THERMOGLUCOSIDANS TO ISOBUTANOL
An experiment was performed to determine how tolerant G. thermoglucosidans is to
isobutanol. Several concentrations of isobutanol (v/v) were tested. 10 µL of an overnight
culture that had been growing in 2TY at 55 ºC (250 rpm) were inoculated to 5 mL of 2TY and
supplemented with 0.5%, 1%, 1.5% and 2% (v/v) isobutanol and were left to grow overnight
(aerobically and anaerobically) in a rotary shaker at 55 ºC and 250 rpm.
It was found that growth occurs at concentrations of up to 1.5% (1.2 g/L) in 2TY. The
growth is shown in Figure 83.

Figure 83. Growth of DL44 in the presence of 0, 1, 1.5 and 2% isobutanol monitored over the
course of 49 hours. The error bars represent the standard deviation of two replicates (n=2). DL44
cells were grown in 50 mL of 2TY in a 250 mL baffled flask, and grown shaking at 55 ºC.

It's possible to see in Figure 83 that the culture supplemented with 1% isobutanol
exhibited a higher OD600 after 3 days, which could be attributed to isobutanol being used as a
carbon source by G. thermoglucosidans. Therefore, another experiment was set up to verify
if G. thermoglucosidans grows on isobutanol as a sole carbon source. The cells were grown
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on the minimal ASM medium, but all carbon sources were removed, except for 1%
isobutanol. No growth was observed after 48 hours (data not shown), indicating that even in
the rare case that isobutanol was oxidized, it was converted to a by-product that the cells
cannot use.

6.2.2. EXPRESSION OF LACTOCOCCUS LACTIS KDC
Considering that the L. lactis Kdc CAB34226 was the Kdc that produced the best
result for Atsumi and Liao in 2008, it was decided in 2009 that the L. lactis Kdc CAB34226
should be tested in G. thermoglucosidans for thermostability.

In order to do so, the

sequence of the gene encoding this protein was codon-optimized by GeneART (Life
Technologies) using the G. stearothermophilus codon usage tables available in the online
codon usage database17. Both the non codon-optimized and the codon-optimized sequences
have been included in Appendix Figures A132 and A133, respectively.
The synthetic codon optimized kdc was included in a GeneART commercial vector,
placed downstream from the T7 promoter. A close inspection using the reverse engineering
function of the Salis RBS Calculator revealed that, in order for the kdc to be transcribed
under the control of the T7 promoter in E. coli, an RBS needed to be placed upstream from
kdc.
An RBS was designed for this particular CDS using the forward engineering function
of the Salis RBS Calculator. The synthetic RBS had a predicted strength of 22373 AU for E.
coli and 12464 AU for G. thermoglucosidans. The RBS was included in the construct
encoded in primer rbs1-kdc. Together with the 5'-phosphorylated reverse primer RC-T7prom, this pair was used to PCR-amplify the entire vector, which was then re-circularized by
incubation with T4 ligase.
E. coli BL21 cells were transformed with this ligation, but no transformant colonies
were obtained. While the T7 promoter is inducible, it is however, well-known that this
promoter has basal activity even in the absence of the inducer IPTG. Therefore, to inquire
into the possibility that the absence of transformants was caused by toxicity of Kdc

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
17
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[http://www.kazusa.or.jp/codon/].
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expression, BL21 (DE3) pLysE (Bioline) cells were transformed instead. Encoded in pLysE
lies the T7 lysozyme, which is constitutively expressed, and which inhibits basal T7 RNA
Polymerase.
When BL21 (DE3) pLysE cells were transformed, and confirmed by sequencing. It
was necessary to promote the loss of pLysE in order to stop the T7 lysozyme from inhibiting
the expression of kdc, which was under the control of the T7 promoter. To make the cells
lose pLysE, which has a chloramphenicol resistance marker, and keep the kdc plasmid,
which had a kanamycin resistance gene, individual colonies were serially restreaked on
LB/kanamycin plates as well as on LB/kanamycin+chloramphenicol plates for five days,
which was when colonies were found that grew exclusively on kanamycin but not on
chloramphenicol. To confirm the loss of the pLysE plasmid, a test-digest with PstI and AccI
was carried out, before the serial restreaking and after it. The results of these digests are
shown in Figures 84 and 85, respectively.

Figure 84. AccI/PstI test-digest to determine the presence of the pLysE and the kdc plasmids
analyzed on a 1% agarose gel. Lane 1, 1 kb GeneRuler molecular size marker. Lanes 3-6, digested
plasmid from four BL21 (DE3) pLysE colonies grown on LB/kanamycin on the first day of serial
restreaking.
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Figure 85. AccI/PstI test-digest to determine the loss of the pLysE plasmid analyzed on a 1%
agarose gel. Lane 1, 1 kb GeneRuler molecular size marker. Lanes 2-4, digested plasmid from four
BL21 (DE3) pLysE colonies grown on LB/kanamycin on the fifth day of serial restreaking.

Figure 85 confirms that after five days, the BL21 (DE3) pLysE cells lost the pLysE
plasmid and retained the kdc plasmid, thus becoming solely BL21 cells rather than BL21
(DE3). To confirm that no mutations appeared on the kdc gene after successive days of
subculturing, the plasmid was extracted and sequenced. No mutations on the kdc gene, or
on the RBS or on the T7 promoter were seen. The sequencing results have been added to
the Appendix Figure A135.
BL21 colonies containing the T7+RBS+kdc construct were grown overnight and 500
µL of the culture were used to inoculate 50 mL of fresh LB/kanamycin medium in a baffled
250 mL conical flask to allow for optimal aeration of the cells. Once the cells reached an
OD600 of 0.5, they were induced with 1mM IPTG for 3 hours, after which the cells were
harvested, the pellet was resuspended in 5 mL KOH-MES buffer and the cells were lysed
using a sonicator. 30 µL of the lysate was analyzed on an SDS-PAGE gel, shown in Figure
86. The band expected for kdc was of 61.8 kDa according to the Protein Calculator v3.4.
From Figure 86 it is difficult to determine whether the protein is indeed being expressed. An
overexpression band is seen in the induced cells, but runs with a molecular weight
comparable to 55 kDa.
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Figure 86. SDS-PAGE gel electrophoresis of intracellular protein from cultures of BL21
containing the T7+RBS+kdc construct. Lane 1, prestained protein molecular marker. Lane 2,
unstained protein molecular marker. Lanes 3-5, protein extracted from three separate colonies. Lanes
6-8, protein extracted from three separate untransformed BL21. All cultures were induced by
supplementing the growth media with 1mM IPTG.

To test for thermostability of Kdc_CAB34226 it was attempted to determine Kdc
activity by carrying out both the direct and coupled decarboxylation assays at a variety of
temperatures with cell lysate from E. coli BL21. Both assays consist of measuring,
spectrophotometrically at 340 nm, the decay of either 2-ketoisovalerate for the direct assay,
or the decay of NADH for the coupled one.
In order to do so, it was necessary to incubate the cell lysate from BL21 cells
transformed with the T7+RBS+kdc construct at 55 ºC, because that is the temperature most
commonly used to grow G. thermoglucosidans. It was found that incubating BL21 cell lysate
at this temperature results in the lysate becoming white and cloudy, due to the misfolding
effect the temperature has on mesophilic proteins. This made any spectrophotometric
reading for the direct and coupled assays impossible. Following the work carried out by
Gocke et al. in 2007, it was decided that it would be necessary to purify the protein in order
to separate from the rest of the mesophilic proteins of BL21. A 6X histidine tag was added to
the C-terminus of the protein encoded in the 5'-phosphorylated primer RC-His-tag_kdc.
Together with the forward primer His-tag_kdc, this pair was used to PCR-amplify the entire
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T7+RBS+kdc plasmid. The PCR-product was self-ligated using T4 ligase and BL21 (DE3)
pLysE cells were transformed with the ligation. These cells were, as previously,
consecutively restreaked for five days until the loss of the pLysE plasmid was confirmed. The
resulting plasmid was named "T7+RBS+kdc+his-tag".
BL21 colonies containing the T7+RBS+kdc+his-tag construct were grown overnight
and 500 µL of the culture were used to inoculate 50 mL of fresh LB/kanamycin medium in a
baffled 250 mL conical flask to allow for optimal aeration of the cells. Once the cells reached
an OD600 of 0.5, gene expression was induced with 1mM IPTG for 3 hours, after which the
cells were harvested, the pellet was resuspended in 5 mL KOH-MES buffer and the cells
were lysed using a sonicator.
The 6XHis-tagged proteins were purified under native conditions using the
immobilized nickel chelate chromatography using the Ni-NTA Spin kit by Qiagen. The
purification consisted in two wash steps and four elution steps. The protein yield of each step
was analyzed on a Western Blot, shown in Figure 87.

Figure 87. Western blot analysis of the yields of each of the two wash steps and four elution
steps carried out to purify the 6XHis-tagged proteins. Lane 1, prestained protein molecular
marker. Lanes 2-3, protein yield of the first wash and second washes, respectively. Lanes 4-7, protein
yields of each of the four elution steps. Lane 8, contained a 6X-His-tag positive control.
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As it can be seen in the Western blot in Figure 87, a strong band of the correct size
(61.7 KDa) was observed in each of the elution steps, confirming the expression and
purification of the 6X-His-tagged Kdc by BL21 cells. The smaller bands seen at 25 KDa
correspond to E. coli heat shock proteins.
The direct and coupled assays described above were done with 50 µL of the purified
Kdc obtained from elution with 250 mM imidazole. The results of the coupled assay are
shown in Figure 88. Two temperatures were tested: 37 and 55 ºC.

Figure 88. Absorbance readings of the coupled decarboxylase assay. The excitation wavelength
was 340 nm. The reaction was carried out in a final volume of 1 mL. 50 µL of purified Kdc was
incubated potassium phosphate buffer pH 6.8, 2.5 MgSO4 and 0.1 mM TPP, 60 mM 2-ketoisovalerate,
0.25 mM NADH. Negative controls ("No Kdc") contained potassium phosphate buffer pH 6.8 with the
same amounts of MgSO4, TPP, 2-ketoisovalerate, NADH, but no purified Kdc was added. The
incubation was carried out at 37 ºC or 55 ºC for an hour, after which and 0.25 U/mL of broad range
HL-ADH were added and the reaction was allowed to proceed at room temperature for 1 hour. Error
bars indicate the standard deviation of two replicates N=2.

As it can be observed in Figure 88, the absorbance readings obtained with Kdc are
much more variable than the results obtained with the negative controls. The fact that the
variability was observed at both 55 ºC and 37 ºC suggests that Kdc has activity at both these
temperatures, but the high variability observed in the absorbance readings makes it difficult
to quantify the NADH oxidizing activity with certainty. It is evident, nonetheless, that the
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absorbance observed with Kdc, at either 37 ºC or 55 ºC, is on average lower than that
observed for the reference reactions without Kdc, which indicates that some oxidation of
NADH is taking place, and this is caused by Kdc activity, and not by NADH degradation
under the experimental conditions used. The degree of NADH oxidation compared to the
control is greater at 55 ºC than at 37 ºC.
To test the Kdc activity in G. thermoglucosidans, the gene encoding Kdc was
amplified using primers XbaI-RBS-kdc and RC-kdc-SacI. Plasmid T7+RBS+kdc+6XHis-tag
was used as template for the PCR reaction. Encoded in the forward primer, downstream
from the XbaI site was the RBS (previously denoted as "pheB-RBS") used to express
reporter proteins in plasmids p11AK1, p11AK2, p11AK3, p11AK4 and p11AK5, detailed in
Chapter 1. The expression cassette, incorporated into plasmid p11AK1 following digestion
and ligation with XbaI and SacI, will hereafter be referred to as p11AK+kdc, and it is shown in
Figure 89.

Figure 89. Design of the cassette used to express Kdc by G. thermoglucosidans DL44. The
WT

RplS promoter together with the pheB-RBS direct transcription of kdc in the thermophile. "rho1" is
the rho-independent transcriptional terminator placed downstream from kdc.

To confirm the expression of the Kdc under the control of the wild-type RplS promoter
and

the

pheB-RBS

in

plasmid

p11AK-kdc,

cell

lysate

from

transformant

G.

thermoglucosidans DL44 was analyzed in a Western blot, which is shown in Figure 90. The
Western blot shows that Kdc is being expressed because a band of the right size was
observed at about 62 kDa from the two colonies screened, as shown in lanes 4 and 5. It is
much more evident from the colony in lane 4, the colony in lane 5 shows weaker expression,
but the band it the right size nonetheless. G. thermoglucosidans DL44 cells transformed with
p11AK+kdc were routinely grown at 55 ºC. Cells containing this construct did not grow at 50
ºC. This is probably due to toxicity of Kdc. It becomes denatured at about 50 ºC according to
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Lin et al. [2014] (Kdc_CAB34226). Therefore, while it's still in a more active form, it's too toxic
for the cells because it sequesters 2-ketoisovalerate. In a more inactive form, achieved by
thermal denaturation, it does not sequester as much ketoisovalerate, thus allowing the cells
to survive.

Figure 90. Cell lysate of G. thermoglucosidasius DL44 analyzed on a Western blot. Lane 1,
prestained protein molecular marker (Fermentas). Lanes 2-3 and 6-7 correspond to a sample
described in Figure XX and are not relevant in this section. Lanes 4-5, cell lysate from two colonies
transformed with p11AK+kdc. Lane 8, positive 6XHis-tag control corresponding to a sample from a
previous unrelated experiment. The sizes expected were: 34 KDa for Tt_ADHL.

As experiments were being carried out to determine whether the L. lactis Kdc
CAB34226 used in the 2008 Atsumi paper was thermostable, a paper was published in May
2014 that contradicted the work by Gocke et al. [2007] and which confirmed that
Kdc_CAB34226 is not thermostable. The publication of the paper by Lin et al. entitled
"Isobutanol

production

at

elevated

temperatures

in

thermophilic

Geobacillus

thermoglucosidasius" confirmed that it was possible to produce isobutanol at 50 ºC by this
thermophilic host. They used the keto acid decarboxylase approach to convert 2ketoisovalerate to isobutyraldehyde, which was then reduced to isobutanol by an alcohol
dehydrogenase. It was decided that an alternative pathway to produce isobutanol should be
sought because the production isobutanol had to be used as evidence that the toolbox is
functional for the expression of heterologous genes and that G. thermoglucosidans should be
developed as a chassis for the production of useful compounds. It was known that several
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Clostridium spp. are able to produce butanol using an ALDH (acetylating aldehyde
dehydrogenase), and it is known that such protein naturally exists in Thermus thermophilus,
which strongly implies that it is both thermophilic and thermostable, unlike Kdc.

6.2.3. FINDING

A THERMOSTABLE ACYLATING ALDEHYDE DEHYDROGENASE

(ALDH)
In order to determine whether it is a feasible possibility to implement a pathway for
isobutanol production that mirrored the native Clostridium beijerinckii butanol production
pathway, the metabolic pathways of G. thermoglucosidans were inspected in the search for
the production of isobutyryl-CoA. It was discovered that, according to KEGG, an online
database of genome information as well as metabolic pathway data, G. thermoglucosidans
possesses a branched-chain keto acid dehydrogenase, which catalyzes the conversion of 2ketoisovalerate to isobutyryl-CoA, using NADH as an electron acceptor (see Figure 91). In
Geobacillus spp., this enzyme is also known as 3-methyl-2-oxobutanoate dehydrogenase. It
is comprised of 331 amino acids, and the sequences can be found on NCBI (accession
number YP_003988619).

Figure 91. Degradation pathway of valine in G. thermoglucosidans. L-valine is degraded to 2ketoisovalerate which is then converted to isobutyryl-CoA. Isobutyryl-CoA normally is involved in the
biosynthesis of branched chain fatty-acids.

A Concise BLAST search against the adl gene of Thermus thermophilus, which can
be found on NCBI, under the accession number (YP_145486) revealed, as it can be seen in
Figure 92, that a close-match to the ALDH protein is also present in Geobacillus spp.
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Figure 92. Concise BLAST results of the search against the NCBI database of the T.
thermophilus ALDH. Several hit candidates were observed; their accession numbers are included in
the third column. Geobacillus sp. Y4.1MC1, Geobacillus thermodenitrificans and Geobacillus sp.
Y412MC61 were among the candidates. This result prompted the search for the ALDH gene in the
wild-type DL33 strain of G. thermoglucosidans available in our laboratory.

Two conserved domains were identified for these proteins, which suggested they'd be
able to react with aldehydes. As it can be seen in Figure 93, these domains are: (1)
Semialdehyde dehydrogenase, NAD binding domain and (2) a prokaryotic acetaldehyde
dehydrogenase, dimerization; members of this family are found in prokaryotic acetaldehyde
dehydrogenase (acylating). They mediate dimerization of the protein [Marchler-Bauer, 2011].

Figure 93. Conserved domains identified by NCBI Blast for the acylating aldehyde
dehydrogenase of T. thermophilus. The presence of conserved domains involved in the
dehydrogenation of acetaldehyde was a positive result, which indicated the potential for reaction with
aldehydes.

An alignment between the two ALDH amino acid sequences, shown in Figure 94,
revealed that there is 66% similarity among them.
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Figure 94. Alignment between the ALDH amino acid sequences of T. thermophilus ALDH
(Subject) and the G. thermoglucosidans ALDH (Query). There is 66% similarity between both
sequences, which indicates that both might have similar dehydrogenase activity.

The T. thermophilus ald gene sequence was sent to GeneART (Invitrogen) to be
synthesised with codon-optimization for G. thermoglucosidans. The codon-optimized version
was compared to the original version, and the alignment can be seen in Figure 95.
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Figure 95. Sequence comparison among the codon-optimized T. thermophilus Ald gene
(Query) and the non-codon optimized version of the same gene (Subject). The differences
observed are due to codon optimization for Geobacillus stearothermophilus carried out by GeneART
using specialized algorithms that take into account the formation of secondary structures.
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6.2.4. EXPRESSION ACYLATING ALDEHYDE DEHYDROGENASE (ALDH)
A synthetic RBS was designed for this gene using the Forward Engineering function
of the Salis RBS Calculator. The resulting synthetic RBS had a predicted strength of 28442
AU for E. coli and 51056 AU for G. thermoglucosidans. The codon-optimized Ald gene was
synthesized as a Gene String (Invitrogen) and so included in the sequence made were the
synthetic RBS located upstream from the start codon and an XbaI site located upstream from
the RBS. A 6X histidine tag was placed before the stop codon and a SacI site was placed
downstream from it.
The entire synthetic Ald sequence was thus amplified with primers Tt_ALDH and RCTt_ALDH. The PCR-product was digested with XbaI and SacI, and was ligated to an
XbaI/SacI p11AK1 plasmid, resulting in the construct depicted in Figure 96.

Figure 96. Design of the cassette used to express Tt_Aldh by G. thermoglucosidans DL44. The
RplS promoter, together with a synthetic RBS direct transcription of Tt_Aldh in the thermophile. "rho1"
is the rho-independent transcriptional terminator placed downstream from Tt_Aldh.

E. coli DH10B cells were transformed with this ligation and the p11AK+Tt_ALDH
plasmid was isolated and used to transform G. thermoglucosidans DL44. The resulting
transformant colonies were screened by colony-PCR to identify the correct transformants,
which were afterwards confirmed by sequencing (the sequencing results have been included
in Appendix Figure A139). Two of these were used to inoculate 5 mL of 2TY/kanamycin
and were grown overnight. 500 µL of this culture were used to inoculate 50 mL of
2TY/kanamycin and the cells were grown to an OD600 of 2. The cells were harvested by
centrifugation and the pellet was resuspended in 5 mL of KOH-MES buffer. The cells were
lysed by sonication and the cell lysate was analyzed on a Western blot to confirm the
expression of Tt_ALDH, which is shown in Figure 100. Bands that appear to be the correct
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size (34 KDa) were seen in the Western blot, together with weaker bands seen at about 30
kDa, which seem to belong to a protein from DL44, which is perhaps being targeted by the
histidine tag antibodies as well due to its histidine content.
As stated above, the Concise BLAST search also revealed that, apart from the
Thermus thermophilus Ald gene, there is an equivalent version of the same gene in
Geobacillus sp. Y4.1MC1 and G. thermodenitrificans. This provided a second option to be
overexpressed. Given that Geobacillus sp. Y4.1MC1 is more closely related to G.
thermoglucosidans, the sequence of the Y4.1MC1 Ald gene, which can be found under the
accession

number

YP_003989256,

was

compared

against

the

genome

of

G.

thermoglucosidans DL33, the wild-type strain. It was found that DL33 also contains the same
Ald gene, and the DL33 gene is 99% similar that of Geobacillus sp. Y4.1MC1. G.
thermoglucosidans DL33 was selected because it's genome sequence has been made
available by Ward [2014] .
Primers Geoth_ALDH and RC-Geoth_ALDH were designed according to the
sequence of Geobacillus sp. Y4.1MC1 Adl gene, and they were used to PCR-amplify Adl
from G. thermoglucosidans DL33. Bands of the correct size were observed, as it can be seen
in Figure 97.

Figure 97. PCR-amplification of gene Ald from G. thermoglucosidans DL33. Lane 1, molecular
size ladder (Fermentas, 1 kb ladder). Lanes 2-10, eight DL33 colonies were screened with primers
Geoth_ALDH and RC-Geoth_ALDH. The size of the bands expected was 1.017 Kb.

A synthetic RBS was designed for Geoth_ALDH using the Forward Engineering
function of the Salis RBS Calculator and the sequence for this was included into amplification
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primers. The predicted strength of the RBS was 21389 AU for E. coli and 32069 AU for G.
thermoglucosidans.

Figure 98. Primers used to amplify Geoth_ALDH from G. thermoglucosidans DL33. The first
PCR to amplify the gene from the genome was carried out using primer pair Geoth_ALDH and RCGeoth_ALDH. The second PCR was carried out using primer pair XbaI-RBS-Geoth_ALDH and RC6XHis-Geoth_ALDH-SacI.

The PCR-product obtained with primers Geoth_ALDH and RC-Geoth_ALDH (Figure
98) was gel extracted and used as template for a second PCR-amplification with primers
XbaI-RBS-Geoth_ALDH and RC-6XHis-Geoth_ALDH. This forward primer also encoded the
synthetic RBS upstream from the start codon of Ald and an XbaI site upstream from the
RBS. The reverse primer also encoded a 6X histidine tag that was located upstream from the
stop codon of Ald, and a SacI site located downstream from the stop codon.
The PCR-product of the second amplification was digested with XbaI and SacI, and
was ligated to an XbaI/SacI p11AK1 plasmid, resulting in the construct depicted in Figure 99.

Figure 99. Design of the cassette used to express Geoth_Aldh by G. thermoglucosidans DL44.
The RplS promoter together with a synthetic RBS direct transcription of Geoth_Aldh in the
thermophile. "rho1" is the rho-independent transcriptional terminator placed downstream from
Geoth_Aldh.

E. coli DH10B cells were transformed with this ligation and the p11AK+Geoth_ALDH
plasmid was isolated and used to transform G. thermoglucosidans DL44. Two transformants
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of these were used to inoculate 5 mL of 2TY/kanamycin and were grown overnight. 500 µL of
this culture were used to inoculate 50 mL of 2TY/kanamycin and the cells were grown to an
OD600 of 2. The cells were harvested by centrifugation and the pellet was resuspended in 5
mL of KOH-MES buffer. The cells were lysed by sonication and the cell lysate was analyzed
on a Western blot to confirm the expression of Geoth_ALDH, which is shown in Figure 100.

Figure 100. Cell lysate of G. thermoglucosidasius DL44 analyzed on a Western blot. Lane 1,
prestained protein molecular marker (Fermentas). Lanes 2-3, cell lysate from two colonies
transformed with plasmid p11AK+Tt_ALDH. Lanes 4-5 correspond to a sample described in Figure
XX and are not relevant in this section. Lanes 6-7, cell lysate from two colonies transformed with
plasmid p11AK+Geoth_ALDH. Lane 8, positive 6XHis-tag control corresponding to a sample from a
previous unrelated experiment. The sizes expected were: 34 KDa for Tt_ALDH.

Bands of the correct size, expected to be around 37 KDa were not seen on the
Western Blot, indicating that this protein could not be overexpressed.
The sequencing results (Appendix Figure A140) revealed that only the first 31 bp of
Geoth_ALDH remained in the construct after the plasmid was extracted from G.
thermoglucosidans DL44. The presence of those 31 bp confirm that the protein was initially
incorporated into the plasmid but then it was lost, possibly due to digestion and ligation of the
plasmid by the cells. The gel pictures showing the colony PCRs that demonstate the
presence of bands for Geoth_ALDH from the E. coli plasmid isolations used to transform G.
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thermoglucosidans are shown in the Appendix Figure 156. The same colony PCR gel
pictures, but with the G. thermoglucosidans colonies have been included in Appendix
Figure A157 and A158. While most of the E. coli plasmid isolations do have the entire
Geoth_ALDH, none of the G. thermoglucosidans colonies have it, which means that they all
must have undergone the same digestion and ligation, possibly due to the presence of G.
thermoglucosidans restriction sites for native type II restriction enzymes.

6.2.5. HPLC ANALYSIS TO DETECT ISOBUTANOL PRODUCTION
Figure 101 shows the HPLC chromatogram obtained after analyzing the sterile ASM
medium used to grow DL44. The peaks for glucose and 2-ketoisovalerate supplemented to
the medium are conspicuous as expected. The chromatograms for the standards of glucose
and 2-ketoisovalerate are included in Figures A141 and A142, respectively.

Figure 101. HPLC chromatogram of the sterile ASM medium used to grow G.
thermoglucosidans. The peak for 0.1 M glucose is found at a retention time of 9.857 minutes and the
peak for 2-ketoisovalerate is found at 11.089 minutes. No peak for isobutanol is seen, which
demonstrated that the production os isobutanol was obtained after growth in this medium.

In order to determine whether the HPLC column is capable of detecting isobutanol, a
0.1M isobutanol standard was prepared in water and analyzed. The resulting peak is
observed at a retention time of 32.693 minutes (Figure 102).
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Figure 102. HPLC chromatogram of the isobutanol 0.1 M standard. The peak is observed at a
retention time of 32.693 minutes.

Once it was confirmed that isobutanol can indeed be detected by the equipment, G.
thermoglucosidans DL44 cells transformed with p11AK+kdc, p11AK+Geoth_ALDH and
p11AK+Tt_ALDH were grown aerobically overnight at 55 ºC, in 5 mL ASM supplemented
with 0.1 M glucose, 0.05 M 2-ketoisovalerate and 1% tryptone. The cultures were centrifuged
and 1 mL of the supernatant was filtered though a 0.2 µM filter to remove cell debris and was
analyzed on the HPLC.
No isobutanol was detected from the Kdc cultures that were grown at 55 ºC (see
Figure 103). As Lin et al. suggested, the reason is most likely due to Kdc being unstable at
55 ºC.
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Figure 103. HPLC chromatogram of the supernatant of DL44 p11AK+kdc grown in ASM
supplemented with 0.05 M ketoisovalerate. Peaks have been annotated according to the known
standards. No isobutanol peak was detected.

The presence of isobutanol was detected in the culture of DL44 transformed with
p11AK+Tt_ALDH, as it can be seen in Figure 104. Isobutanol was also observed in the
DL44 culture transformed with p11AK+Geoth_ALDH (Figure 105), even though no bands
were retrieved for Geoth_ALDH in the Western blot. This can be observed in Figure 100.
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Figure 104. HPLC chromatogram of the supernatant of DL44 p11AK+Tt_ALDH grown in ASM
supplemented with 0.05 M ketoisovalerate. The isobutanol peak is seen at 33.004 minutes. Peaks
have been annotated according to the known standards. The area of the peak can be found in Table
16.
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Figure 105. HPLC chromatogram of the supernatant of DL44 p11AK+Geoth_ALDH grown in
ASM supplemented with 0.05M ketoisovalerate. The isobutanol peak is seen at 33.004 minutes.
Peaks have been annotated according to the known standards. The area of the peak can be found in
Table 16.

It is interesting to observe that, even though no band for Geoth_ALDH was observed
in the Western blot, a signal for isobutanol is detected by HPLC. This indicates that the
plasmid containing the G. thermoglucosidans DL33 ALDH recombined into the genome and
the DL33 ALDH is being expressed plasmid bound, or it indicates that DL44 possesses the
same ALDH as DL33 and the genomic expression of this protein is capable of producing
isobutyraldehyde from isobutyryl-CoA.
To inquire into the possibility that the untransformed strain can produce isobutanol,
DL44 was grown in ASM medium supplemented with 0.05M 2-ketoisovalerate. The
chromatogram obtained by HPLC is shown in Figure 128.
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Figure 106. HPLC chromatogram of the supernatant of DL44 grown in ASM supplemented with
0.05M ketoisovalerate. Peaks have been annotated according to the known standards. The
isobutanol peak can be attributed to the activity of the intrinsic ALDH of G. thermoglucosidans when
supplemented with 2-ketoisovalerate given that, when 2-ketoisovalerate is not supplemented, no peak
is observed.

When this culture was supplemented with 0.05 M 2-ketoisovalerate, it can be
observed that there is a small isobutanol peak at 33.066 minutes. These retention times
correspond well to the retention times of the standards shown in Figures A143, 108 and 111
(2-ketoisovalerate, isobutanol and isobutyraldehyde, respectively).
When DL44 is grown in ASM without supplementing with 2-ketoisovalerate, no peaks
for isobutanol are seen, as shown in Figure 107.
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Figure 107. HPLC chromatogram of the supernatant of DL44 grown in ASM not supplemented
with ketoisovalerate. Peaks have been annotated according to the known standards. No peak for
isobutanol was detected in this sample due to absence of the precursor in the growth medium. The
absence of the peak agrees with the hypothesis that isobutanol is obtained only when the precursor is
administered to the growth medium to counteract the burden imposed by depletion of this essential
metabolite.

In order to be able to estimate the amount of isobutanol being produced, a calibration
curve was constructed. Various decreasing dilutions of known concentration were prepared
and they were analyzed on the HPLC. The peaks they produced are shown in Figure 108.
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Figure 108. HPLC chromatograms obtained with RI detection from the analysis of decreasing
concentrations of isobutanol. The highest concentration was 0.05 M and the lowest concentration
was 0.00078125 M. All isobutanol peaks occurred at a retention time between 32.993 and 33.080
minutes. All dilutions were made in water. The initial peak, at around 7 minutes corresponds to water.

To additionally confirm the presence of the isobutanol peak, the same supernatant
from cultures of DL44 transformed with p11AK+Tt_ALDH grown in ASM supplemented with
2-ketosivalerate that were analyzed by HPLC were subjected to a toluene extraction and
analyzed on a GC-MS.
The peak detected is shown in Figure 109 and it was confirmed to be isobutanol by
the Mass Spectrometry module. To further confirm that it was indeed isobutanol, an
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isobutanol standard was also analyzed on the GC-MS and the peak (Figure 110) appears at
exactly the same retention time.

Figure 109. GC-MS chromatogram of the supernatant of DL44 grown in ASM supplemented
with 0.05M ketoisovalerate. The peak at 5:00-5:10 was identified as isobutanol by Mass
Spectrometry.

Figure 110. GC-MS chromatogram of an 0.1M isobutanol standard in HPLC grade
toluene. The peak at 5:00-5:10 was identified as isobutanol by Mass Spectrometry.
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In addition, there is a peak that appears in all HPLC chromatograms at 26.194
minutes. To determine whether the peak could be isobutyraldehyde, an isobutyraldehyde
standard curve was also analyzed on the HPLC. However, The unknown peak cannot be
isobutyraldehyde because the retention time of isobutyraldehyde has a retention time of
28.446 (see Figure 111), so it's more likely that it is a peak from the tryptone added to ASM.

Figure 111. HPLC chromatograms obtained with RI detection of
isobutyraldehyde standard in water. The reterntion time is at 28.448 minutes.

a

0.1M

Table 16. Results from the calibration curve obtained after analyzing
decreasing concentrations by HPLC. Average area (N=2) (nRIU*s) units per
peak are shown per dilution. The area per 0.001 moles of isobutanol was
interpolated from this.
Molar
Area (nRIU*s) per 0.001
Area (nRIU*s)
concentration
molar isobutanol
0.05
424124.5
8482
0.025
213221.5
8529
0.0125
105743
8459
0.00625
43324.7
6932
0.003125
21852.5
6993
0.0015625
11964.5
7657
0.00078125
7011
8974
8004 = average
811 = standard deviation
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The area corresponding to each peak was extracted and it is shown in Table 16.
Based on these figures, the average concentration of isobutanol per 0.001 M isobutanol was
interpolated. This number (8004 nRIU*s per 0.001 M isobutanol), was multiplied with the
peak area corresponding to the amount of isobutanol produced per sample (Table 17). The
results of this are shown in Table 18.
Table 17. Peak areas extracted from the HPLC analysis of the supernatant
ASM of G. thermoglucosidans (nRIU*S).
DL44
Geoth_ALDH
Tt_ALDH
Kdc
4189

5608

7582

Not detected

3763

5373

3173

Not detected

5274

Table 18. Moles of isobutanol obtained per 1 mole of glucose after 24 hours

growth in a 5 mL culture, calculated according to the calibration curve
concentrations and the peak areas obtained by HPLC analysis of G.
thermoglucosidans grown in ASM supplemented with 0.05 M 2-ketoisovalerate.
DL44

Geoth_ALDH

Tt_ALDH

Kdc

0.005233736

0.007006634

0.009472949

Not detected

0.004701491

0.006713025

0.003964346

Not detected

0.00067696619

0.00067186520

average

0.0000214

0.0003895

standard deviation

0.006589335
0.000496761
0.0000376

18

The average values from Table 18 are illustrated in Figure 112.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
18

0.000496761 moles of isobutanol are equivalent to 36.82 mg/L (isobutanol f.w. 74.122
g/mol)
19
0.000676966 moles of isobutanol= 50.178 mg/L isobutanol
20
0.000671865 moles isobutanol = 49.8 mg/L isobutanol
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Figure 112. Average production of moles of isobutanol per moles of glucose achieved by
strains Geoth_ALDH and Tt_ALDH in comparison to DL44. Error bars represent the standard
deviation of at least two samples. Further experiments need to be carried out with Tt_ALDH are
needed under strictly defined conditions, such as a bioreactor, to understand the large error bars in
the Tt_ALDH sample. It is possible that they are due to differences in oxygenation or cell density at the
time when the sample was taken.

6.2.6. OVERPRODUCTION OF 2-KETOISOVALERATE
In order to increase the biosynthesis of 2-ketoisovalerate, the possibility of the
plasmid-bound expression of ilvIHC and ilvD was considered. 2-Ketoisovalerate is an
important intermediate because it enters alternative pathways.
Since ilvIHC and ilvD are located in different operons, the creation of an artificial
operon would allow the simultaneous expression of both. This would require placing a very
strong promoter and immediately downstream from it, ilvIHC, followed by ilvD. Placing sfGFP
directly downstream from ilvD, would allow to easily confirm the transcription of the entire
operon by the presence of green fluorescence. The design is shown in Figure 113.
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Figure 113. Design of artificial operon to overproduce 2-ketoisovalerate, composed of ilvIHCD
and sfGFP, all downstream from the ldh promoter. No synthetic RBS was included between ilvI and
ilvH or between ilvH and ilvC because, since they are already part of an operon, they have their own
native RBS.

In order to construct this artificial operon, ilvIHC were PCR-amplified from the G.
thermoglucosidans DL33 genome using primers PstI-ilvIHC and RC-ilvIHC-RBS. ilvD was
amplified using primers RBS-ilvD and RC-ilvD-RBS. The RBS encoded in primers was the
pheB RBS used previously in the pUCG18+ldh+sfGFP construct. These primers had 35
bases of overlap for Gibson assembly. The vector, pUCG18+ldh+sfGFP, which already
contained the ldh promoter and sfGFP was PCR amplified using primers ilvD-RBS-sfGFP
and RC-ldh-RBS. The Gibson assembly reaction was carried out and electrocompetent
JM109 was transformed using 1 µL of desalted Gibson reaction mix. No correct transformant
colonies were recovered possibly due to the complexity of the assembly reaction and large
size of the final construct. All the transformants had only ilvD and sfGFP, but ilvIHC could not
be incorporated.

6.3. D I S C U S S I O N
Although the toxicity of butanols is often ascribed to membrane damage, it is possible
that one of G. thermoglucosidans’ alcohol dehydrogenases oxidizes isobutanol to a byproduct that is toxic for the cells. However, no growth was observed, indicating that even in
the rare case that isobutanol was oxidized, it is converted to a by-product that the cells
cannot use.
Tang et al. [2009] discovered that most of the fatty acids in G. thermoglucosidans
were saturated, which would also explain why G. thermoglucosidans is significantly less
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tolerant to isobutanol than B. subtilis. Saturated fatty acids lead to decreased membrane
fluidity [Daron, 1970], so the membrane damage caused by butanols might be higher than in
B. subtilis.
Heat allows the membrane of the cell to be more fluid. In the case of butanols, which
potentially accumulate in the membrane, this is particularly advantageous because it
suggests that strain tolerance to butanols can be improved by artificial selection.
Based on the results obtained with Kdc_CAB34226, and as reported by Lin et al.
2014, it can be confirmed that this protein is neither thermophilic nor thermostable and it is
not suitable for producing isobutanol in G. thermoglucosidans at industrially relevant
temperatures. Keto acid decarboxylases require TPP as a cofactor for correct folding, and it
is possible that the high temperatures alter the three dimensional structure of the protein, and
the binding of TPP is altered, thus producing a non-functional enzyme. This is in accordance
with a paper by Blanchard et al. [2014], which also raises the point that heterologously
expressed proteins from mesophiles do not fold properly in thermophiles becasue they are
marginally stable. Small changes in temperature, chemical environment or amino acid
sequence can cause misfolding.
As reported by Lin et al., G. thermoglucosidans possesses an alcohol dehydrogenase
(Geoth_3237), which is capable of reducing isobutyraldehyde into isobutanol. In the Lin et al.
paper, it was reported that, surprisingly, the isobutanol yield decreased when the
Geoth_3237 Adh was overexpressed.
Both Adh and ALDH require NADH as the electron carrier, which in turn affects the
redox balance. An Adh that requires NADH instead of NADPH should have a lower impact
on the redox imbalance, when growing Geobacillus spp. aerobically.
Kdc appears to be toxic for E. coli. This would explain why BL21 transformants could
not be obtained, but BL21 (DE3) pLysE transformants could be obtained. The T7 lysozyme
stopped the T7 RNA polymerase from transcribing kdc, and only by allowing them to slowly
lose the T7 lysozyme were the cells able to develop tolerance to the toxicity of this protein.
Similarly, Kdc appears to be significantly toxic for G. thermoglucosidans as well. As
demonstrated by the fact that no growth was observed by cells transformed with p11AK+kdc
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at 50 ºC, when the protein might still have some residual activity, whereas the cells did grow
at 55 ºC, when the protein is most likely inactive.

6.3.1. ALDH AND CLONING
The publication by Lin et al. [2014] about the production of isobutanol via a keto acid
decarboxylase resulted in a change of approach for this project. Instead of continuing to
pursue the Kdc route, an alternative route had to be sought. This led to the discovery that
ALDH enzymes have the capacity to produce isobutyraldehyde. Having had a vector like
p11AK1 made the entire process incredibly quick and straightforward. The only thing that
was needed was a simple digestion and ligation, given that the plasmid already had a
promoter and an RBS. This was a great example to show how useful it is to have the toolbox
of shuttle vectors created as part of this project.
The most likely explanation for the absence of a band for Geoth_ALDH in the
Western blot is that the plasmid was digested and religated by G. thermoglucosidans after
they were transformed, seeing as the Geoth_ALDH was identical in sequence to the genomic
ALDH of DL44, although this cannot be confirmed because the genomic sequence of DL44 is
not available.
Geoth_KDH was indeed present in the plasmids isolated from E. coli, as confirmed by
a colony-PCR. Isobutanol was seen on the HPLC anyway, even though the cells were not
expressing Geoth_ALDH because they were supplemented with 2-ketoisovalerate.
If the p11AK+Geoth_ALDH plasmid indeed recombined with the genomic ALDH, it
would explain why the amount of isobutanol observed is higher than that of untransformed
DL44, possibly due to two copies of Geoth_ALDH being expressed from the genome.
Considering that the entire plasmid becomes integrated into the genome during the first
recombination event, it would explain why two copies of the gene remained genome-bound
after the first recombination event. But this doesn't explain why there was no band on the
Western blot. If the his-tagged copy of the gene had been retained in the genome, then a
band should have appeared. It is not advisable to express G. thermoglucosidans genes in
the same strain they come from because recombination might always be an issue.
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The construction of the artificial operon to overexpress the ilvIHCD pathway failed. It
is difficult to understand the reason for this. The G. stearothermophilus ldh promoter is not
active in E. coli, so the whole operon cannot have been expressed in E. coli, but it is possible
that part of the operon was indeed being expressed: the green fluorescence observed in
some of the transformants that contained ilvD and sfGFP could be explained if there is a
sequence in the 3'-region of ilvD that acts as a promoter. It is possible that the same occurs
at the 3'-end of either ilvH or ilvC, in which case the expression of either of these cause too
much toxicity and stress, explaining why no transformant colonies would be observed. It is
also possible that Gibson assembly was not the ideal cloning strategy, but in an artificial
operon, the genes have to be separated by a minimal RBS to ensure transcription of the
entire operon as a polycistronic unit so adding restriction sites to separate the parts might
have disrupted translational initiation.
A way to overcome the absence of overexpression of ilvIHCD was to supplement the
growth medium with 2-ketoisovalerate, in order to overcome the deficit of this metabolite. It
would be interesting to see if higher isobutanol titres can be achieved by overexpressing
ilvIHCD rather than by supplementing the growth medium with 2-ketoisovalerate, which in the
long term, is far from being a cost-effective solution for the production of isobutanol.
The production of isobutanol was slightly higher with the addition of 2-ketoisovalerate
than without, so it's likely that 2-ketoisovalerate is indeed being diffused into the cells from
the culture medium, but more experiments are necessary to confirm this.

6.3.2. ISOBUTANOL YIELDS
Compared to the Lin et al. paper, who achieved isobutanol production in yields of
0.223 mole of isobutanol per mole of glucose (3.3 g/L of isobutanol with the supplementation
of 0.2M glucose) at 50 ºC, the isobutanol production achieved as part of this work was a lot
lower (0.00068 mole of isobutanol per mole of glucose which is equivalent to about 50 mg/L).
The engineered strains (Geoth_ALDH and Tt_ALDH) show a higher production of isobutanol
than DL44. The very large error bars seen in Figure 112, indicate that more biological
replicates are needed to know how repeatable and statistically significantly higher the
production is when 2-ketoisovalerate is added to the medium. There is no mistake however,
that when 2-ketoisovalerate is not added to the medium, no isobutanol production is seen.
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The non-fermentative 1-butanol pathway from Clostridium acetobutylicum has been
transferred to E. coli by Atsumi and Liao [2008], with a yield of 14 mg/L of 1-butanol. C.
acetobutylicum can convert acetyl-CoA to butanol. The highest yield obtained in this study
from producing isobutanol from isobutyl-CoA was 50.178 mg/L, which is very similar. It
appears that the non-fermentative pathway for isobutanol production produces lower yields
than the fermentative pathway.
If

G.

thermoglucosidans

possesses

a

native

ALDH

which

can

produce

isobutyraldehyde when supplemented with 2-ketoisovalerate, it raises the question about the
method used by Lin et al. to achive isobutanol production in this thermophile. All the strains
they report had a Kdc, as shown in Table 15. There was no strain that only expressed
ilvIHCD, without Kdc. If the isobutanol production they achieved was due to the
overexpression of ilvIHCD, then a strain without Kdc would have shown isobutanol
production as well, but such reference strain was not included in their report. It would explain
why the highest isobutanol yields were obtained from cells overexpressing ilvIHCD. The 2ketoisovalerate they were producing was feeding ALDH instead of Kdc, and it was the native
ALDH producing the isobutanol, not the heterologous Kdc.

6.3.3. ISOBUTANOL AS A BIOFUEL
In theory, the scientific literature praises isobutanol as an ideal replacement for fossilbased based claiming that the octane number and energy content of isobutanol are much
higher than ethanol [Atsumi and Liao, 2008], however, engine tests show that it is not
recommendable to have more than 20% isobutanol in a isobutanol:gasoline mix [Karabektas
and Hosoz, 2009] due to poor performance of the engine when higher concentrations of
isobutanol are added. Also, isobutanol is a toxic compound not just for bacterial cells but for
organs as well. It is a hazardous substance responsible shown to cause organ toxicity, skin
irritation and eye damage (Sigma safety data sheet) 21 . In addition, using Geobacillus
thermoglucosidans to produce isobutanol defeats the point of using a thermophile for the
production of useful compounds because isobutanol is not volatile and therefore, cannot be
as easily separated from the reaction mixture as ethanol.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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In the present work, the production of isobutanol was carried out simple as a proof-ofprinciple demonstration of the usefulness of the toolbox constructed becasue it was very
easy to exchange the reporters in the expression cassettes for ALDH or Kdc using XbaI/SacI
digestion and ligation. The promoter and the RBS of the modular vectors are ready for the
expression of heterologous genes placed downstream and ¨ rho1¨ will terminate transcription
of any gene placed upstream from it.

6.4. FUTURE WORK
In order to overexpress the genes required for 2-ketoisovalerate overproduction, it
would be recommendable to place each gene in the control of a single promoter, instead of
assembling an artificial operon, because this should allow for a more controlled expression of
each of the genes composing the pathway. The expression of each gene could be tuned to
the most efficient levels by using promoters of different strengths coupled with synthetic
RBSs of appropriate strengths as well.
Seeing as the isobutanol that is being produced endogenously by the cells is not being
secreted outside the cells, it is possible that active removal of isobutanol by an effective
method, such as gas stripping will help remove most of the isobutanol that remains inside the
cell of trapped within the cell walls.
It is necessary to grow the DL44 and ALDH strains in a large scale bioreactor to
determine what's the isobutanol production when a constant flow of metabolites such as
glucose and 2-ketoisovalerate are added, and because growing at such a large scale would
permit comparing how different the yields are between growing in a large scale as opposed
to small scale.
HPLC is a very quick and efficient method to detect the production of metabolites and
to quantify them. GC-MS requires more sample preparation work but it might be much more
sensitive to the detection of isobutanol, but more samples need to be analyzed and
compared by these two methods.
Michaelis-Menten kinetics reveal that there are two routes to improve productivity.
One to is have more enzyme available and the other is to improve the catalytic properties.
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A directed evolution approach requires the screening of multiple mutants
simultaneously. If a vector yields low transformation efficiencies, only a few mutants can be
obtained at a time, but with the vectors included in the toolbox, the transformation efficiencies
have shown that they have the potential to generate thousands of colonies at a time, each of
which could contain a possible mutation if error-prone PCR is used.
For

example,

it

would

be

possible

to

improve

isobutanol

yields

in

G.

thermoglucosidans by obtaining, through directed evolution, variants of ALDH or ADH that
have a higher affinity for isobutyryl-CoA or isobutyraldehyde, respectively, which could then
be selected based on how much of the metabolite they produce.
A directed evolution approach could also change cofactor dependencies of enzymes,
which could solve cofactor imbalance and have a big impact on theoretical yields. A rapid
genome evolution approach could also contribute towards finding the right combination of
mutations that produce a more isobutanol-tolerant phenotype.
In the future, if the isobutanol production pathway by G. thermoglucosidans is to be
improved, the following key points must be considered:
•

Competing pathways must be eliminated. The strains that have the ldh and pfl
pathways knocked out already show a significant increase in the production of
ethanol compared to the wild-type strain [Cripps et al. 2009]. G. thermoglucosidans,
however, is a natural ethanol producer, so simply knocking-out pathways won't be
enough to increase isobutanol production. The precursor pathways for 2ketoisovalerate and isobutyryl-CoA need to be upregulated.

•

Redox imbalance needs to be considered. Redox imbalance might not be such a
concern when growing G. thermoglucosidans in a large-scale bioreactor because,
under anaerobic conditions, glycolysis produces only NADH. Whereas, the only
enzyme in the pathway that requires NADPH is IlvC. Both ALDH and ADH in G.
thermoglucosidans require NADH. The production of 2-ketoisovalerate and valine
require NADPH. If cofactor imbalance becomes a deterrent for the production of
isobutanol, there are two possible solutions. The first would be to follow the approach
of Bastian et al. [2011], and overexpress pntAB, which encodes a pyridine nucleotide
transhydrogenase, which catalyzes the transfer of a hydride from NADH to NADP+.
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This strongly contributed to solving cofactor imbalance but it is an enormous load for
cell metabolism and it is not an ideal solution. The second option is to alter the
cofactor dependence of ilvC by directed evolution to NADH. This has been shown to
work effectively by Bastian et al. [2011]. Using an NADH-dependent IlvC would result
in a pathway that is entirely NADH dependent, and a much higher yield of isobutanol
could be achieved.
•

The enzyme expression levels also need to be optimized. Ideally, ALDH and ADH
should be expressed by a strong constitutive promoter and with a strong RBS, but it
needs to be understood how much stress this would cause to the cells and if perhaps
a weaker promoter would result in a healthier balance and therefore, higher titres.

!
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C H A P T E R 7:
GENERAL DISCUSSION
7.1. SYNTHETIC BIOLOGY
Advances in the fields of synthetic biology and metabolic engineering demonstrate
that cells can be engineered into factories that produce high-value chemicals and proteins
but such an approach requires appropriate genetic tools (see Figure 114). According to
Holtz and Keasling [2010], the purpose of characterizing bioparts is to confer them a modular
character and make them reusable between applications. This statement makes evident the
close connection between characterization, standardization and modularization.

Figure 114. Synthetic biology's input to biotechnology. Synthetic biology provides new tools and
approaches to biotechnology and biotechnology aims to discover, improve and industrialize products
that can be generated through the use of recombinant DNA technology.
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7.2. ABSTRACTION IN SYNTHETIC BIOLOGY: BIOPARTS
Biological functions are complex but they are written in DNA, and DNA is a defined
entity and patterns can be found within it that can be linked to begin to understand biological
function [Endy 2005]. Such patterns in DNA become bioparts. The same patterns that have
the same functions constitute one type of biopart. Eventually, with enough understanding of
patterns, more patterns can be deciphered until enough patterns are combined together to
generate novel functions and ultimately, build biological systems from scratch.
This work has focused on the abstraction of bioparts to identify functional parts in the
unknown sequences of plasmids to find patterns which could be attributed to minimal
functional units. Those units were isolated and assembled in new synthetic constructs that
resulted in novel functional outputs previously unknown to science. For instance, it is now
known which fluorescent reporters are active in G. thermoglucosidans under what conditions
and it is known that the design of plasmids needs to take into account the engineering side of
synthetic biology to make sure that all the required combinations of bioparts achieve a
functional outcome. More specifically, antibiotic resistance markers need a transcriptional
terminator to be functional.
If a synthetic biology point of view hadn't been applied to solve these questions, the
G. thermoglucosidans community would continue working with highly inefficient and
inappropriate plasmids without understanding the reason for the characteristic low
transformation efficiencies.

7.3. SYNTHETIC BIOLOGY AND INDUSTRY
Synthetic biology needs to find application in the real world outside the laboratory,
and G. thermoglucosidans was a good place to start because it already is being implemented
under realistic industrial scale conditions as a production host of valuable compounds (TMO
Renewables). Ideally, the robust production of costly compounds should require only minimal
low cost inputs, such as a simple growth media and appropriate incubation temperatures and
techniques to be a cost effective sustainable process worth investing in, in order to compete
with the pre-existing chemical synthesis processes that have already been optimized to be
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as cost-effective as possible over time. Industrial scale production requires a host that can
withstand the conditions of large-scale fermenters.
Other organisms could have been chosen. For example, Nikel et al. [2014] suggest
the use of Pseudomonas spp. as another chassis for synthetic biology, but the development
of this strain is clearly not as advanced as the development of Geobacillus spp. There is a
lack of tools and Pseudomonas appear to be much more difficult to manipulate genetically.
And they haven't been tested in an industrial bioreactor.
The principles of synthetic biology of standardization and modularization are
important for industry because the industrial scaling of a process that occurs in the lab in
small volumes needs to be predictable, controlled and reproducible every time. The
characterization of parts under various conditions is of the utmost relevance to be able to
predict the behavior of a synthetic system.

7.4. TOOLBOX
The development of tools is necessary to control the expression of genes and
metabolic pathways [Keasling, 2012]. The toolbox created in this work offers a starting point
for the transcriptional and translational control of plasmid bound protein expression in both
Geobacillus thermoglucosidans.
The present work has created tools for a substantive and dramatic transition in the capability
to genetically manipulate G. thermoglucosidans by allowing:
1. The re-use of components and plasmids is now possible due to their modular
nature. Different combinations of components in diverse plasmid contexts will no
longer serve one isolated specific cloning and characterization effort.
2. To limit the number of time-consuming steps required for either introducing a new
promoter, RBS, or CDS as well as for replacing any of the parts (origin of replication
or selection marker) composing the vectors.
3. The characterization of promoters for E. coli or G. thermoglucosidans. The
presence of the PstI and XbaI restriction enzyme recognition sites allow to easily
interchange promoters while leaving the downstream RBS sequence intact. The
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promoters may be characterized using the reporters pheB, sfGFP, mCherry or
BsFbFP, depending on the conditions being studied.
4. The characterization of RBSs. The presence of the XbaI restriction site upstream
from the Shine-Dalgarno sequence permits to excise the CDS together with the RBS
whilst leaving the promoter sequence located upstream intact. Unfortunately, a
restriction site cannot be placed at the 3'-end of the RBS because it will most likely
affect the rate of translation. However, given that the RBS is such a short sequence it
can easily be reintroduced with synthetic oligonucleotides.
5. The characterization of transcriptional terminators. The effectiveness of
transcriptional terminators may be measured by the output of reporter placed before
or after the terminator.
6. The characterization of origins of replication. The copy numbers of origins of
replication may be estimated in various ways: qPCR, comparison of reporter output
and growth rates.
7. The availability of multiple reporters permits testing the possibility of expressing
two plasmids simultaneously, which in turn would permit the plasmid-bound
expression of more genes at once.
8. The heterologous expression of proteins. The presence of the XbaI and SacI
restriction sites allow to easily exchange the reporter gene currently included in the
vectors for a gene encoding a protein that has a desired function.

This work provides evidence that a synthetic biology approach should be
implemented for the construction of tools that would permit developing other non-model
organisms as chassis:
•

As it has been demonstrated in Chapter 5, a careful analysis of DNA sequences is
necessary in order to understand what are the functional parts that compose them,
and there are freely avaible online software tools that facilitate this prediction.

•

Bioparts can either be obtained from nature or designed de novo.

•

Origins of replication and selection markers are the main components necessary to
construct a shuttle vector, which in turn is the easiest and most common route for
gene transfer among hosts.

•

Cryptic plasmids are common throughout microorganisms, and host-specific origins
of replication could be derived from them if they can be isolated and sequenced.
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7.5. HETEROLOGOUS EXPRESSION BY G. THERMOGLUCOSIDANS
The toolbox was used to successfully express pheB, sfGFP, mCherry and BsFbFP,
as well as Kdc and ALDH. Based on this, it is evident that the toolbox permits the expression
of heterologous proteins in G. thermoglucosidans at high temperatures. For future efforts that
require the expression of protein, it is strongly recommended to use the toolbox constructed
in this work.

7.6. IMPROVEMENTS TO THE TOOLBOX
A toolbox can never be fully complete as there is no limit to the number of bioparts
that can be included in it, it can only be built-up in complexity. In order to continue the
development of G. thermoglucosidans as a chassis for synthetic biology, more bioparts have
to be added to the toolbox. Fortunately, the modular nature of the toolbox implemented since
the design stage and which has been tested for practicality in the course of this investigation
is an efficient method to easily swap and ¨plug-in and play¨ new bioparts and will encourage
the use of the toolbox for the subsequent inclusion of parts and characterization efforts.
If the vectors differ only in one part, for example, the origin of replication, then the
results of characterization experiments can be directly comparable and suitable for
publication. The modular nature of vectors created in this permits that and it is highly
recommendable that they are implemented by the Geobacillus research community.
G. thermoglucosidans will be developed as a chassis when new promoters can be
added to the toolbox to be characterized under any of the four reporter proteins, depending
on the application. New RBSs can be added and they can also be characterized using any of
reporters proteins or a combination of them to test for context-dependency.

7.7. THE IMPORTANCE OF PREDICTIVE SOFTWARE FOR SYNTHETIC BIOLOGY
Bioparts need optimizing so that when bioparts interact together, the most optimal,
reliable functionality is achieved. The construction and testing of bioparts is time consuming
and it is not possible yet to avoid trial-and-error optimization [Kosuri et al. 2013]. One way to
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mitigate trial-and-error experimentation is by being aided during the design stage of the
experiment by predictive software. Such software was used in the course of this
investigation, namely:
1. The RBS Calculator by Salis et al. [2009] allows checking the functionality of RBSs
by predicting the secondary structures that arise when three toolbox parts are put
together (promoter, RBS, coding sequence). Such predictions were essential for the
course of this investigation to seek confirmation that the lack of expression was due
to the sequence of the RBS being responsible for unwanted interactions. The
Calculator also allowed designing completely synthetic RBS in silico, which were then
tested in vivo with positive results, demonstrating that the RBS Calculator can be
used in the future to continue the development of G. thermoglucosidans as a chassis.
2. The IDT OligoAnalyzer has proved to be extremely valuable for the prediction of
potential rho-independent transcriptional terminators. This tool could be used in the
future to study rho-independent transcriptional terminators that are intrinsic to
thermophiles in order to test them as terminators for devices.
The optimization of the bioparts required to achieve reliable function is timeconsuming and it is not possible yet to avoid trial-and-error optimization of the tools that
constitute a toolbox because the predictability of how parts behave together is still not 100%
certain: idiosyncratic interactions and context effects may arise which may not have been
contemplated by the models and need to be tested. It is possible to mitigate trial-and-error
optimization by using tools such as the RBS Calculator by Salis et al. [2009] by predicting the
secondary structures that may arise when three toolbox parts are put together (promoter,
RBS, coding sequence).

7.8. NEW SELECTION MARKERS
It is necessary to include in the toolbox selection markers that are not reliant on
antibiotics because antibiotic use not viable for industrial scale production due to the cost of
the antibiotics and to the capacity cells have to develop resistance. Currently, antibiotic
selection is necessary to ensure the retention of the plasmid, but if heterologous proteins are
integrated into the genome, then they shouldn't be necessary any longer. It is necessary to
pursue an auxotrophic marker for integration in the genome experiments because a second
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selection marker is of the utmost necessity to force the second recombination event. It would
be particularly advantageous if the marker has both positive and negative selection like pyrE
and its interaction with 5-FOA.

7.9. LESSONS TO BE LEARNT FROM THIS PROJECT
The approach used in this work to create a toolbox for G. thermoglucosidans to
empower its development as a chassis for synthetic biology can be implemented across
nature. When interesting organisms are found that have desirable intrinsic properties, the
creation of a toolbox would permit the genetic modification of such organisms to optimize
their natural capacities for human applications.
The synthetic biology approach used in this project resulted in the production of a
modular toolbox of genetic components that is efficient and easy to work with, which
supports the idea that synthetic biology is a very powerful a field of knowledge to be limited
to the traditional E. coli or S. cerevisiae, which are useful for some applications but not for
specific specialized processes. This project was aimed at developing synthetic biology
beyond the scope of tradition because if synthetic biology can prove that its ethos can be
applied to develop a thermophile chassis, it will be the evidence that shows that the
principles of engineering can be applied to the entire biological spectrum of the planet and
not only to a few well-known hosts, especially when more specialized hosts are more
suitable for certain applications. Synthetic biology could be used to solve some of the
problems the world currently faces, such as the energy or the environmental crises.
Creating a toolbox for non-model organisms requires bioparts, which in turn can be
obtained from the natural world. For example, origins of replication can be obtained from
cryptic plasmids, and they can be paired with known selection markers to create new host
specific shuttle vectors. Such origins of replication may have a wide range and work in
species that are phylogenetically related, thus contributing to the aggregation of useful
bioparts and tools.
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7.10. BIOPARTS: E. COLI !"G. THERMOGLUCOSIDANS
The shuttle of parts between E. coli and Geobacillus does not have to focus on what
the effect of the biopart is for G. thermoglucosidans. As it was observed in the kanamycin
selection transformation efficiency results obtained in this chapter, E. coli obtains a benefit as
well. For instance, it is clear that the rho-independent transcriptional terminator placed
downstream from the kanamycin nucleotidyltransferase gene had extremely beneficial
effects in both E. coli and G. thermoglucosidans.
Thermostability in the proteins of thermophiles has a physical basis. Themostable
proteins are attracting interest because the same physical basis that makes them resist heat
degradation is the same basis that makes them more resistant to proteolysis and chemical
denaturation, so thermophilic proteins produced by thermophyles are hyperstable and some
proteins obtained from thermophiles such as DNA polymerases, xylanases and proteases
already have industrial applications [Taylor and Vaisman 2010].
Increased hydrogen bonding and more salt bridges are some of the properties that
confer thermostability to thermostable proteins. DNA also forms hydrogen bonds and high
temperature in PCR for example, is required to separate both strands. The DNA structures of
thermophiles could be extremely suitable to be tested for functionality in mesophiles because
they should be more stable and perhaps even more functional than their mesophilic
counterparts. This is especially true for bioparts such as transcriptional terminators, which
clearly, as demonstrated in this work, are important bioparts and yet very few studies have
examined the influence of transcriptional terminators on gene expression. For yeast and E.
coli, only a handful of terminators are available [Redden 2015]. This should not be the case
as terminators are just as important as promoters and RBSs to drive gene expression.
As this work demonstrated, an appropriate rho-independent transcriptional terminator
can resolve the host-specificity barrier of antibiotic resistance markers. This work also
demonstrated that transcriptional terminators from the sequences of the genomes of
thermophiles or from cryptic plasmids of thermophiles can be easily identified by analyzing
for hairpins using a free online software (Oligoanalyzer) which can be readily implemented in
any research project in any part of the world. This is true especially now that it is known that
four reporter proteins could be used to characterize transcriptional terminators from
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thermophiles both in G. thermoglucosidans and E. coli and lead to the construction of a
library

of

rho-independent

transcriptional

terminators

that

could

become

BioBrick

standardized parts if they are effective and functional.
The thermostable version of the kanamycin nucleotidyltransferase used in this work
[Liao and Kanikula 1991] was developed by expressing the protein in a thermophile and
subjecting the thermophile to directed evolution. Small changes in amino acids modified the
folding

behavior

and

lead

to

activity

at

increased

temperatures.

If

Geobacillus

thermoglucosidans becomes the thermophilic platform for protein production, the same
approach could be applied to obtain more thermostable proteins such as other antibiotic
resistance markers or fluorescent reporter proteins which have mutations to confer stability to
proteins without compromising the fluorescent output. For this purpose, the high
transformation efficiencies obtained with the new modular shuttle vectors are ideal for
directed evolution experiments that require screening large libraries of mutants, such as
promoters libraries or the evolvability of error-prone PCR variants. Directed evolution could
also be applied to improve product yields. Furthermore, as Abatermarco et al. [2013]
suggest, metabolic pathway engineering can be achieved through evolving parts, in vivo,
following a directed evolution approach as opposed to traditional gene overexpression or
gene deletion by knock-out.
Now more than ever it is necessary to have strong internet based sharing platforms to
share bioparts and the knowledge generated from them. Synthetic biology produces
standardized parts and vectors are meant to be shared by the scientific community. Such
information needs to be available in formats that are easy to understand and to request to
permit the prompt advancement of research. BioBricks, BglBrick and pSEVA demonstrate
the advantages of standardization: conventional cloning is preferable because it is
convenient and has enabled widespread sharing and re-use of parts.
Our current knowledge about the responses of G. thermoglucosidans and E. coli to
synthetic stimuli will grow as long further experiments are carried out with these hosts. The
growing availability of genomic information and advances in the fields of synthetic biology
and metabolic engineering will contribute to the knowledge aggregation that both research
fields need for evolving.

!

228

7.11. WHAT

THE FUTURE MAY HOLD FOR

G.

THERMOGLUCOSIDANS SYNTHETIC

BIOLOGY

An interesting question that should be answered in the future is whether high copy
number is actually a necessary property of a plasmid in order to achieve high product
production? Or whether it is only necessary to have a low copy number plasmid but with a
strong promoter and strong RBS? Would the burden on the cell diminish and result in higher
production rates? According to Tyo et al. [2009], expression levels after recombination in the
genome are similar as those obtained with a high copy number plasmid when you a strong
promoter and strong RBS were used. High copy plasmids can magnify the effects of
promoter activity levels and produce an imbalance of enzyme levels [Du et al. 2012], so
lower copy number origins of replications should be sought.
The toolbox could be used in the future to test inducible promoters that may allow the
pathway to be switched on after the cells have completed growth stages or the testing of
orthogonal elements.
The potential of Geobacillus thermoglucosidans should be explored both for the
production of valuable chemical compounds, as long as they are volatile so they are easy to
separate by gas stripping, or as an alternative, for the production of thermostable functional
biocatalysts.
Having a thermophile producing thermophilic enzymes could mean that enzymes
won't loose the thermostable properties that confer them greater stability over mesophilic
counterparts as long as such enzymes offer an advantage to the host. For example, if G.
thermoglucosidans is used for the production of xylanases and if the only carbon source
available is biomass, then the xylanases obtained will be functional because the survival of
Geobacillus depends on them.
G. thermoglucosidans is being proposed as a CBP organism (Consolidated
BioProcessing), during which hydrolysis and fermentation are all combined to occur within
the same environment to reduce costs and increase throughput [Alper and Stephanopoulos,

!

229

2009]. The toolbox could be used to express lignocellulosic biomass degrading enzymes that
G. thermoglucosidans does not currently possess or it could be used to engineer a variety of
strains of G. thermoglucosidans, each with special properties for a Consortium
BioProcessing approach. Or alternatively, G. thermoglucosidans could be a participant in a
Consortium BioProcess together with other lignocellulose degrading microorganisms like
Clostridium thermocellum.

7.12. ISOBUTANOL PRODUCTION BY G. THERMOGLUCOSIDANS
The production of isobutanol by G. thermoglucosidans in this work was a proof-of
concept application that illustrates that the ability to write genetic code to demonstrate the
usefulness of engineering concepts in biology to progress the field towards the production of
useful compounds.
The advantage of using G. thermoglucosidans in particular for the production of
ethanol is that ethanol is a volatile product and it can readily be separated from the growth
medium by gas stripping. In the future, the production of other volatile compounds should be
contemplated, such as the production of volatile isoprenoids which are naturally produced by
plants. Isoprenoids can be used as insect attractants and repellents, or as pharmaceuticals,
flavors, fragrances, fuels or fuel additives [Vickers et al. 2014]. In particular, squalene,
isopentenol, bisabolene could be used as fuel replacements. The isobutanol produced as
part of this project demonstrates that the toolbox can be readily used for heterologous gene
expression and it should be a straightforward process to express a bisabolene synthase for
example. Volatile isoprenoids should be as easy to separate from the growth mixture as
ethanol.
The unique capabilities G. thermoglucosidans has to digest lignocellulosic biomass
have the potential to make it even more powerful for biotechnology and biotechnology is
powerful to the economy.
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8. C O N C L U S I O N S
The merits of this work are:

1. The creation of a new set of shuttle vectors that follow the synthetic biology principles
of modularization and componentization. The new plasmids are more efficient than all
previously existing shuttle vectors for G. thermoglucosidans.
2. The new plasmids can be used for the overexpression of genes and for the
quantification of promoter activities.
3. The development of the toolbox and the demonstration of the use of computer aided
design programs to predict synthetic parts should lower development times for
research as well as costs in the future.
4. The production of isobutanol as a proof-of-principle application of the toolbox resulted
in isobutanol titres of about 50 mg/L.
5. This work demonstrates that organic chemistry can be joined with synthetic biology.
The precursor for isobutanol (ketoisovalerate) was added to the growth medium
instead of overexpressing the ketoisovalerate pathway and resulted in an increased
production of isobutanol.
6. This

work

confirmed

that

the

ALDH

proteins

are

capable

of

producing

isobutyraldehyde from isobutyryl-CoA, which is knowledge that has only been
suggested in literature but had not been experimentally confirmed until this work.
7. A native pathway for isobutanol production was discovered in G. thermoglucosidans.
8. This is the second report on the production of isobutanol in a thermophile and the first
report of an alternative pathway for the biosynthesis of isobutanol in a thermophile
which does not rely on the expression of Kdc.
9. The toolbox has the capability to improve the quality and the speed of the
development, to its full potential, of G. thermoglucosidans as a chassis for synthetic
biology. For instance, the tools created as part of this work have the potential to
accelerate undergoing research to implement G. thermoglucosidans as the
microorganism of choice for a Consolidated Bioprocessing approach to produce
ethanol from lignocellulose because minimal vectors offer higher probabilities of
introducing large or multiple genes into this thermophile.
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C H A P T E R 10: A P P E N D I X
Table A19. List of primers used in this study.
emk001
emk002
emk003
emk004
emk005
pUC_ori-PacI-p43
RC-p43-XbaI-YtvA(pheB-RBS)
emk006
emk007
YtvA(pheB-RBS)
p43-XbaI-YtvA(pheB-RBS)
RC-YtvA-rho-SacI
RC-rho-SacI-pUC_ori
rho-SacI-pUC_ori
pUC_ori-PstI-ldh
RC-ldh-XbaI-(pheB-RBS)
PpFbFp
RC-PpFbFp
NotI-repBST1
RC-repBST1-PmeI
PmeI-kanR
RC-kanR-AscI
FseI-AmpR
RC-AmpR-NotI
RC-pUC_ori-NotI
AscI-SwaI-pUC_ori
PmeI-AmpR
AmpR-AscI
BR068
BR069
XbaI-RBS-sfGFP
RC-sfGFP-SacI
PmeI-catE_ATG
RC-catE-AscI_ATG
PmeI-pMK4_catE_JUN
RC-pMK4_catE_JUN-AscI
NotI-repC
RC-repC-PmeI
RC-pUC_ori-NotI
NotI-repB3
RC-repB-PmeI
rbs1-kdc
RC-T7prom
RC-His-tag_Kdc
His-tag_Kdc
XbaI-RBS-kdc
RC-kdc-SacI
Tt_ALDH
RC-Tt_ALDH
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ggattctagataaggagtgattcgaatgcgtaaaggcgaagagctg
ggtatggatgaactgtacaaatgataatcgcgccccgaaagggggcgtttttttgcg
attacgaattcgagcttcgcaaaaaaacgccc
atggctagttttcaatcatttggg
ttacataatcggaagcactttaacg
ccaagcttgcatgcctgcagttaattaagtgcatgcaggccggggcatat
agccattcgaatcactccttatctagatataatggtaccgctatcacttta
ggaaattttaggaaagaacgcacgcttcttacagggg
cccctgtaagaagcgtgcgttctttcctaaaatttcc
atctagataaggagtgattcgaatggctagttttcaatcatttggg
taaagtgatagcggtaccattatatctagataaggagtgattcgaatggct
cgagctcgcaaaaaaacgccccctttcggggcgcgattacataatcggaagcactttaacg
gcggataacaatttcacacaggaaacagctatgaccatgattacgaattcgagctcgcaaa
aaaacg
attatgtaatcgcgccccgaaagggggcgtttttttgcgagctcgaattcgtaatcatgg
gtaaaacgacggccagtgccaagcttgcatgcctgcaggcgggacgggagctgagtgctc
cattcgaatcactccttatctagaatcctccctcaatataatgcgaacactttcatataaata
cattgtctagaattcacagcccaatctatagagg
aaattgagctcttattaatgatggtgatgatgatgatg
attaagcggccgcctgtcgagaatttttggaaaatagacct
ccggtgtttaaactcataatcggcgtatatcgcgtttta
ggcccgtttaaacgaagattagatgctataattgttattaaaaggattg
aatttggcgcgccttatcaaaatggtatgcgttttgac
attaaggccggccctgacagttaccaatgcttaatcagtg
tttgcggccgcggcctcgtgatacgcctatttttata
ggaaagcggccgcattggtaactgtcagaccaagtttactc
ctgaaggcgcgccctgaaatttaaatgtaatcatggtcatagctgtttcctg
ggggtttaaaccgttaagggattttggtcatga
tttggcgcgccgacgaaagggcctcgtgata
ggagtgttctagactagaagcttcactgagct
cagtgaagcttctagtctagaacactcctgca
cattgtctagataaggagtgattcgaatgcgtaaaggcgaagagct
cgcgagagctcttatcatttgtacagttcatccataccatgc
tacgggtttaaacccttttttctcctgccacatg
tatttggcgcgccctgtggaacacctacatctgtattaacg
tacgggtttaaacaccaataacttaagggtaactagcctc
tatttggcgcgccaacgaaaactcacgttaagggattt
attaagcggccgccgtttgttgaactaatgggtgc
ccggtgtttaaacaacagggttaaaatttgtataacgaaagta
ggaaagcggccgcattggtaactgtcagaccaagtttactc
attaagcggccgcctaaaataagcgatttaaagcgtgat
ccggtgtttaaaccaattatagcatctaatcttcaacaaactggc
actagcccaacactctttaaggaggttacaatgtatacggtcggcgattatttgttgg
/5phos/aattcgccctatagtgagtcg
/5phos/ tgtaacctccttaaagagtgttgg
atgcatcatcaccatcaccactatacggtcggcgattattt
cattgtctagataaggagtgattcgaatgtatacggtcggcgattatttg
aaattgagctcttattagtggtgatgatggtgatgg
cattgtctagagtcggtataacacgagaag
aaattgagctcttattaatgatgatggtgatggtg
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Geoth_ALDH
RC-Geoth_ALDH
XbaI-RBS-Geoth_ALDH
RC-6XHis-Geoth_ALDH-SacI
NotI-repB
RC-repB-PmeI
Ldh6-sfGFP
RC-Ldh6-sfGFP
pUC_ori-PstI-Ldh5
sfGFP-Ldh7
RC-sfGFP-Ldh7
RC-ldh8-SacI-pUC_ori
SEQ-Ldh-KO
SEQ-RC-Ldh-KO
AscI-400
RC-400
AvrII-1200
RC-1200-Bsu36I
emk013
RC-ilvIHC-ilvD
RC-ilvD-XhoI-sfGFP
ilvD-XhoI-sfGFP
pilvIHC-sfGFP
pilvD-sfGFP
RC-pilvD-sfGFP
RC-ilvIHC-sfGFP
ilvIHC-ilvD

!

catatgaaagattcattttctacacagatcagagc
atgtcgtctcacctccttcatttttagaaggtg
attgtctagatccatcttaaaacagacagaaaggattaccatatgaaagattcattttct
aaattgagctcttatcagtggtgatgatggtgatgtcgtctcacctccttcattttt
attaagcggccgcctaaaataagcgatttaaagcgtgat
ccggtgtttaaaccaattatagcatctaatcttcaacaaactggc
gtttcacaaattcattttttggaaaggatgacagacagcgatgcgtaaaggcgaagagct
tagggacgacaccagtgaacagctcttcgcctttacgcatcgctgtctgtcatcctttcc
ttgtaaaacgacggccagtgccaagcttgcatgcctgcagcatcgcgtcgtccgctatat
gggcatcacgcatggtatggatgaactgtacaaatgataacaagattccgcttcttgcta
acttgaaaatattcacttagcaagaagcggaatcttgttatcatttgtacagttcatcca
ggaaacagctatgaccatgattacgaattcgagctcttattttacatcatcaaaataacg
atgccgatgatgtacaaca
cttttactcccctcatcctaaa
aattaggcgcgccaagctttatcgtcatcggca
agctcttcgcctttacgcatttccacttttccttcaatttgtttt
aatcgttaattaagcgtactagtcctaggcatgaatgtgaacaggggaga
tgataccttaggaaatgaagaaatcgcctatttcga
ctcttcgctattacgccag
cgctgcgaagttttcccaatctcaatccctccatgagcttaatttttctcactcgtaac
ctttacgcattttgcactctcctctttgttacggctcgagttaaattttcataatcccgc
gattatgaaaatttaaccgtaacaaagaggagagtgcaaaatgcgtaaaggcgaagagc
catagtgatgaaaaatgtgagggaggatggaaaatgcgtaaaggcgaagagc
cgagataataaaactgctcatggagggattgagaatgcgtaaaggcgaagagc
caccagtgaacagctcttcgcctttacgcattctcaatccctccatgagcag
ggacgacaccagtgaacagctcttcgcctttacgcattttccatcctccctcacatttttc
gagtgagaaaaattaataaggagtgattcgattgggaaaacttcgcagcg
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CTGCAGgcgggacgggagctgagtgctcccgttgtttgccgcggcgtctgtcatgaaatggacaaacaatagtcaaacaatc
gccacaatcgcgcatgcattgcggtgcgcctttcgcgtaaaatatttatatgaaagtgttcgcattatattgagggaggatTCTAG
AtaaggagtgattcgaATGgctattatgcggatcggcaaggccgaaataagagtcatggatctcgaagaatctgtcaagtatta
cacgaatgtgattggcctggaggaagtgggaaggagtgaaggaagagtttatttaaaggcatgggatgaattcgatcaccatag
cctcattcttcaagaagccgattcccctggccttgatcacattgcttttaaggtggaacatgaagacgatttagccaagtacgagaa
gaagatcgagcaattcgggtgtacgttaaaacggatttccaaagggacaaggcttgcagaaggagaagcaattcgcttcgagct
tccaacagggcatcaagtggaattgtaccatgaaatcgtgcgtgtaggcacgaagacaggaaatttgaatccagccccatggcc
ggatggaatgcgcgggattgcaccgcaccgcctagatcacttagcgctgacaggagaagatatcaacacagtgacaagattttt
cacagaagccttggatatgttcattagcgaaaaaattatgacagtagatggggaagagatggtagggagctttatatttgccagaa
acggaaaagcgcacgatgttgcctttattaaagggccagataagaaaatgcatcatgtcgcattctatgtggacaattggtatgaa
gtgttaaaggcagcggatattttatccaaaaataatgtccaattcgatgtgacaccgacccgccatgggattacgcgtggacaaac
cacctacttctttgatccttcaggtaatcgcaatgaagcttttgcaagcggttacattacgtatcctgattttcctaccataacatggaca
gaagacaaaatcggtcaaggaatcttctatcatagaagagaattgacggagtcattcatcaaggcgctgacaTAAaatcgcgc
cccgaaagggggcgtttttttgcGAGCTCGAATTC
PstI site
ldh promoter from NCA1503
XbaI site
pheB RBS
pheB
rho-independent transcriptional terminator "rho1"
SacI site
EcoRI site

Figure A114. DNA sequence of Ldh promoter and pheB as found in "pGR002" located
between the XbaI and EcoRI sites of the plasmid. Sequence taken from Bartosiak-Jentys,
2009.
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CTGCAGgcgggacgggagctgagtgctcccgttgtttgccgcggcgtctgtcatgaaatggacaaacaatagtcaaacaatc
gccacaatcgcgcatgcattgcggtgcgcctttcgcgtaaaatatttatatgaaagtgttcgcattatattgagggaggatTCTAG
AtaaggagtgattcgaATGcgtaaaggcgaagagctgttcactggtgtcgtccctattctggtggaactggatggtgatgtcaac
ggtcataagttttccgtgcgtggcgagggtgaaggtgacgcaactaatggtaaactgacgctgaagttcatctgtactactggtaaa
ctgccggtaccttggccgactctggtaacgacgctgacttatggtgttcagtgctttgctcgttatccggaccatatgaagcagcatg
acttcttcaagtccgccatgccggaaggctatgtgcaggaacgcacgatttcctttaaggatgacggcacgtacaaaacgcgtgc
ggaagtgaaatttgaaggcgataccctggtaaaccgcattgagctgaaaggcattgactttaaagaagacggcaatatcctggg
ccataagctggaatacaattttaacagccacaatgtttacatcaccgccgataaacaaaaaaatggcattaaagcgaattttaaa
attcgccacaacgtggaggatggcagcgtgcagctggctgatcactaccagcaaaacactccaatcggtgatggtcctgttctgct
gccagacaatcactatctgagcacgcaaagcgttctgtctaaagatccgaacgagaaacgcgatcatatggttctgctggagttc
gtaaccgcagcgggcatcacgcatggtatggatgaactgtacaaaTGATAAaatcgcgccccgaaagggggcgtttttttgcg
aagctcGAATTC
PstI site
ldh promoter from NCA1503
XbaI site
pheB RBS
sfGFP
rho-independent transcriptional terminator "rho1"
EcoRI site
Figure A115. DNA sequence of Ldh promoter and sfGFP as found
"pUCG18+pLdh+sfGFP" located between the XbaI and EcoRI sites of the plasmid.
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Figure A116. Highlighted in yellow are the results of the reverse engineering analysis to
determine the strength of the pheB RBS placed downstream from the G. stearothermophilus
Ldh promoter in the "pUCG18+ldh+sfGFP" construct.
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Geobacillus stearothermophilus (unspecified strain) genome
Lactate dehydrogenase gene
GenBank: M14788.1
gcgggacggggagctgagtgctcccgttgtttgccgcggcgtctgtcatgaaatggacaaacaatagtcaaacaatcgccacaa
tcgcgcatgcattgcggtgcgcctttcgcgtaaaatatttatatgaaagtgttcgcattatattgagggaggatgaatgcaATGAA
AAACAACGGTGGAGCCCGAGTAGTGGTCATCGGCGCCGGGTTTGTCGGCGCCAGTTAT
GTGTTTGCCTTAATGAATCAAGGGATTGCCGATGAGATCGTGCTCATCGATGCGAATGA
AAGCAAGGCCATAGGCGATGCGATGGACTTCAACCATGGGAAAGTATTTGCGCCGAAG
CCGGTTGACATTTGGCACGGCGATTACGATGATTGCCGCGATGCCGATTTGGTTGTCAT
TTGCGCCGGCGCCAACCAAAAACCGGGCGAGACGCGGCTTGATCTTGTGGACAAAAAC
ATTGCCATTTTCCGCTCGATCGTTGAGTCGGTCATGGCATCCGGATTTCAAGGACTGTT
TCTCGTCGCCACCAATCCGGTCGACATTTTAACGTACGCGACGTGGAAATTCAGCGGCC
TGCCGCATGAGCGGGTGATCGGTTCGGGGACGATTTTAGATACGGCGCGGTTCCGCTT
TTTGTTGGGCGAGTATTTCTCTGTCGCTCCGCAAAATGTTCATGCCTATATTATTGGGGA
ACACGGCGACACTGAACTCCCGGTCTGGAGCCAGGCTTATATCGGCGTCATGCCGATC
CGCAAGCTGGTCGAGTCCAAAGGGGAAGAAGCGCAAAAAGATCTCGAGCGCATTTTTG
TCAATGTGCGCGATGCCGCCTACCAAATTATTGAGAAAAAAGGAGCGACGTACTACGGG
ATTGCGATGGGGCTTGCCCGCGTGACGCGCGCCATTTTGCATAACGAAAACGCTATTTT
GACCGTATCAGCCTACCTCGATGGCCTATATGGGGAGCGCGACGTCTACATCGGAGTG
CCGGCTGTCATTAACCGCAATGGCATCCGCGAGGTGATCGAAATTGAATTGAATGATGA
CGAAAAAAATCGATTCCATCATAGCGCAGCTACATTAAAAAGCGTGCTAGCCCGTGCTT
TTACGCGATGA
pLdh promoter
Ldh CDS

Figure A117. Reverse engineering analysis of the native RBS found downstream from the
G. stearothermophilus Ldh CDS.
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Figure A118. Highlighted in yellow are the results of the reverse engineering analysis to
determine the strength of the native RBS of the G. stearothermophilus Ldh promoter.
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DNA sequence of the YtvA gene encoding the blue-light GTP-binding receptor from Bacillus
subtilis subsp. subtilis str. 168
GenBank AL009126.3
ATGgctagttttcaatcatttgggataccaggacagctggaagtcatcaaaaaagcacttgatcacgtgcgagtcggtgtggtaa
ttacagatcccgcacttgaagataatcctattgtctacgtaaatcaaggctttgttcaaatgaccggctacgagaccgaggaaatttt
aggaaagaactgtcgcttcttacaggggaaacacacagatcctgcagaagtggacaacatcagaaccgctttacaaaataaa
gaaccggtcaccgttcagatccaaaactacaaaaaagacggaacgatgttctggaatgaattaaatattgatccaatggaaata
gaggataaaacgtattttgtcggaattcagaatgatatcaccaagcaaaaagaatatgaaaagcttctcgaggattccctcacgg
aaattactgcactttcaactcctattgtcccgattcgcaatggcatttcggctcttccgctagtcggaaacctgacagaggagcgattt
aattccatcgtttgcacattgacgaatatcttatcaacatccaaagatgattatttgatcattgatttatccggattggcccaagtgaac
gaacaaacggccgaccaaattttcaagctgagccatttgctgaaattgaccggaactgagttaatcattactggcattaagcctga
attggctatgaaaatgaataaactggatgccaatttttcgtcgctgaaaacatattcaaatgtaaaggatgccgttaaagtgcttccg
attatgTAA
Amino acid sequence of YtvA
NCBI Accession number CAB15012
MASFQSFGIPGQLEVIKKALDHVRVGVVITDPALEDNPIVYVNQGFVQMTGYETEEILGKNC
RFLQGKHTDPAEVDNIRTALQNKEPVTVQIQNYKKDGTMFWNELNIDPMEIEDKTYFVGIQN
DITKQKEYEKLLEDSLTEITALSTPIVPIRNGISALPLVGNLTEERFNSIVCTLTNILSTSKDDYLII
DLSGLAQVNEQTADQIFKLSHLLKLTGTELIITGIKPELAMKMNKLDANFSSLKTYSNVKDAVK
VLPIM*

Figure A119. DNA and aminoacid sequence of YtvA as found in the genome of B. subtilis
168
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DNA sequence of BsFbFP as found in "pUCG18+p43+BsFBFP"
ATGgctagttttcaatcatttgggataccaggacagctggaagtcatcaaaaaagcacttgatcacgtgcgagtcggtgtggtaa
ttacagatcccgcacttgaagataatcctattgtctacgtaaatcaaggctttgttcaaatgaccggctacgagaccgaggaaatttt
aggaaagaacgcacgcttcttacaggggaaacacacagatcctgcagaagtggacaacatcagaaccgctttacaaaataaa
gaaccggtcaccgttcagatccaaaactacaaaaaagacggaacgatgttctggaatgaattaaatattgatccaatggaaata
gaggataaaacgtattttgtcggaattcagaatgatatcaccaagcaaaaagaatatgaaaagcttctcgaggattccctcacgg
aaattactgcactttcaactcctattgtcccgattcgcaatggcatttcggctcttccgctagtcggaaacctgacagaggagcgattt
aattccatcgtttgcacattgacgaatatcttatcaacatccaaagatgattatttgatcattgatttatccggattggcccaagtgaac
gaacaaacggccgaccaaattttcaagctgagccatttgctgaaattgaccggaactgagttaatcattactggcattaagcctga
attggctatgaaaatgaataaactggatgccaatttttcgtcgctgaaaacatattcaaatgtaaaggatgccgttaaagtgcttccg
attatgTAA

Amino acid sequence of BsFbFP
MASFQSFGIPGQLEVIKKALDHVRVGVVITDPALEDNPIVYVNQGFVQMTGYETEEILGKNA
RFLQGKHTDPAEVDNIRTALQNKEPVTVQIQNYKKDGTMFWNELNIDPMEIEDKTYFVGIQN
DITKQKEYEKLLEDSLTEITALSTPIVPIRNGISALPLVGNLTEERFNSIVCTLTNILSTSKDDYLII
DLSGLAQVNEQTADQIFKLSHLLKLTGTELIITGIKPELAMKMNKLDANFSSLKTYSNVKDAVK
VLPIM*

Figure A120. DNA and amino acid sequences of BsFbFP. The codon mutation required to
convert the protein from YtvA to the fluorescent BsFbFP is highlighted in green.
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CTGCAGTTAATTAAgtgcatgcaggccggggcatatgggaaacagcgcggacggagcggaatttccaatttcatgccg
cagccgcctgcgctgttctcatttgcggcttccttgtagagctcagcattattgagtggatgattatattccttttgataggtggtatgttttc
gcttgaacttttaaatacagccattgaacatacggttgatttaataactgacaaacatcaccctcttgctaaagcggccaaggacgc
tgccgccggggctgtttgcgtttttaccgtgatttcgtgtatcattggtttacttatttttttgccaaagctgtaatggctgaaaattcttacatt
tattttacatttttagaaatgggcgtgaaaaaaagcgcgcgattatgtaaaatataaagtgatagcggtaccattataTCTAGAta
aggagtgattcgaATGgctagttttcaatcatttgggataccaggacagctggaagtcatcaaaaaagcacttgatcacgtgcg
agtcggtgtggtaattacagatcccgcacttgaagataatcctattgtctacgtaaatcaaggctttgttcaaatgaccggctacgag
accgaggaaattttaggaaagaacgcacgcttcttacaggggaaacacacagatcctgcagaagtggacaacatcagaaccg
ctttacaaaataaagaaccggtcaccgttcagatccaaaactacaaaaaagacggaacgatgttctggaatgaattaaatattga
tccaatggaaatagaggataaaacgtattttgtcggaattcagaatgatatcaccaagcaaaaagaatatgaaaagcttctcgag
gattccctcacggaaattactgcactttcaactcctattgtcccgattcgcaatggcatttcggctcttccgctagtcggaaacctgac
agaggagcgatttaattccatcgtttgcacattgacgaatatcttatcaacatccaaagatgattatttgatcattgatttatccggattg
gcccaagtgaacgaacaaacggccgaccaaattttcaagctgagccatttgctgaaattgaccggaactgagttaatcattactg
gcattaagcctgaattggctatgaaaatgaataaactggatgccaatttttcgtcgctgaaaacatattcaaatgtaaaggatgccgt
taaagtgcttccgattatgTAAtcgcgccccgaaaggggcgtttttttgcGAGCTC

PstI site
p43 promoter from B. subtilis 168 (-10 box and -35 box, according to BPROM [XX])
XbaI site
pheB RBS
BsFbFP
rho-independent transcriptional terminator "rho1"
SacI site

Figure A121. Detail of sequence corresponding to the p43 promoter and BsFbFP located
between the PstI and SacI sites in the pUCG18+p43+BsFbFP construct.
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CTGCAGgcgggacgggagctgagtgctcccgttgtttgccgcggcgtctgtcatgaaatggacaaacaatagtcaaacaatc
gccacaatcgcgcatgcattgcggtgcgcctttcgcgtaaaatatttatatgaaagtgttcgcattatattgagggaggatTCTAG
AtaaggagtgattcgaATGgctagttttcaatcatttgggataccaggacagctggaagtcatcaaaaaagcacttgatcacgtg
cgagtcggtgtggtaattacagatcccgcacttgaagataatcctattgtctacgtaaatcaaggctttgttcaaatgaccggctacg
agaccgaggaaattttaggaaagaacgcacgcttcttacaggggaaacacacagatcctgcagaagtggacaacatcagaa
ccgctttacaaaataaagaaccggtcaccgttcagatccaaaactacaaaaaagacggaacgatgttctggaatgaattaaata
ttgatccaatggaaatagaggataaaacgtattttgtcggaattcagaatgatatcaccaagcaaaaagaatatgaaaagcttctc
gaggattccctcacggaaattactgcactttcaactcctattgtcccgattcgcaatggcatttcggctcttccgctagtcggaaacct
gacagaggagcgatttaattccatcgtttgcacattgacgaatatcttatcaacatccaaagatgattatttgatcattgatttatccgg
attggcccaagtgaacgaacaaacggccgaccaaattttcaagctgagccatttgctgaaattgaccggaactgagttaatcatta
ctggcattaagcctgaattggctatgaaaatgaataaactggatgccaatttttcgtcgctgaaaacatattcaaatgtaaaggatgc
cgttaaagtgcttccgattatgTAAtcgcgccccgaaaggggcgtttttttgcGAGCTC

PstI site
ldh promoter from NCA1503
XbaI site
pheB RBS
BsFbFP
rho-independent transcriptional terminator "rho1"
SacI site

Figure A122. Detail of sequence corresponding to the Ldh promoter and BsFbFP located
between the PstI and SacI sites in the pUCG18+p43+BsFbFP construct.
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AscI - RsrII – Rho2 terminator – PacI – (SpeI AvrII NheI) - SexAI – XmaI – (SalI XhoI) –
PstI/SbfI- RplS – XbaI – OPT_PpFbFP – SacI – Rho1 terminator – Bsu36I– SwaI
GGCGCGCCtctaCGGACCGagtattcaacaaacgggccagtttgttgaaatcgTTAATTAAgcgtACTAGTC
CTAGGCTAGCtgatACCAGGTcagtCCCGGGacagGTCGACCTCGAGtacgCCTGCAGGAACA
ATCGTTAAAGCGGACGTTTTTGCGCCGCCCGGATTTGCTTGAAAACTACCCGCTGACAG
AAAAGCAAAAACGATGGATCGAAGAGTGGAAAAAAGAAAAACAGTAGCTATTGCGCATG
ATACAAGTTTATGCTACTATATTCCTTGTGCAACTTAAGCGATTTGCTTAAGCGAGGAAA
ACGATGTTCCGCTGCAATGATGAAAAAGCATTGTCTAGATGTTAATTTATACATTCATCTA
AGGAGGTTCTTCATGATCAACGCCAAATTGTTGCAACTGATGGTCGAACATAGCAACGA
TGGCATTGTCGTCGCCGAACAAGAAGGCAACGAAAGCATTTTGATTTATGTCAACCCAG
CCTTTGAACGCTTGACGGGCTATTGTGCCGATGATATCTTGTATCAAGATGCTCGCTTTT
TGCAAGGCGAAGATCATGATCAACCGGGAATTGCCATTATTCGCGAAGCCATTCGCGAA
GGACGCCCATGCTGCCAAGTCTTGCGCAACTATCGCAAAGATGGCAGCTTGTTTTGGAA
CGAATTGAGCATTACACCGGTCCATAATGAAGCCGATCAATTGACGTATTACATTGGCAT
TCAACGCGACGTCACGGCTCAAGTCTTTGCCGAAGAACGCGTCCGCGAATTGGAAGCC
GAAGTCGCCGAATTACGCCGCCAACAAGGCCAAGCCAAACATCATCATCATCACCATCA
TTAATAAGAGCTCaatttcgcgccccgaaaggggcgtttttttgcgaagCCTAAGGtatcATTTAAAT
RplS promoter
Synthetic RBS designed for RplS+PpFbFP (predicted strength of 1028279 au in E. coli and
572829 au in Geobacillus sp. C56-T3)
OPTIMIZED_PpFbFP

Figure A123. Detailed sequence of synthetic MCS containing the RplS promoter, a synthetic
RBS and the codon optimized PpFbFP.
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Figure A124. Comparison between the size and agglomeration of E. coli and G.
thermoglucosidans when compared by flow cytometry.
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tggaaaatagaccttgtcgcgactcgaagattagtagtacaatagagacaacataacagaacgggacaaaatagaagagcttc
cgaagcgtgtgtaagtggtgctcccaacaccgttcgccgtactcgccctacggcaaacacctgctcgaaagctcttgtgttaacat
atttatgccttgtcttcattttaatgcatagatatgttgaatgcaagagcgaaacgcttggaaattttcgtttttcctccgatgagagcgtgt
ttgcctgcgtattaatgtacggcaacgcgctcttttgtttgtcccgaaaaattcgggagaaacgggaggagaacggaaATGtaca
taatcactagcgaacaattcacgcaactgaaagaaatcgagagagtcacagatttcgtttataaacgccgtaagattaaaaatga
gctgatggagcgtatcgccgacgcattaggccgcaagttccgcaaagcgcaaaaaacaacgcgcgtcatcgacgaaattgttt
ggctcgcaacagaccgcggtttttcgttcccagggcgcgaaacgcttgccaaaaagttaggcgtgtccttgccgactgttgatcgtg
ctactcgcatgctcaaagactcgggcgaagtcgtcgtttgctatcgtgagaatccgaatagtaacggacctaaaacgcctgtattc
attttccggagccatgcaaatttcgagcgtattgcagccgttttaaacttgcgtgacaacgaagctgataaagtagaaaacgccga
aaagcctacggaatcaagcgatttagcgcgtaaaacggacgctaccattagttcaccagttgaaaaacatgacgatattaataa
attaatagacaatacacatccgttggataaaattgtaaaatacgtcactattaaagtgaacgaagtgcagaagcgtcatccttacg
gcattcgatatctatccgcatacataaacaaaacactcgacgacctaatgcaacgtgcaaaagcgaaggtcaaagccgaaaa
agctcgcgcccaacaacgcaaacaagccgactatcaaccgaccgcgaccggcttaatttggtacgacttcacggcggacaca
agcgccagccagccgacaagccagcgcaagccagcgtttgacagcgaagacatgtttgcgccgttattgcaggctgttgcacg
aattaagggcgttgaggtgTGAcacactcgttttaaggcgtctaacaggcgcgtagagacgtctttaagtcgggggaatattaaa
aattccacgcctcctaaaacgcgatatacg

-10 box
-35 box
transcription factor binding sites
transcriptional terminator

Figure A125. Detailed sequence of repBST1 as found in pUCG18. The promoter region
was analyzed by BPROM and the -10 and -35 boxes and transcription factors found are
highlighted.
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ttcaacaaacgggccagtttgttgaagattagatgctataattgttattaaaaggattgaaggatgcttaggaagacgagttattaat
agctgaataagaacggtgctctccaaatattcttatttagaaaagcaaatctaaaattatctgaaaagggaATGagaatagtga
atggaccaataataatgactagagaagaaagaatgaagattgttcatgaaattaaggaacgaatattggataaatatggggatg
atgttaaggctattggtgtttatggctctcttggtcgtcagactgatgggccctattcggatattgagatgatgtgtgtcatgtcaacaga
ggaagcagagttcagccatgaatggacaaccggtgagtggaaggtggaagtgaatttttatagcgaagagattctactagattat
gcatctcaggtggaatcagattggccgcttacacatggtcaatttttctctattttgccgatttatgattcaggtggatacttagagaaag
tgtatcaaactgctaaatcggtagaagcccaaaagttccacgatgcgatttgtgcccttatcgtagaagagctgtttgaatatgcag
gcaaatggcgtaatattcgtgtgcaaggaccgacaacatttctaccatccttgactgtacaggtagcaatggcaggtgccatgttga
ttggtctgcatcatcgcatctgttatacgacgagcgcttcggtcttaactgaagcagttaagcaatcagatcttccttcaggttatgacc
atctgtgccagttcgtaatgtctggtcaactttccgactctgagaaacttctggaatcgctagagaatttctggaatgggattcaggag
tggacagaacgacacggatatatagtggatgtgtcaaaacgcataccatttTGACATATGcggtgtgaaataccgcacaga
tgcgtaaggagaaaataccgcatcaggcgccattcgccattcaggctgcgcaactgttgggaagggcgatcggtgcgggcctct
tcgctattacgccagctggcgaaagggggatgtgctgcaaggcgattaagttgggtaacgccagggttttcccagtcacgacgttg
taaaacgacggcca
-35 box
-10 box
kanR coding sequence
mutations for thermostability
NdeI
pUC18
lacZ

Figure A126. Detailed sequence of kanR as found in pUCG18. The promoter region was
analyzed by BPROM and the -10 and -35 boxes and transcription factors found are
highlighted.
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gattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctg
acagTTAccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagttgcctgactccccgtcgtgtag
ataactacgatacgggagggcttaccatctggccccagtgctgcaatgataccgcgagacccacgctcaccggctccagatttat
cagcaataaaccagccagccggaagggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtctattaattgttg
ccgggaagctagagtaagtagttcgccagttaatagtttgcgcaacgttgttgccattgctacaggcatcgtggtgtcacgctcgtcg
tttggtatggcttcattcagctccggttcccaacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaagcggttagctcctt
cggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcactcatggttatggcagcactgcataattctcttactgtcatgcc
atccgtaagatgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggcgaccgagttgctcttgcccgg
cgtcaatacgggataataccgcgccacatagcagaactttaaaagtgctcatcattggaaaacgttcttcggggcgaaaactctc
aaggatcttaccgctgttgagatccagttcgatgtaacccactcgtgcacccaactgatcttcagcatcttttactttcaccagcgtttct
gggtgagcaaaaacaggaaggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactCATactctt
cctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaacaaataggg
gttccgcgcacatttccccgaaaagtgccacctgacgtctaagaaaccattattatcatgacattaacctataaaaataggcgtatc
acgaggccctttcgtc

-10 box
-35 box
transcription factor binding sites
transcriptional terminator

Figure A127. Detailed sequence of ampR as found in pUCG18. The promoter region was
analyzed by BPROM. The -10 and -35 boxes and transcription factors found are highlighted.
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ctaaaataagcgatttaaagcgtgatgtgagtttaatctatgaaagcactaaggaattccttaaggaacgtacagacggcttaaaa
gcctttaaaaacgtttttaaggggtttgtagacaaggtaaaggataaaacagcacaattccaagaaaaacacgatttagaaccta
aaaagaacgaatttgaactaactcataaccgagaggtaaaaaaagaacgaagtcgagatcagggaatgagtttataaaataa
aaaaagcacctgaaaaggtgtctttttttgatggttttgaacttgttctttcttatcttgatacatatagaaataacgtcatttttattttagttg
ctgaaaggtgcgttgaagtgttggtatgtatgtgttttaaagtattgaaaacccttaaaattggttgcacagaaaaaccccatctgtta
aagttataagtgactaaacaaataactaaatagATGggggtttcttttaatattatgtgtcctaatagtagcatttattcagatgaaaa
atcaagggttttagtggacaagacaaaaagtggaaaagtgagaccatggagagaaaagaaaatcgctaatgttgattactttga
acttctgcatattcttgaatttaaaaaggctgaaagagtaaaagattgtgctgaaatattagagtataaacaaaatcgtgaaacagg
cgaaagaaagttgtatcgagtgtggttttgtaaatccaggctttgtccaatgtgcaactggaggagagcaatgaaacatggcattc
agtcacaaaaggttgttgctgaagttattaaacaaaagccaacagttcgttggttgtttctcacattaacagttaaaaatgtttatgatg
gcgaagaattaaataagagtttgtcagatatggctcaaggatttcgccgaatgatgcaatataaaaaaattaataaaaatcttgttg
gttttatgcgtgcaacggaagtgacaataaataataaagataattcttataatcagcacatgcatgtattggtatgtgtggaaccaac
ttattttaagaatacagaaaactacgtgaatcaaaaacaatggattcaattttggaaaaaggcaatgaaattagactatgatccaa
atgtaaaagttcaaatgattcgaccgaaaaataaatataaatcggatatacaatcggcaattgacgaaactgcaaaatatcctgt
aaaggatacggattttatgaccgatgatgaagaaaagaatttgaaacgtttgtctgatttggaggaaggtttacaccgtaaaaggtt
aatctcctatggtggtttgttaaaagaaatacataaaaaattaaaccttgatgacacagaagaaggcgatttgattcatacagatga
tgacgaaaaagccgatgaagatggattttctattattgcaatgtggaattgggaacggaaaaattattttattaaagagTAGttcaa
caaacgggccagtttgttgaagattagatgctataattg

-10 box
-35 box
transcription factor binding sites
transcriptional terminator

Figure A128. Detailed sequence of repB as found in pUB190. The promoter region was
analyzed by BPROM. The -10 and -35 boxes and transcription factors found are highlighted.
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GCGGCCGCctgtcgagaatttttggaaaatagaccttgtcgcgactcgaagattagtagtacaatagagacaacataacag
aacgggacaaaatagaagagcttccgaagcgtgtgtaagtggtgctcccaacaccgttcgccgtactcgccctacggcaaaca
cctgctcgaaagctcttgtgttaacatatttatgccttgtcttcattttaatgcatagatatgttgaatgcaagagcgaaacgcttggaaa
ttttcgtttttcctccgatgagagcgtgtttgcctgcgtattaatgtacggcaacgcgctcttttgtttgtcccgaaaaattcgggagaaac
gggaggagaacggaaATGtacataatcactagcgaacaattcacgcaactgaaagaaatcgagagagtcacagatttcgttt
ataaacgccgtaagattaaaaatgagctgatggagcgtatcgccgacgcattaggccgcaagttccgcaaagcgcaaaaaac
aacgcgcgtcatcgacgaaattgtttggctcgcaacagaccgcggtttttcgttcccagggcgcgaaacgcttgccaaaaagtta
ggcgtgtccttgccgactgttgatcgtgctactcgcatgctcaaagactcgggcgaagtcgtcgtttgctatcgtgagaatccgaata
gtaacggacctaaaacgcctgtattcattttccggagccatgcaaatttcgagcgtattgcagccgttttaaacttgcgtgacaacga
agctgataaagtagaaaacgccgaaaagcctacggaatcaagcgatttagcgcgtaaaacggacgctaccattagttcaccag
ttgaaaaacatgacgatattaataaattaatagacaatacacatccgttggataaaattgtaaaatacgtcactattaaagtgaacg
aagtgcagaagcgtcatccttacggcattcgatatctatccgcatacataaacaaaacactcgacgacctaatgcaacgtgcaa
aagcgaaggtcaaagccgaaaaagctcgcgcccaacaacgcaaacaagccgactatcaaccgaccgcgaccggcttaattt
ggtacgacttcacggcggacacaagcgccagccagccgacaagccagcgcaagccagcgtttgacagcgaagacatgtttg
cgccgttattgcaggctgttgcacgaattaagggcgttgaggtgTGAcacactcgttttaaggcgtctaacaggcgcgtagagac
gtctttaagtcgggggaatattaaaaattccacgcctcctaaaacgcgatatacgccgattatgaGTTTAAACgaagattaga
tgctataattgttattaaaaggattgaaggatgcttaggaagacgagttattaatagctgaataagaacggtgctctccaaatattctt
atttagaaaagcaaatctaaaattatctgaaaagggaATGagaatagtgaatggaccaataataatgactagagaagaaaga
atgaagattgttcatgaaattaaggaacgaatattggataaatatggggatgatgttaaggctattggtgtttatggctctcttggtcgt
cagactgatgggccctattcggatattgagatgatgtgtgtcatgtcaacagaggaagcagagttcagccatgaatggacaaccg
gtgagtggaaggtggaagtgaatttttatagcgaagagattctactagattatgcatctcaggtggaatcagattggccgcttacac
atggtcaatttttctctattttgccgatttatgattcaggtggatacttagagaaagtgtatcaaactgctaaatcggtagaagcccaaa
agttccacgatgcgatttgtgcccttatcgtagaagagctgtttgaatatgcaggcaaatggcgtaatattcgtgtgcaaggaccga
caacatttctaccatccttgactgtacaggtagcaatggcaggtgccatgttgattggtctgcatcatcgcatctgttatacgacgagc
gcttcggtcttaactgaagcagttaagcaatcagatcttccttcaggttatgaccatctgtgccagttcgtaatgtctggtcaactttccg
actctgagaaacttctggaatcgctagagaatttctggaatgggattcaggagtggacagaacgacacggatatatagtggatgt
gtcaaaacgcataccatttTGATAAGGCGCGCCtctaCGGACCGagtattcaacaaacgggccagtttgttgaaatc
gTTAATTAAgcgtACTAGTCCTAGGCTAGCtgatACCAGGTcagtCCCGGGacagGTCGACCTC
GAGtacgCCTGCAGGAACAATCGTTAAAGCGGACGTTTTTGCGCCGCCCGGATTTGCTTG
AAAACTACCCGCTGACAGAAAAGCAAAAACGATGGATCGAAGAGTGGAAAAAAGAAAAA
CAGTAGCTATTGCGCATGATACAAGTTTATGCTACTATATTCCTTGTGCAACTTAAGCGA
TTTGCTTAAGCGAGGAAAACGATGTTCCGCTGCAATGATGAAAAAGCATTGTCTAGAtaag
gagtgattcgaATGGCATCGTTTCAGTCGTTCGGTATTCCAGGCCAGCTTGAAGTGATCAAAA
AAGCGTTAGATCATGTACGCGTGGGGGTTGTGATTACTGATCCTGCCTTAGAAGATAAT
CCGATTGTATATGTGAACCAAGGCTTTGTCCAAATGACAGGCTATGAAACAGAAGAAAT
CTTGGGGAAAAACGCGCGTTTCCTGCAAGGCAAACATACGGATCCGGCGGAAGTAGAC
AATATTCGGACTGCTTTACAAAACAAAGAACCGGTCACGGTTCAGATTCAGAACTACAAA
AAAGACGGAACCATGTTTTGGAACGAATTATACATTGACCCTTTTGAAATCGAAGACAAA
ACATACTTCGTGGGAATCCAATACGACATTACAAAACAAAAAGAATATGAAAAATTGCTT
GAAGATTCTTTAACTGAAATTACGGCTCTTTCTACACCTATTGTCCCAATTAGAAATGGTA
TCTCGGCCTTGCCGCTTGTTGGTAATTTAACCGAAGAACGCTTTAATTCCATTGTGTGCA
CACTTACAAATATCTTGAGCACGAGCAAAGATGATTATCTGATTATCGATTTGTCAGGCT
TAGCGCAAGTCAACGAACAAACCGCAGATCAAATCTTCAAATTGTCCCATTTACTGAAAT
TAACAGGAACGGAACTTATCATTACGGGAATTAAACCAGAACTGGCTATGAAAATGAATA
AATTAGATGCAAATTTTAGCTCATTGAAAACGTATAGCAATGTTAAAGATGCGGTCAAAG
TTTTACCGATTATGtaataaGAGCTCaatttcgcgccccgaaaggggcgtttttttgcgaagCCTAAGGtatcAT
TTAAATgtaatcatggtcatagctgtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagccggaagcataa
agtgtaaagcctggggtgcctaatgagtgagctaactcacattaattgcgttgcgctcactgcccgctttccagtcgggaaacctgt
cgtgccagctgcattaatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgctcttccgcttcctcgctcactgact
cgctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccacagaatcaggggata
acgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgctggcgtttttccata
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ggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacaggactataaagatacc
aggcgtttccccctggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtccgcctttctcccttcggga
agcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaacccc
ccgttcagcccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggcagca
gccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacacta
gaagaacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttggtagctcttgatccggcaaacaaacc
accgctggtagcggtggtttttttgtttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctac
ggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatcctttta
aattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagttaccaatGGCCGGCCctgacagT
TAccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagttgcctgactccccgtcgtgtagataact
acgatacgggagggcttaccatctggccccagtgctgcaatgataccgcgagacccacgctcaccggctccagatttatcagca
ataaaccagccagccggaagggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtctattaattgttgccggg
aagctagagtaagtagttcgccagttaatagtttgcgcaacgttgttgccattgctacaggcatcgtggtgtcacgctcgtcgtttggt
atggcttcattcagctccggttcccaacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaagcggttagctccttcggtc
ctccgatcgttgtcagaagtaagttggccgcagtgttatcactcatggttatggcagcactgcataattctcttactgtcatgccatccg
taagatgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggcgaccgagttgctcttgcccggcgtca
atacgggataataccgcgccacatagcagaactttaaaagtgctcatcattggaaaacgttcttcggggcgaaaactctcaagga
tcttaccgctgttgagatccagttcgatgtaacccactcgtgcacccaactgatcttcagcatcttttactttcaccagcgtttctgggtg
agcaaaaacaggaaggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactcatactcttcctttttc
aatattattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaacaaataggggttccgc
gcacatttccccgaaaagtgccacctgacgtctaagaaaccattattatcatgacattaacctataaaaataggcgtatcacgagg
cc

NotI
repBST1
PmeI
kanR
AscI
MCS
RplS promoter
pheB RBS
hbLOV
MCS
SwaI
M13R
ColE1 (mutation highlighted)
FseI
AmpR

Figure A129. Complete sequence of plasmid p11AK0.
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actcttcctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtatGCGGCCGCctgtcg
agaatttttggaaaatagaccttgtcgcgactcgaagattagtagtacaatagagacaacataacagaacgggacaaaataga
agagcttccgaagcgtgtgtaagtggtgctcccaacaccgttcgccgtactcgccctacggcaaacacctgctcgaaagctcttgt
gttaacatatttatgccttgtcttcattttaatgcatagatatgttgaatgcaagagcgaaacgcttggaaattttcgtttttcctccgatga
gagcgtgtttgcctgcgtattaatgtacggcaacgcgctcttttgtttgtcccgaaaaattcgggagaaacgggaggagaacggaa
ATGtacataatcactagcgaacaattcacgcaactgaaagaaatcgagagagtcacagatttcgtttataaacgccgtaagatt
aaaaatgagctgatggagcgtatcgccgacgcattaggCccgcaagttccgcaaagcgcaaaaaacaacgcgcgtcatcga
cgaaattgtttggctcgcaacagaccgcggtttttcgttCcccagggcgcgAaaacgcttgccAaaaaagttaggcgtgtccttgc
cgactgttgatcgtgctactcgcatgctcaaagactcgggcgaagtcgtcgtttgctatcgtgagaatccgaatagtaacggaccta
aaacgcctgtattcattttccggagccatgcaaatttcgagcgtattgcagccgttttaaacttgcgtgacaacgaagctgataaagt
agaaaacgccgaaaagcctacggaatcaagcgatttagcgcgtaaaacggacgctaccattagttcaccagttgaaaaacatg
acgatattaataaattaatagacaatacacatccgttggataaaattgtaaaatacgtcactattaaagtgaacgaagtgcagaag
cgtcatccttacggcattcgatatctatccgcatacataaacaaaacactcgacgacctaatgcaacgtgcaaaagcgaaggtca
aagccgaaaaagctcgcgcccaacaacgcaaacaagccgactatcaaccgaccgcgaccggcttaatttggtacgacttcac
ggcggacacaagcgccagccagccgacaagccagcgcaagccagcgtttgacagcgaagacatgtttgcgccgttattgcag
gctgttgcacgaattaagggcgttgaggtgTGAcacactcgttttaaggcgtctaacaggcgcgtagagacgtctttaagtcggg
ggaatattaaaaattccacgcctcctaaaacgcgatatacgccgattatgaGTTTAAACgaagattagatgctataattgttatt
aaaaggattgaaggatgcttaggaagacgagttattaatagctgaataagaacggtgctctccaaatattcttatttagaaaagca
aatctaaaattatctgaaaagggaATGagaatagtgaatggaccaataataatgactagagaagaaagaatgaagattgttca
tgaaattaaggaacgaatattggataaatatggggatgatgttaaggctattggtgtttatggctctcttggtcgtcagactgatgggc
cctattcggatattgagatgatgtgtgtcatgtcaacagaggaagcagagttcagccatgaatggacaaccggtgagtggaaggt
ggaagtgaatttttatagcgaagagattctactagattatgcatctcaggtggaatcagattggccgcttacacatggtcaatttttctct
attttgccgatttatgattcaggtggatacttagagaaagtgtatcaaactgctaaatcggtagaagcccaaaagttccacg
Figure A130. Sequence detail of the mutations produced in repBST1 (p11AC1) after artificial
selection rounds to obtain chloramphenicol resistance gene with improved function in G.
thermoglucosidans. Yellow highlight signifies insertion.
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tcgcgcgtttcggtgatgacggCTCGAGgatccaggagaacaaaaacgattttttgaggaaagttataaattattttccgaacgatatg
gcaagcaaaatattgcttatgcaacagttcataatgatgagcaaacccctcacatgcatttaggtgttgtgcctatgcgtgatggaaaact
gcaaggaaaaaatgtgtttaatcgtcaagaactgttatggctacaagataaattccccgagcatatgaaaaaacagggttttgagttgaa
gcgtggtgaacgtggctctgaccgtaaacatattgagacagctaaatttaaaaaacaaactttggaaaaagagattgattttctagaaaa
aaatttagcagttaaaaaagatgaatggactgcttatagcgataaagttaaatcagatttagaagtaccagcgaaacgacacatgaaa
agtgttgaagtgccaacgggtgaaaagtccatgtttggtttgggaaaagaaataatgaaaacagaaaagaaaccaaccaaaaatgtt
gttatatcggagcgtgattataaaaacttagtgactgctgcgagagataacgataggttaaaacagcatgttagaaatctcatgagtactg
atatggcgagagaatataaaaaattaagtaaagaacatgggcaagttaaagaaaaatatagtggtcttgtagagcgatttaatgaaaat
gtaaatgattataatgagttgcttgaagaaaacaagtctttaaagtctaaaataagcgatttaaagcgtgatgtgagtttaatctatgaaag
cactaaggaattccttaaggaacgtacagacggcttaaaagcctttaaaaacgtttttaaggggtttgtagacaaggtaaaggataaaa
cagcacaattccaagaaaaacacgatttagaacctaaaaagaacgaatttgaactaactcataaccgagaggtaaaaaaagaacg
aagtcgagatcagggaatgagtttaTAAaataaaaaaagcacctgaaaaggtgtctttttttgatggttttgaacttgttctttcttatcttgat
acatatagaaataacgtcatttttattttagttgctgaaaggtgcgttgaagtgttggtatgtatgtgttttaaagtattgaaaacccttaaaattg
gttgcacagaaaaaccccatctgttaaagttataagtgactaaacaaataactaaatagATGggggtttcttttaatattatgtgtcctaat
agtagcatttattcagatgaaaaatcaagggttttagtggacaagacaaaaagtggaaaagtgagaccatggagagaaaagaaaat
cgctaatgttgattactttgaacttctgcatattcttgaatttaaaaaggctgaaagagtaaaagattgtgctgaaatattagagtataaacaa
aatcgtgaaacaggcgaaagaaagttgtatcgagtgtggttttgtaaatccaggctttgtccaatgtgcaactggaggagagcaatgaa
acatggcattcagtcacaaaaggttgttgctgaagttattaaacaaaagccaacagttcgttggttgtttctcacattaacagttaaaaatgtt
tatgatggcgaagaattaaataagagtttgtcagatatggctcaaggatttcgccgaatgatgcaatataaaaaaattaataaaaatcttgt
tggttttatgcgtgcaacggaagtgacaataaataataaagataattcttataatcagcacatgcatgtattggtatgtgtggaaccaactta
ttttaagaatacagaaaactacgtgaatcaaaaacaatggattcaattttggaaaaaggcaatgaaattagactatgatccaaatgtaaa
agttcaaatgattcgaccgaaaaataaatataaatcggatatacaatcggcaattgacgaaactgcaaaatatcctgtaaaggatacgg
attttatgaccgatgatgaagaaaagaatttgaaacgtttgtctgatttggaggaaggtttacaccgtaaaaggttaatctcctatggtggttt
gttaaaagaaatacataaaaaattaaaccttgatgacacagaagaaggcgatttgattcatacagatgatgacgaaaaagccgatga
agatggattttctattattgcaatgtggaattgggaacggaaaaattattttattaaagagTAGttcaacaaacgggccagtttgttgaaga
ttagatgctataattgttattaaaaggattgaaggatgcttaggaagacgagttattaatagctgaataagaacggtgctctccaaatattctt
atttagaaaagcaaatctaaaattatctgaaaagggaATGagaatagtgaatggaccaataataatgactagagaagaaagaatga
agattgttcatgaaattaaggaacgaatattggataaatatggggatgatgttaaggctattggtgtttatggctctcttggtcgtcagactgat
gggccctattcggatattgagatgatgtgtgtcatgtcaacagaggaagcagagttcagccatgaatggacaaccggtgagtggaaggt
ggaagtgaatttttatagcgaagagattctactagattatgcatctcaggtggaatcagattggccgcttacacatggtcaatttttctctatttt
gccgatttatgattcaggtggatacttagagaaagtgtatcaaactgctaaatcggtagaagcccaaaagttccacgatgcgatttgtgcc
cttatcgtagaagagctgtttgaatatgcaggcaaatggcgtaatattcgtgtgcaaggaccgacaacatttctaccatccttgactgtaca
ggtagcaatggcaggtgccatgttgattggtctgcatcatcgcatctgttatacgacgagcgcttcggtcttaactgaagcagttaagcaat
cagatcttccttcaggttatgaccatctgtgccagttcgtaatgtctggtcaactttccgactctgagaaacttctggaatcgctagagaatttc
tggaatgggattcaggagtggacagaacgacacggatatatagtggatgtgtcaaaacgcataccatttTGAcatatgcggtgtgaaa
taccgcacagatgcgtaaggagaaaataccgcatcaggcgccattcgccattcaggctgcgcaactgttgggaagggcgatcggtgc
gggcctcttcgctattacgccagctggcgaaagggggatgtgctgcaaggcgattaagttgggtaacgccagggttttcccagtcacga
cgttgtaaaacgacggccagtgccaagcttgcatgcCTGCAGcatcgcgtcgtccgctatattttgacatggattttgccgttcgcgttc
gtcggcgtgtatccggcttcctattttcttggcaaaaaagaatggtacggatatgcgtttttaactccaatcatgggaatcatcttttttgcgatt
gccgtgtgtttgtggaatgcgggagttaaacgatatcgcggagcggggaattaaaaagagggcaatctgaaaggaagggaaaattcc
tttcggattgtccttttagttatttttatggggagtgaatattatataggcattacggaaatgataatggcagagttttttcatttattagactgcttga
tgtaattggatgtgatgatacaaaaataatgttgtgtaaacaaaatgttaacaaaaaagacaaatttcattcatagttgatacttgataaag
attgtgaaataatgcacaatatatcaatgtatgagcagtttcacaaattcattttttggaaaggatgacagacagcgATGcgtaaaggcg
aagagctgttcactggtgtcgtccctattctggtggaactggatggtgatgtcaacggtcataagttttccgtgcgtggcgagggtgaaggt
gacgcaactaatggtaaactgacgctgaagttcatctgtactactggtaaactgccggtaccttggccgactctggtaacgacgctgactt
atggtgttcagtgctttgctcgttatccggaccatatgaagcagcatgacttcttcaagtccgccatgccggaaggctatgtgcaggaacg
cacgatttcctttaaggatgacggcacgtacaaaacgcgtgcggaagtgaaatttgaaggcgataccctggtaaaccgcattgagctga
aaggcattgactttaaagaagacggcaatatcctgggccataagctggaatacaattttaacagccacaatgtttacatcaccgccgata
aacaaaaaaatggcattaaagcgaattttaaaattcgccacaacgtggaggatggcagcgtgcagctggctgatcactaccagcaaa
acactccaatcggtgatggtcctgttctgctgccagacaatcactatctgagcacgcaaagcgttctgtctaaagatccgaacgagaaac
gcgatcatatggttctgctggagttcgtaaccgcagcgggcatcacgcatggtatggatgaactgtacaaaTGATAAcaagattccgc
ttcttgctaagtgaatattttcaagtggctccgaccaatgtacatgcgtatattattggcgagcatggggatacagagctgcctgtttggagc
catgcggaaattggaagcattccagttgagcaaatattgatgcaaaacgataactatagaaaagaggatttagacaatatctttgttaatg
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ttcgtgatgcggcatatcaaatcattgagaaaaaaggggcaacgtattacggcattgcaatgggattagtccgtatcactcgtgctattttg
cacaatgaaaatgccatcttaaccgtttctgctcatttggacggccaatatggcgaacgaaatgtttatattggcgtgcctgccattatcaac
cgaaacggtattcgtgaagtgatggaattgacgctaaatgaaacagaacaacaacaattccatcatagtgtaactgtattaaaagacatt
ctttcccgttattttgatgatgtaaaaTAAGAGCTCgaattcgtaatcatggtcatagctgtttcctgtgtgaaattgttatccgctcacaatt
ccacacaacatacgagccggaagcataaagtgtaaagcctggggtgcctaatgagtgagctaactcacattaattgcgttgcgctcact
gcccgctttccagtcgggaaacctgtcgtgccagctgcattaatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgct
cttccgcttcctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatcc
acagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgct
ggcgtttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacaggactata
aagataccaggcgtttccccctggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtccgcctttctcccttcg
ggaagcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccc
cgttcagcccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggcagcagcca
ctggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactagaaggac
agtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgctggtagc
ggtggtttttttgtttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtctgacgctcag
tggaacgaaaactcacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaa
tcaatctaaagtatatatgagtaaacttggtctgacagttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatc
catagttgcctgactccccgtcgtgtagataactacgatacgggagggcttaccatctggccccagtgctgcaatgataccgcgagacc
cacgctcaccggctccagatttatcagcaataaaccagccagccggaagggccgagcgcagaagtggtcctgcaactttatccgcctc
catccagtctattaattgttgccgggaagctagagtaagtagttcgccagttaatagtttgcgcaacgttgttgccattgctacaggcatcgtg
gtgtcacgctcgtcgtttggtatggcttcattcagctccggttcccaacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaagc
ggttagctccttcggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcactcatggttatggcagcactgcataattctcttactg
tcatgccatccgtaagatgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggcgaccgagttgctcttgcc
cggcgtcaatacgggataataccgcgccacatagcagaactttaaaagtgctcatcattggaaaacgttcttcggggcgaaaactctca
aggatcttaccgctgttgagatccagttcgatgtaacccactcgtgcacccaactgatcttcagcatcttttactttcaccagcgtttctgggtg
agcaaaaacaggaaggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactcatactcttcctttttcaatat
tattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaacaaataggggttccgcgcacatttc
cccgaaaagtgccacctgacgtctaagaaaccattattatcatgacattaacctataaaaataggcgtatcacgaggccctttcgtc

Non-functional DNA
repB (temperature-sensitive origin of replication)
thermostable kanR
CTGCAG PstI site
ldh promoter
sfGFP
ldh gene
GAGCTC SacI site
pUC18_ori
ampR
-10 box
-35 box
transcription factor binding sites
Figure A131. Sequence detail of the temperature sensitive plasmid used to knock-in sfGFP
into the ldh locus.
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ATGtatacagtaggagattacctattagaccgattacacgagttaggaattgaagaaatttttggagtccctggagactataactta
caatttttagatcaaattatttcccacaaggatatgaaatgggtcggaaatgctaatgaattaaatgcttcatatatggctgatggctat
gctcgtactaaaaaagctgccgcatttcttacaacctttggagtaggtgaattgagtgcagttaatggattagcaggaagttacgcc
gaaaatttaccagtagtagaaatagtgggatcacctacatcaaaagttcaaaatgaaggaaaatttgttcatcatacgctggctga
cggtgattttaaacactttatgaaaatgcacgaacctgttacagcagctcgaactttactgacagcagaaaatgcaaccgttgaaa
ttgaccgagtactttctgcactattaaaagaaagaaaacctgtctatatcaacttaccagttgatgttgctgctgcaaaagcagaga
aaccctcactccctttgaaaaaggaaaactcaacttcaaatacaagtgaccaagaaattttgaacaaaattcaagaaagcttga
aaaatgccaaaaaaccaatcgtgattacaggacatgaaataattagttttggcttagaaaaaacagtcactcaatttatttcaaag
acaaaactacctattacgacattaaactttggtaaaagttcagttgatgaagccctcccttcatttttaggaatctataatggtacactct
cagagcctaatcttaaagaattcgtggaatcagccgacttcatcttgatgcttggagttaaactcacagactcttcaacaggagcctt
cactcatcatttaaatgaaaataaaatgatttcactgaatatagatgaaggaaaaatatttaacgaaagaatccaaaattttgattttg
aatccctcatctcctctctcttagacctaagcgaaatagaatacaaaggaaaatatatcgataaaaagcaagaagactttgttccat
caaatgcgcttttatcacaagaccgcctatggcaagcagttgaaaacctaactcaaagcaatgaaacaatcgttgctgaacaag
ggacatcattctttggcgcttcatcaattttcttaaaatcaaagagtcattttattggtcaacccttatggggatcaattggatatacattc
ccagcagcattaggaagccaaattgcagataaagaaagcagacaccttttatttattggtgatggttcacttcaacttacagtgcaa
gaattaggattagcaatcagagaaaaaattaatccaatttgctttattatcaataatgatggttatacagtcgaaagagaaattcatg
gaccaaatcaaagctacaatgatattccaatgtggaattactcaaaattaccagaatcgtttggagcaacagaagatcgagtagt
ctcaaaaatcgttagaactgaaaatgaatttgtgtctgtcatgaaagaagctcaagcagatccaaatagaatgtactggattgagtt
aattttggcaaaagaaggtgcaccaaaagtactgaaaaaaatgggcaaactatttgctgaacaaaataaatcaTAA

Figure A132. Lactococcus lactis subsp. lactis kivd gene for alpha-ketoisovalerate
decarboxylase, strain IFPL730. GenBank: AJ746364.1
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ATGtatacggtcggcgattatttgttggatcgcttgcatgaattgggcatcgaagaaatttttggcgttccgggagattacaacttgc
aatttttggatcaaatcatcagccataaagatatgaaatgggtcggcaacgccaacgaattgaacgccagctatatggccgatgg
ctatgctcgcacgaaaaaagccgctgcctttttgacgacgtttggcgtcggcgaattgagcgctgtcaacggcttggctggcagct
atgccgaaaacttgccggtcgtcgaaattgtcggcagcccgacgagcaaagtccaaaacgaaggcaaatttgtccatcatacgt
tggccgatggcgactttaaacatttcatgaaaatgcatgaaccggtcacggctgctcgcacgttgttgacggctgaaaacgccac
ggtcgaaattgatcgcgtcttgagcgccttgttgaaagaacgcaaaccggtctatattaacttgccggtggatgttgccgctgccaa
agccgaaaaaccgagcttgccgttgaaaaaagaaaacagcacgagcaacacgagcgatcaagaaattttgaacaaaatcc
aagaaagcttgaaaaacgccaaaaaaccgattgtcattacgggacatgaaatcattagcttcggcttggaaaaaacggtcacg
caatttatcagcaaaacgaaattgccgattacgacgttgaactttggcaaaagcagcgtcgatgaagccttgccgagctttttgggc
atttataacggcacgttgagcgaaccgaacttgaaagaatttgtcgaaagcgctgactttatcttgatgttgggcgtcaaattgacgg
atagcagcacaggcgcttttacgcatcatttgaacgaaaacaaaatgatcagcctgaacatcgacgaaggcaaaatctttaacg
aacgcatccaaaactttgacttcgaaagcttgattagcagcttgttggatttgagcgaaatcgagtataaaggcaaatatatcgata
aaaaacaagaagattttgtcccgagcaacgccttgttgagccaagatcgcttgtggcaagccgtcgaaaacttgacgcaaagca
acgaaacgattgtcgccgaacaaggcacgagcttttttggagccagcagcatttttttgaaaagcaaaagccattttatcggccaa
ccgttgtggggcagcattggctatacgtttccggctgccttgggcagccaaattgccgataaagaatctcgccatttgttgtttattggc
gacggcagcttgcaattgacggtccaagaattgggcttggccattcgcgaaaaaatcaacccgatttgctttatcattaacaacgat
ggctatacggtcgaacgcgaaattcatggaccgaaccaaagctataacgatattccgatgtggaactatagcaaattgccggaa
agctttggagccacggaagatcgcgtcgtcagcaaaattgtccgcacggaaaacgaatttgtcagcgtcatgaaagaagccca
agccgatccgaaccgcatgtattggattgaattgattttggccaaagaaggcgctccgaaagtcttgaaaaaaatgggcaaattgt
tcgcggaacaaaacaaaagcTAA

Figure A133. Codon-optimized for G. stearothermophilus version of the Lactococcus lactis
subsp. lactis kivd gene for alpha-ketoisovalerate decarboxylase, strain IFPL730. GenBank:
AJ746364.1
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taatacgactcactatagggcgaattACTAGCCCAACACTCTTTAAGGAGGTTACAATGtatacggtcggcg
attatttgttggatcgcttgcatgaattgggcatcgaagaaatttttggcgttccgggagattacaacttgcaatttttggatcaaatcatc
agccataaagatatgaaatgggtcggcaacgccaacgaattgaacgccagctatatggccgatggctatgctcgcacgaaaaa
agccgctgcctttttgacgacgtttggcgtcggcgaattgagcgctgtcaacggcttggctggcagctatgccgaaaacttgccggt
cgtcgaaattgtcggcagcccgacgagcaaagtccaaaacgaaggcaaatttgtccatcatacgttggccgatggcgactttaa
acatttcatgaaaatgcatgaaccggtcacggctgctcgcacgttgttgacggctgaaaacgccacggtcgaaattgatcgcgtct
tgagcgccttgttgaaagaacgcaaaccggtctatattaacttgccggtggatgttgccgctgccaaagccgaaaaaccgagctt
gccgttgaaaaaagaaaacagcacgagcaacacgagcgatcaagaaattttgaacaaaatccaagaaagcttgaaaaacg
ccaaaaaaccgattgtcattacgggacatgaaatcattagcttcggcttggaaaaaacggtcacgcaatttatcagcaaaacga
aattgccgattacgacgttgaactttggcaaaagcagcgtcgatgaagccttgccgagctttttgggcatttataacggcacgttga
gcgaaccgaacttgaaagaatttgtcgaaagcgctgactttatcttgatgttgggcgtcaaattgacggatagcagcacaggcgct
tttacgcatcatttgaacgaaaacaaaatgatcagcctgaacatcgacgaaggcaaaatctttaacgaacgcatccaaaactttg
acttcgaaagcttgattagcagcttgttggatttgagcgaaatcgagtataaaggcaaatatatcgataaaaaacaagaagattttg
tcccgagcaacgccttgttgagccaagatcgcttgtggcaagccgtcgaaaacttgacgcaaagcaacgaaacgattgtcgccg
aacaaggcacgagcttttttggagccagcagcatttttttgaaaagcaaaagccattttatcggccaaccgttgtggggcagcattg
gctatacgtttccggctgccttgggcagccaaattgccgataaagaatctcgccatttgttgtttattggcgacggcagcttgcaattg
acggtccaagaattgggcttggccattcgcgaaaaaatcaacccgatttgctttatcattaacaacgatggctatacggtcgaacg
cgaaattcatggaccgaaccaaagctataacgatattccgatgtggaactatagcaaattgccggaaagctttggagccacgga
agatcgcgtcgtcagcaaaattgtccgcacggaaaacgaatttgtcagcgtcatgaaagaagcccaagccgatccgaaccgc
atgtattggattgaattgattttggccaaagaaggcgctccgaaagtcttgaaaaaaatgggcaaattgttcgcggaacaaaaca
aaagcCATCACCATCATCACCACTAAgagctcctgggcctcatgggccttcctttcactgcccgctttccagtcggga
aacctgtcgtgccagctgcattaacatggtcatagctgtttcct
T7 promoter
RBS
kdc
6X HIS-TAG
M13R
Figure A134. Sequence detail of the T7 promoter+RBS+kdc+his-tag construct used to
express Kdc under the control of the T7 promoter in E. coli.
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Figure A135. Sequencing of the kdc gene as in BL21 cells after successive
subculturing that resulted in the cells loss of pLysE. Sequencing results of two
independent sequencing reactions. seq1 was done using forward primer emk013. seq2 was
done using primer M13R.
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acetaldehyde dehydrogenase [Thermus thermophilus HB8]
NCBI Reference Sequence: YP_145486.1
MSERVKVAILGSGNIGTDLMYKLLKNPGHMELVAVVGIDPKSEGLARARALGLEASHEGIAYI
LERPEIKIVFDATSAKAHVRHAKLLREAGKIAIDLTPAARGPYVVPPVNLKEHLDKDNVNLITC
GGQATIPLVYAVHRVAPVLYAEMVSTVASRSAGPGTRQNIDEFTFTTARGLEAIGGAKKGKA
IIILNPAEPPILMTNTVRCIPEDEGFDREAVVASVRAMEREVQAYVPGYRLKADPVFERLPTP
WGERTVVSMLLEVEGAGDYLPKYAGNLDIMTASARRVGEVFAQHLLGKPVEEVVA
NC_006462.1
ATGTCCGAAAGGGTTAAGGTAGCCATCCTGGGCTCCGGCAACATCGGGACGGACCTGA
TGTACAAGCTCCTGAAGAACCCGGGCCACATGGAGCTTGTGGCGGTGGTGGGGATAGA
CCCCAAGTCCGAGGGCCTGGCCCGGGCGCGGGCCTTAGGGTTAGAGGCGAGCCACG
AAGGGATCGCCTACATCCTGGAGAGGCCGGAGATCAAGATCGTCTTTGACGCCACCAG
CGCCAAGGCCCACGTGCGCCACGCCAAGCTCCTGAGGGAGGCGGGGAAGATCGCCAT
AGACCTCACGCCGGCGGCCCGGGGCCCTTACGTGGTGCCCCCGGTGAACCTGAAGGA
ACACCTGGACAAGGACAACGTGAACCTCATCACCTGCGGGGGGCAGGCCACCATCCCC
CTGGTCTACGCGGTGCACCGGGTGGCCCCCGTGCTCTACGCGGAGATGGTCTCCACG
GTGGCCTCCCGCTCCGCGGGCCCCGGCACCCGGCAGAACATCGACGAGTTCACCTTC
ACCACCGCCCGGGGCCTGGAGGCCATCGGGGGGGCCAAGAAGGGGAAGGCCATCAT
CATCCTGAACCCGGCGGAACCCCCCATCCTCATGACCAACACCGTGCGCTGCATCCCC
GAGGACGAGGGCTTTGACCGGGAGGCCGTGGTGGCGAGCGTCCGGGCCATGGAGCG
GGAGGTCCAGGCCTACGTGCCCGGCTACCGCCTGAAGGCGGACCCGGTGTTTGAGAG
GCTTCCCACCCCCTGGGGGGAGCGCACCGTGGTCTCCATGCTCCTGGAGGTGGAGGG
GGCGGGGGACTATTTGCCCAAATACGCCGGCAACCTGGACATCATGACGGCTTCTGCC
CGGAGGGTGGGGGAGGTCTTCGCCCAGCACCTCCTGGGGAAGCCCGTGGAGGAGGT
GGTGGCGTGA

Figure A136. Sequence detail of the ALDH gene from Thermus thermophilus as obtained
from NCBI.
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acetaldehyde dehydrogenase [Geobacillus sp. Y4.1MC1]
NCBI Reference Sequence: YP_003989256.1
MKDSFSTQIRARVSVLLNVKVRLKGDNFMSKVKVGILGSGNIGTDLMYKILNNDGHMELSIIA
GIVPESEGLMRARSMGIRASHEGIAAILEDPDVRIVFDATSAKAHRQNAEALRAAGKIVIDLTP
AAIGPFVVPPINLNEHINAWNVNMISCGGQATIPLVYAVSRIVSVQYAEVITTTASRSIGPGTR
QNMDEFTYTTAQGLQSIGGAKIARAIPVINSADPTIIMTNTVYAAVEEDFDEKAIILSIKDMVDE
VSKYVPGYRLKATPFIDYRDTPWGRLPVVVILNEVEGSEDFLPAYAGNLDIMTASARRVGES
YAQHLLKMKEVRR
ATGAAAGATTCATTTTCTACACAGATCAGAGCCAGAGTATCGGTCCTGTTGAACGTGAAA
GTCAGACTGAAAGGGGACAATTTCATGAGCAAAGTGAAAGTTGGAATCTTAGGTTCTGG
GAATATTGGAACGGATTTGATGTACAAAATCCTTAATAATGACGGCCATATGGAATTATC
TATAATAGCTGGAATCGTACCGGAATCAGAAGGTCTTATGAGAGCGCGAAGCATGGGCA
TACGAGCCAGCCATGAAGGAATAGCGGCGATTTTGGAGGATCCCGATGTACGGATTGT
CTTTGACGCTACGAGTGCAAAGGCACATCGCCAAAATGCGGAAGCGTTACGTGCAGCA
GGAAAGATTGTGATAGATTTGACGCCTGCCGCAATTGGCCCTTTCGTGGTGCCTCCCAT
CAATTTGAATGAGCATATAAATGCTTGGAATGTTAACATGATTTCGTGCGGAGGACAGG
CGACAATTCCTCTCGTTTATGCAGTAAGTCGCATTGTTTCTGTCCAATATGCGGAAGTCA
TCACAACTACCGCCAGCCGCTCCATAGGCCCCGGAACAAGACAAAATATGGATGAGTTT
ACCTATACTACCGCACAGGGGCTGCAAAGCATCGGTGGTGCGAAGATAGCCAGGGCAA
TTCCGGTGATTAATTCAGCAGATCCCACAATCATTATGACAAATACCGTTTATGCCGCAG
TGGAAGAGGATTTTGATGAGAAAGCGATCATTTTGTCCATTAAGGACATGGTCGATGAA
GTGTCCAAATATGTTCCTGGATATCGCCTCAAAGCGACTCCATTTATCGATTATCGTGAC
ACACCATGGGGAAGATTGCCTGTCGTTGTTATCTTAAATGAAGTCGAAGGCTCGGAAGA
TTTTCTTCCAGCATATGCTGGTAATTTAGACATTATGACAGCTTCGGCACGGCGTGTTGG
CGAGTCATATGCCCAGCACCTTCTAAAAATGAAGGAGGTGAGACGATGA

Figure A137. Sequence detail of the ALDH gene from Geobacillus sp. Y4.1MC1 as obtained
from NCBI.
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AscI – RsrII – Rho2 terminator – PacI – (SpeI AvrII NheI) – SexAI – XmaI – (SalI XhoI) –
PstI/SbfI – Rpls Promoter – XbaI – RBS – OPT_Tt_KDH – SacI – Rho1 – Bsu36I – SwaI
GGCGCGCCtctaCGGACCGagtattcaacaaacgggccagtttgttgaaatcgTTAATTAAgcgtACTAGTC
CTAGGCTAGCtgatACCAGGTcagtCCCGGGacagGTCGACCTCGAGtacgCCTGCAGGAACA
ATCGTTAAAGCGGACGTTTTTGCGCCGCCCGGATTTGCTTGAAAACTACCCGCTGACAG
AAAAGCAAAAACGATGGATCGAAGAGTGGAAAAAAGAAAAACAGTAGCTATTGCGCATG
ATACAAGTTTATGCTACTATATTCCTTGTGCAACTTAAGCGATTTGCTTAAGCGAGGAAA
ACGATGTTCCGCTGCAATGATGAAAAAGCATTGTCTAGAGTCGGTATAACACGAGAAGG
AGTAGAAGTACATGAGCGAACGCGTCAAAGTCGCCATTTTGGGCAGCGGCAACATTGG
CACGGATTTGATGTATAAATTGTTGAAAAATCCGGGACATATGGAATTGGTCGCCGTGG
TCGGCATTGATCCGAAAAGCGAAGGCTTGGCTCGCGCTCGCGCTTTGGGCTTGGAAGC
CAGCCATGAAGGCATTGCCTATATTTTGGAACGCCCAGAAATCAAAATTGTCTTTGATGC
CACGAGCGCCAAAGCCCATGTCCGCCATGCCAAATTGTTGCGCGAAGCCGGAAAAATT
GCCATTGATTTGACACCGGCTGCTCGGGGACCGTATGTCGTTCCACCGGTCAACTTGAA
AGAACATTTGGATAAAGACAACGTCAACTTGATTACGTGCGGAGGCCAAGCCACGATTC
CGTTGGTCTATGCCGTCCATCGGGTCGCTCCGGTCTTGTATGCCGAAATGGTCAGCAC
GGTCGCTTCGCGCAGCGCTGGACCGGGAACACGCCAAAACATTGATGAATTTACGTTTA
CGACGGCTCGCGGATTGGAAGCCATTGGCGGAGCCAAAAAAGGCAAAGCCATTATTAT
CTTGAATCCGGCTGAACCACCGATTTTGATGACGAACACGGTGCGCTGCATTCCGGAA
GATGAAGGCTTTGATCGCGAAGCCGTCGTCGCCAGCGTTCGCGCTATGGAACGCGAAG
TCCAAGCCTATGTTCCGGGATATCGCTTGAAAGCCGATCCGGTCTTTGAACGCTTGCCG
ACGCCGTGGGGAGAACGCACGGTCGTCAGCATGTTGTTGGAAGTCGAAGGCGCTGGC
GATTATTTGCCGAAATATGCCGGAAACTTGGATATTATGACGGCCAGCGCACGCCGCGT
CGGCGAAGTCTTTGCCCAACATTTGCTGGGCAAACCGGTCGAAGAAGTCGTCGCCCAC
CATCACCATCATCATTAATAAGAGCTCaatttcgcgccccgaaaggggcgtttttttgcgaagCCTAAGGtat
cATTTAAAT

Figure A138. Sequence detail of the ALDH gene from Thermus thermophilus as obtained
from NCBI after codon optimization by GeneART, and placed in the MCS of vector p11AK1,
under the control of the RplS promoter and a synthetic RBS.
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Figure A139. Sequencing results of the T. thermophilus ALDH gene after it was incorporated
to plasmid p11AK+Tt_ALDH.
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Figure A140. Sequencing results of the G. thermoglucosidans ALDH gene after it was
incorporated to plasmid p11AK+Tt_ALDH. Primer used was M13R.
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Figure A141. HPLC chromatogram of glucose standard 0.05 M. The peak is observed at
a retention time of 9.847 minutes.

Figure A142. HPLC chromatogram of 2-ketoisovalerate standard 0.05 M. The peak is
observed at a retention time of 11.010 minutes.
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Figure A143. HPLC chromatogram of sterile ASM without additional glucose or 2ketoisovalerate.

Figure A144. HPLC chromatogram of sterile ASM that has been supplemented with 0.05M
ketoisovalerate and 0.1M glucose.
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Figure A155. Close up of the isobutyraldehyde peak (26.032 min) and the isobutanol peak
(34.644 min) observed from cultures of DL44 grown in the presence of 0.05M 2ketoisovalerate.

Figure A156. Colony-PCR screening of E. coli DH10B transformant colonies. Lane 1,
molecular size marker (1 kb GeneRuler, Fermentas). Lanes 2-9, seven colonies transformed
with p11AK+Geoth_ALDH were used as template.
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Figure A157. Colony-PCR screening of G. thermoglucosidans DL44 transformant colonies.
Lane 1, molecular size marker (1 kb GeneRuler, Fermentas). Lanes 2-10, eight colonies transformed
with p11AK+Tt_ALDH. Lane 12, positive control for Tt_ALDH. Lane 13, negative control for Tt_ALDH.
The primers used were Tt_ALDH and RC-Tt_ALDH. Lanes 14-15, two DL44 colonies transformed with
plasmid p11AK+Geoth_ALDH (continues in Figure AXX).

Figure A158. Continuation of Figure A157. Lane 16, molecular size marker (1 kb GeneRuler,
Fermentas). Lanes 17-18, two more DL44 colonies transformed with plasmid p11AK+Geoth_ALDH.
Lane 19, positive control for Geoth_ALDH. Lane 20, negative control for Geoth_ALDH. Primers used
were Geoth_ALDH and RC-Geoth_ALDH. Lanes 21-26, six colonies of DL44 transformed with
p11AK+kdc. Lane 27, positive control for kdc. Lane 28, negative control for kdc. Primers used were:
XbaI-RBS-kdc and RC-SacI-kdc.
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