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Abstract

Through the application of engineering principles, synthetic biology
provides the means to harness the power of living things for the good of humankind.
Central to this discipline is the ability to create systems through the assembly of
standardised biological parts that may be incorporated into living cells. As a
consequence, such synthetic chassis are endowed with biological properties of
limitless, beneficial potential in applications as divergent as medicine, energy, food
production and the environment.

The genus Clostridium holds particular potential as a chassis for synthetic
biology applications. The beneficial attributes of its members range from their
ability to convert industrial, greenhouse gases into chemicals and fuels to their use
as anticancer agents. Despite their tremendous diversity, clostridial species are
unified by their ability to form endospores. Dormant, non-reproductive structures,
spores are increasingly finding use in a wide range of applications. These seek to
exploit their resilient structure and high degree of resistance to all manner of
chemical and physical agents. Such properties, however, are also of concern as they
could enable recombinant spores to survive for prolonged periods of time if shed
into the environment. To anticipate potential risks and facilitate future applications,
innovative tools that address the biological containment of spores are therefore
needed.

Regardless of the extraordinary diversity of clostridia, deriving both a
greater understanding of their biology, while at the same time enhancing their
exploitable properties, requires ever more sophisticated approaches. Hoping to
accomplish this, the body of work described in this thesis explored a wide range of
inducible systems that enabled precise control of gene expression in clostridia. The
utility of these systems, that included riboregulators and a novel dual mechanism
that acts at the level of transcription and translation, was exemplified by the creation
of a conditionally sporulating strain of Clostridium sporogenes. This clostridial
species, the most promising candidate in clostridial-based cancer therapies, was able
to sporulate only in the presence of specific ligands, providing a solution to the
prevention of the release of recombinant spores into the environment. Additionally,
the clostridial synthetic biology toolbox was expanded by developing a novel and
universal CRISPR-based genome editing tool. This has provided an extremely rapid
and highly effective method for Clostridium engineering in synthetic biology

applications.
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Chapter 1
[ Introduction

‘Give me a living protoplasm and [ will re-make the whole animal and
vegetable kingdom”
— Feliv Le Dantec, 19" 4 century



1.1 Designing biology: the Synthetic Biology era

In the last few decades, an approach to engineer biology was emerging
alongside the experimental procedures that were nurturing our understanding of
living things. From Jacques Loeb’s hypothesis about artificially creating life in
the laboratory circa 1900', to the complete design of a synthetic yeast genome
(Sc2.0) in 20162, engineering biology has served to better understand certain
aspects of the complex behaviour of natural cells.

The application of engineering principles to rationally design biological
systems falls under the scope of synthetic biology, an emerging and
interdisciplinary field that involves the collaboration of biologists, engineers,
computer scientists, social scientists and designers, among others®. Although the
consensus and precise definition of synthetic biology has yet to be reached, the
official and most acknowledged one in the UK is that provided by the Royal

Academy of Engineering4:

“Synthetic biology aims to design and engineer biologically based parts,
novel devices and systems as well as redesigning existing, natural
biological systems.”

(Royal Academy of Engineering, 2009)

The conflation of science with engineering (knowing by makings) is
intended to shorten the time required to design, build and test novel synthetic
gene networks (Figure 1.1). Thus, iterative cycles of the streamlined practice of
engineering biology, can facilitate (and has already facilitated) the construction

of biological systems for diverse applications, including the production of novel

materials, drugs, foods and fuels.



Design

Test

Figure 1.1 The design-build-test phases in synthetic biology

In synthetic biology, the design of biological programs is directed
towards various epistemic concerns and foci. These are primarily grouped into
three domains®: the production of commodity chemicals via re-designing
metabolic pathways6; the rational design of logic genetic devices through the
assembly of DNA parts7, and; the generation of synthetic self-replicating living
cells** ' In these strategies, engineering principles such as abstraction and
functional decoupling allow researchers to reduce biological complexity
whereas modularization and standardization of biological parts serve to facilitate
the construction of novel gene networks''. To engineer biology, biological
functions must be simplified. The practice of biology, standardized.

In 1982, human insulin produced by engineered Escherichia coli, was
the first recombinant DNA drug product to be marketed'?.  Such
biotechnological application was made possible by the introduction of genetic
engineering in the 1970s; the ability to cut and paste together DNA from
different organisms (Figure 1.2)" and then introduce the recombinant elements
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produced into the chosen process organism . Since then, the field of

engineering living cells has had a huge impact in bringing advancement to



human life, attempting to address not only health-related problems, but also the
rising global demand for food and various environmental issues'”. However, in
today’s era of synthetic biology, it seems as if the entire field of genetic
engineering had reached a conceptual breakthrough. Knowledge generates tools;
tools generate more knowledge; more knowledge generates new tools (knowing
as making and making as knowingS). In this context, living cells are seen as
“chassis” harbouring the “cargo” needed to produce all manner of things. More
efficient and fine-tuned tools for the manipulation of such chassis have been
(and are constantly being) generated, in part, thanks to the modularization and
standardization of biological parts. The circle closes when immense amounts of
data, generated and shared via all type of databases, serve to create new chassis

and tools, and therefore, more information. From and for hundreds of species.

Worldwide.
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Figure 1.2 First published "Recombinant DNA" figure"”. In 1972, two
scientists, Paul Berg and David Jackson, joined the entire genome of SV40 to a
piece of DNA; a chimera DNA molecule formed by the bacterial virus Lambda
DNA and three genes from the bacterium E. coli. The hybrid DNA molecules
were called “recombinant DNA”.




1.2 Bacterial spores and the need for biological containment

Spores are metabolically inert entities produced by some vegetative
bacterial cells as a survival response to adverse environmental conditions. As
such, spores are well-known for their resilient structure, capable of defying
extreme chemical and physical conditions and surviving in a wide variety of
environments for long periods of time' 7. Although spores are the cause of
much food spoilage, food poisoning and human diseases, their inherent
resistance properties make them suitable for several beneficial applications. Of
particular note is the growing use of bacterial spores in the area of
biotechnology, where they have been used as probiotics, in vaccine formulations
as well as in environmental bioremediation processes and biosensing systems*.

Probiotic products consisting of bacterial spores from Bacillus and
Clostridium species, including Bacillus subtilis, Bacillus cereus and Clostridium
butyricum, have been widely used in human and animal dietary supplements for
several yearslg'?‘o. However, the era of genetic manipulation has raised the
concept of recombinant probioticslg, establishing an exciting, growing field that
exploits the beneficial properties of bacterial spores. One example of this is a
study that has generated a strain of B. subtilis to expose on the spore surface the
enzyme Phytase, a commonly used feed enzyme for animals®'. Bacteria able to
deliver enzymes directly to the gut can offer significant advantages to industry,
in particular by eliminating the need of enzyme purification. Other examples
include enzymes used for therapeutic purposes, such as the lipoprotein Lipase,
widely employed in the treatment of cardiovascular and obesity-associated

complicationsu. Immobilization of such enzymes on the spore surface would

* Information linked to the 8" European Spores Conference,
held in Egham (UK) on April 2018.



allow their use as oral formulations for the treatment of diverse disorders and
diseases.

Vaccines are also in the spotlight of spore applications. To a large extent,
this interest lies in the extreme stability of spores, that could allow surface-
displayed immunogens on recombinant spores (i.e., vaccines) to be delivered
where cold storage is difficult'’. Some such examples include the spore-
associated recombinant expression of the B subunit of the heat-labile toxin of
E. coli and the tetanus toxin fragment C from Clostridium tetani in B. subtilis,
which were able to generate an immune response in a mouse model, and have
been considered for oral administration”. Spore-based vaccines have also been
demonstrated to confer protection against the white spot syndrome virus in
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shrimps and against Helicobacter pylori or Mycobacterium tuberculosis in

murine models***".

Additionally, spores can be utilised in the fight against cancer. The
uncontrolled growth of cancer cells within a tumour, and the deficient blood
vessel architecture that supports it, leads to a hypoxic microenvironment that has
been associated with some metastatic and aggressive forms of cancer™.
However, such lack of oxygen offers great opportunities for anaerobic
Clostridium strains, which can exploit this condition to selectively target solid
tumours”. In particular, considerable research has focused on Clostridial
Directed-Enzyme Prodrug Therapy, or CDEPT, whereby a clostridial host is
genetically engineered to express a prodrug-converting enzyme (PCE)*". In this
therapy, intravenously (or otherwise intratumorally) administered clostridial

spores localize, and selectively germinate in, the hypoxic microenvironment of

cancer tumours. Once germinated, the engineered strain expresses the PCE,
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which metabolizes the non-toxic prodrug into its toxic derivative
germination is restricted to the hypoxic regions of the tumour, expression of the
PCE and activation of the prodrug with subsequent anticancer activity take place
exclusively in such microenvironment. Most prominent among the clostridial
species investigated as the “Trojan spore” that infiltrates into the tumour and
destroys cancer cells is the proteolytic Clostridium sporogenesgz. Apart from its
inherent oncolytic properties, which stem from the expression of native
cytosolic enzymes upon germination, C. sporogenes has demonstrated higher
sporulation capacity and colonizing properties than other non-proteolytic
species (i.e., Clostridium acetobutylicum and Clostridium beijerinckii)33’34.
Additionally, C. sporogenes is entirely non-pathogenic, if compared with
Clostridium novyi-NT, an attenuated proteolytic strain which has been used in
several CDEPT studies™°. Combinations of clostridial spores with radiation,
vascular targeting agents and cytotoxic chemotherapeutic drugs at the pre-
clinical level has demonstrated encouraging outcomes, resulting in tumour
regression in all cases”".

While the resilient structure of spores and their mechanisms of resistance
make them suitable for the aforementioned applications, they are also the very
cause of safety concerns associated with their use. These concerns are related to
the use of genetically modified organisms (GMOs) and the risks of their release
to the environment. Firstly, the engineering and growth of recombinant strains
generally makes use of antibiotic resistance genes; the potential risk of antibiotic
gene transfer following release is widely recognized. Secondly, the escape of

engineered organisms into the environment could lead to unintentional

colonization of others, even though most GMOs developed in the laboratory



seem to be less fit than wildtype (WT) strains®®. Finally, the inherent robustness
of spores results in the paradoxical situation of an unbreakable structure that
needs to be “contained” or “destroyed” once used; recombinant spores could
survive indefinitely in the environment after their deliberate release otherwise.
To this day, it is not entirely clear whether the release of GMOs into the
environment is completely harmful or safe. Thus, biocontainment, as the
prevention of unintended environmental release®, should be ensured to avoid
any uncertain risk.

Physical containment, including the regulated disposal of GMO cultures,
constitutes a standard procedure in research or industrial facilities’. However,
if GMO applications continue to expand and intended to be used in open
environments, further containment, including that achieved by biological means,
might be required. A number of strategies have been developed over the last few
years to provide biological containment (recently reviewed in41). These include
the conditional activation of lethal genes (kill switches) to eliminate the
engineered strains™ or the use of “GeneGuard” plasmids, which are only
functional in their intended host but disadvantageous for others™®. Auxotrophic
strains unable to survive if a specific compound is no longer supplied have also
been demonstrated to reduce the spread of engineered cells, in particular, if
compounds that are required in high concentrations are targeted (i.e., thymine in
thyA)™. Recent attempts have also addressed biological containment by
producing E. coli strains unable to survive in the absence of unnatural amino
acids, which are only provided when grown in the laboratory%. Crucially, none
of the approaches employed to provide biological containment have, to date,

completely succeeded’; additionally, none of them have specifically addressed



the potential risk of recombinant spores shed into the environment. In this
respect, it is expected that the development of multi-layered control systems
incorporated into a single cell mitigate the probability of GMOs persisting in the
environment™.

One solution to provide an additional layer of biological containment in
spore formers would be to create a strain that is conditional for sporulation,
meaning a strain that can sporulate only under specific growth conditions. This
conditionally sporulating strain could offer an ideal means of biocontainment
for commercial applications; after fulfilling their purpose, e.g., as an antigen or
probiotic vehicle, the engineered spores would germinate into vegetative cells
with depleted ability to sporulate, and hence, be subject to cell death and DNA
degradation (e.g., imposed by other layers of biocontainment). Additionally,
biocontainment could be reinforced if non-pathogenic, anaerobic spore formers,
such as those belonging to the genus Clostridium were used. These offer an
intrinsic physiological restriction — their inability to grow in an aerobic

environment.

1.3 Clostridium, a spore former relevant to biotechnology

Clostridium comprises more than 146 physiologically and genetically
diverse Gram-positive, anaerobic, spore-forming bacteria’”. The genus,
notorious for the pathogenic properties of some of its members, includes several
species relevant to a range of different biotechnological applications48.
Representatives of the pathogenic branch of the genus include Clostridium
perfringensw, Clostridium diﬁ?cileSO and Clostridium botulinum®', to which

necrotizing infection, antibiotic-associated diarrhoea and the production of the



most potent natural toxin ever discovered, are attributed, respectively. However,
the vast majority of clostridial species are non-pathogenic and many have been
exploited at the industrial level. Applications of importance include the
production of platform chemicals and biofuels (i.e., Clostridium
pasteurianumsz’S?’, C. acetobutylicumM); cellulosic and hemicellulosic biomass
degradation (i.e., Clostridium cellulolyticumSS); carbon fixation (i.e.,
Clostridium l]'ungdahlii56 and Clostridium autoethanogenum57); regulation of
the microbiota (i.e., C. butyricum) and the previously described fight against
cancer by C. sporogenesSO’gz. Regardless of their extraordinary diversity,
deriving both a greater understanding of their biology, while at the same time
enhancing their exploitable properties, offers a number of exciting possibilities
for public and environmental benefit. Thus, addressing the critical problem of
releasing spores of GMOs in the environment would facilitate the
commercialization of genetically modified clostridial strains in the near future.
Rewiring the sporulation pathway so that the ability to form spores (or not) is
tightly controlled could be a potential solution, what leads the researcher to ask,
Can a strain be engineered to conditionally sporulate?, and if so, How? Can
synthetic biology provide the tools needed to engineer such functionality in a
clostridial host?. As Herb Boyer, pioneer of genetic engineering said, “knowing

the questions is knowing half” (quoted in Mukherjee, 201658).

1.4 To Sporulate (or not)

A common characteristic of all clostridial species is their ability to form
spores to avoid conditions of adversitysg. Spores are multi-layered structures

(Figure 1.3) whose overall resistance results from the sum of the specific
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function of each layer”. The central core, enclosed by the spore inner
membrane, is characterized by low water content, abundant small acid-soluble
proteins and high levels of dipicolinic acid®. Such features, combined with the
intrinsic structure of the spore proteins, allow the spore to ensure dormancy and
confer resistance to some DNA-damaging agents, including genotoxic
chemicals, desiccation, wet and dry heat, and UV and y-radiation. Additionally,
the coat, impermeable to large enzymes (i.e., lysozyme) and other biocidal
chemicals, confers resistance via detoxification of such chemicals before they
penetrate into the spore. The low permeability of the inner membrane and the
presence of carotenoids in the outer membrane, contribute to resistance by
restricting the access to some biocidal chemicals and by protecting the spore

from UV radiation, respectively”.
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Figure 1.3 Diagrammatic representation of a typical bacterial endospore (not to
scale; adapted from'").

In order to sporulate, the cell undergoes an ordered and complex program
of cellular differentiation that leads to the dormant, metabolically-inert state®!.
The morphological stages of the sporulation program, conserved in all spore-

forming bacteria, comprises seven stages (stage I-VII), as illustrated in
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Figure.1.4. At the onset of sporulation (stage I), the cell carries two copies of the
chromosome, one for the mother cell and one for the forespore. During stage II,
the DNA forms an axial filament and the subsequent asymmetric cell division
results in the formation of two compartments, the small pre-spore compartment
and the large mother cell compartment. Of importance is the fact that not all the
DNA is equally distributed between the mother cell and the pre-spore
compartment at this stage. Formation of the sporulation septum results in
enclosure of only one-third of the DNA in the pre-spore, allowing the differential
expression of sporulation and vegetative-related genes in the pre-spore and
mother cell, respectively; translocation of the rest of the chromosome into the
pre-spore is then done via an active process requiring the translocase SpoIIIE62.
Engulfment of the pre-spore by the mother cell characterizes stage I1I, where the
now designated forespore is surrounded by the inner and outer membranes. In
stage IV, the primordial cell wall (or peptidoglycan layer) and the cortex are
formed. The spore coat, a complex structure of proteins surrounding the surface
of the forespore is formed in stage V. Finally, the core of the spore is arranged
so that resistance to heat and UV radiation is established (stage VI) and the

mother cell lyses, liberating the spore into the environment (stage VII)63’64.
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Figure.1.4 Schematic representation of the sporulation cycle in B. subtilis.
Distinct stages of sporulation are denoted with a Roman numeral (I-VII). Adapted
from®.
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Due to the availability of some techniques for genetic manipulation,
scientists have been able to demonstrate the molecular bases of the sporulation
process. Generally, this information has been obtained from the most studied
spore-forming bacterium, B. subtilis; some features of the sporulation process,
however, differ between Clostridium and Bacillus species. One common aspect
in both genera is that the decision to enter the sporulation programme, albeit
differently regulated and subject to multiple metabolic and environmental cues,
is mediated by the conserved master regulator SpoOA65’66; its genetic
inactivation has resulted in an asporogeneous phenotype in all species studied to
date®’. In B. subrilis, SpoOA is indirectly phosphorylated via a multicomponent
“phosphorelay” whereby five histidine kinases (KinA-KinE), that respond to
different environmental stresses, become phosphorylated and subsequently
transfer the phosphoryl group to SpoOF. The phosphoryl group is then
transferred to SpoOB, which mediates the phosphorylation of the master
regulator SpoOA. Finally, the phosphorelay drains the phosphoryl groups via
phosphatases that dephosphorylate SpoOF and SpoOA65’68. In Clostridium, on
the other hand, no evidence for the existence of a phosphorelay have been yet
found in any species; instead, activation of Spo0A seems to occur through direct

interaction with multiple kinases®!. Once initiated, the sporulation program is

driven via the sporulation-specific sigma factors o', o, ¢ and o, which
regulate the temporal (different stages of sporulation) and spatial (different cell
compartment) expression of sporulation- and vegetative cell-specific genes until

the process is completed@. In Bacillus, the first sigma factor activated during
the sporulation cascade is o', which is regulated by SpoOA~P69. During stage I,

the spolIAA operon, which includes the genes encoding the sigma factors o' and
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o", is expressed in the forespore. During the course of stage II, activation of "

£ is activated in the mother cell. In

takes place in the pre-spore whereas o
Bacillus, this is considered the point at which the cells are committed to
sporulatationm. Activation of 6" leads to the subsequent activation of 0 within
the spore, which in turn, is involved in the regulation of sporulation- and
germination-related genes. Among these genes are those responsible for the
activation of o~ in the mother cell, which finally mediates the transcription of
genes codifying coat- or germination-related genes69. In C. difficile, a recent
study showed that more than 300 genes are induced by sporulation-specific
sigma factors during spore formation’'. Inactivation of such sigma factors in
both, C. a’iﬁicile71 and B. subtilis®’, abrogates the formation of spores. However,
the different phenotypes of the individual sigma factor mutants differed between
these two firmicutes, indicating the role that evolution has played to fine-tune
such a complex process.

One possible way of controlling ‘when’ and ‘where’ spores are formed,
while maintaining a “healthy” phenotype in the vegetative form, is to fine-tune
the complex sporulation cascade, so that the pathway is activated/completed in
the presence or absence of an “input” (i.e., a ligand). From a genetic point of
view, this applies to a system that mediates changes in gene expression levels
and, as a consequence, establishes different (temporal or spatial) network
connections within the pathway. As such, the main “ingredients” to engineer a
strain with the ability to sporulate (or not) in a controlled manner include: (i) a
tightly regulated inducible system that permits levels of key components of the
sporulation cascade to be regulated so that the desired “output” is obtained (i.e.,

spores are formed or not), and (ii) identified key sporulation genes whose
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activation/inactivation results in the desired sporogeneous/asporogeneous
phenotype. Iterative cycles of design, building and testing of synthetic biology
parts (i.e., promoters, operators) to create a device (i.e., a system capable of
finely regulating the sporulation pathway) could lead to a strain with the desired

functionality; a strain with conditional control of spore formation.

1.5 Tuning gene expression, a challenge in synthetic biology

Synthetic biologists often want to predictably tune the regulatory
components of a system to elicit the desired output. When referring to ligand-
inducible gene expression, this translates into a system exhibiting appropriate
OFF and ON states, providing low leakiness and adequate activation in the
absence and presence of the inducer, respectively. However, the dynamic range
of natural inducible promoters is difficult to control. The most highly evolved
and regulated expression systems in nature seem to be inevitably linked to
promoter leakage (i.e., expression in the absence of inducer; also termed
leakiness), which, in turn, benefits survival when encountering changes in the
environment "~ Synthetic regulatory systems, by contrast, can be specifically
designed to overcome these natural constraints.

Transcription, translation and mRNA degradation play a crucial role in
gene expression. All three processes are controlled by a combination of genetic
elements, most notably promoters, Ribosome Binding Sites (RBSs) and cis-
regulatory sequences located within the 5" untranslated region (5° UTR)73. One
of the greatest barriers to designing an efficient synthetic regulatory system is
the lack of standard genetic elements that can be reliably combined to obtain the

desired functionalitym. For this reason, several studies over the last few years
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have focused on the standardization of such elements”™""; examples include the

construction of large libraries of constitutive promoters76, the characterization
of libraries of natural and synthetic RBSs™ and the manipulation of 5’ UTRs".
Additionally, constructing synthetic regulatory systems, which are often
incorporated into a plasmid, requires other indispensable elements. These
include: (i) origins of replication, preferably allowing a wide range of copies per

cellgo;

(i) insulators, which serve to counteract the effects that adjacent
sequences might have in a specific biological partgl, and; (ii1) transcriptional
terminators, which prevent read-through transcription into the synthetic gene
construct and insulate gene expression units®. As a consequence of such process
standardization, synthetic regulatory systems have been successfully created for
various species, allowing a predictable control over the dynamic range of the
regulatory componentsgg. However, well-established regulatory elements have
been mostly characterized in model organisms (i.e., E. coli, B. subtilis and
Saccharomyces cerevisiae) with only a limited collection of standard genetic
elements available for non-model organisms, such as Clostridium spp. (recently
reviewed in84).

Inducible systems capable of activating/repressing gene expression in
response to small ligands might act at the level of transcription (i.e., LAC
system85) or translation (i.e., theophylline responsive riboswitches%). Tuning
gene expression in a transcriptional system can be achieved by changing the
copy number of the plasmid encoding the transcription factor (TF)87 or by
modifying the elements involved in its regulation, generating a so-called
synthetic inducible system. This has been achieved, for example, by mutating

TFs to either reduce cross-induction from undesired metabolites®® or to vary
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their affinity for the operator sequencesgg’go. In most cases, improvements of
transcriptional systems occur through the modification of the promoter,

=93 or the

including inducible promoters with mutated operator sequences
presence of various operator sequences within the same inducible promoter%.
However, the dynamic range of these synthetic inducible systems seems to be
compromised when optimized for low levels of background expression; their
outputs often show only a small difference between the OFF and ON states in
response to the inducer.

Most recently, complex genetic circuits that respond to two or more TFs
have demonstrated very tight input-output responses. For example, two
operators within the same promoter that respond to different TFs (AND gate)%,
or various TFs that respond to different ligands that bind to the same operator
(NOR gate)%. While these systems seem to be highly effective at controlling
gene expression, tuning these regulatory pathways requires building and testing
pre-characterized systems until the desired properties are empirically achieved,
which are often functional only in the chassis strains in which they were
developed. Additionally, due to the large number of elements required (i.e.,
various TFs and promoters), this approach can be extremely laborious and
costly, making it unsuitable for strain engineering.

Compared to protein-based inducible systems, RNA regulators still
suffer from very a low dynamic rangeg7. In most cases, improvements of the
dynamic range have been achieved in synthetic riboswitches that act at the
transcriptional level®®. In particular, transcriptional switches based on aptamers
for theophylline and tetracycline showed increased dynamic range when placed

99,100

in tandem upstream of a reporter gene However, the improved
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performance is a direct consequence of having multiple termination points, that
results in very low levels of gene expression in the presence of inducer and
requires high doses of ligand to bind multiple aptamer copies. Additionally,
swapping the order of the riboswitches also resulted in the system being
responsive only with one of the two inducers, which indicates that even if the
design of the individual elements is successful, their combination is far from
trivial. Improvements of riboswitches regulating translation, on the other hand,
have been mainly obtained by modifying the nucleotide residues located
between the RBS and the translational start site'"". Optimization of these
riboswitches, however, results in very low gene expression levels if repression
is tight, with higher expression levels inevitably linked to increased background
expression.

In the case of Clostridium, there are only a limited number of methods
available for inducing gene expression in a ligand-dependent manner. These
include a lactose-inducible (LAC) system from C. perﬁingensloz, an arabinose-
inducible (ARA) system, based on the ARA1 regulon from C. acetobutylicumw3,

the tetracycline-inducible (TET) system, originally adapted from E.coli " and a

xylose-inducible (XYL) repressor system from Staphylococcus xylosus105’106.

Despite evidence of a dose-dependent induction, the LAC, ARA and XYL
systems are hampered by a significant level of gene expression in the absence
of the inducer, compromising their dynamic range and making them unsuitable
for applications where a tight control of gene expression is needed. On the other
hand, the TET system exhibits very low basal expression and has the highest
inducing efficiency among the reported inducible promoters investigated in

102-104,106-109

Clostridium spp. thus far. However, the optimal working conditions
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of the TET system require high doses of the inducer anhydrotetracycline, a
tetracycline-analogue. The levels required, however, have significant inhibitory
effects on cell growthm.

Apart from controlling sporulation, there are many appealing
applications for tightly inducible systems functioning in a clostridial host. In any
cell factory, environmental signals are integrated into a novel biological
behaviour. Inducible systems are key components of the synthetic pathways that
modulate such behaviour, refining enzyme and, therefore, pathway function.
Just as the length and thickness of a wire determine its resistance and the output
of an electric device, inducible systems serve to modulate a genetic (and
metabolic) network so that a valuable technological function is obtained.
Moreover, inducible genetic circuits are very useful for basic science
applications, where hypotheses can be tested by mimicking natural processes in
a simplified context or by controlling the individual components of the network

at a time.

1.6 The CRISPR Revolution

CRISPR, which is short for “clustered regularly interspaced palindromic
repeats”, is definitely revolutionizing the synthetic biology industry. Discovered
as a “strange” microbial repeat sequence in 1993, CRISPR has taken the
scientific community by storm, and 25 years after its discovery, thousands of
researchers are using CRISPR-based technologies for applications that range
from agriculture to industrial biotechnology and biomedicine. CRISPR,
composed of direct repeat sequences of 21-37 nucleotides, interspaced by

similarly sized non-repetitive sequences (spacers) and flanked on one side by a
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common 300-500 nucleotide leader sequence, are included within the genome
of diverse bacteria and archaea'''. The finding that CRISPR-associated (Cas)
genes were shown to contain helicase and exonuclease domains'', that the
identical CRISPR repeats showed sequence homology to bacteriophages and

112,113

conjugative plasmids and that a phage-resistance phenotype could be

4 revealed not only its

altered by modifying the CRISPR spacer sequences
nature as a defence mechanism, but also possible ways of exploiting it.
Specifically, the effectiveness of mutant isolation by allelic exchange has
been revolutionized through the use of CRISPR/Cas to effectively counter select
non-mutant WT cells through the introduction of double-strand breaks (DSBs)
in the DNA!"!1¢ 1n particular, the type II CRISPR-Cas9 system derived from
Streptococcus pyogenes, has been the most extensively CRISPR system
employed for genome editing purposes“s. The basis of the Cas9 editing tools
relies on the fact that Cas9 nucleases can be guided to a specific DNA target
sequence, termed protospacer, by a CRISPR RNA (crRNA):trans-activating
crRNA (tracrRNA) hybrid. Accordingly, the hybrid CRISPR RNA
(crRNA):trans-activating crRNA (tracrRNA), or the simplified chimeric
synthetic single guide RNA (sgRNA), combines with Cas9 to form a
ribonucleoprotein complex. This complex then recognizes the target site, based
on the protospacer adjacent motif (PAM) sequence, and induces a DNA DSB.
In most bacteria, selection of mutant cells is achieved when the DNA editing
template, which lacks the recognition site, is introduced into the genome via

homologous recombination, enabling these mutant cells to “escape” from the

cutting activity of Cas9. Additionally, DSBs can be repaired by the non-
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homologous end joining pathway, resulting in random sized deletions in the
vicinity of the targeted DNA sequencem.

The beauty of CRISPR-Cas9 technologies, if compared with other
genome editing technologies such as zinc finger nucleases (ZFNs)118 and

“9, is that it allows the

transcription activator-like effector nucleases (TALENS)
modification of the genomic target by simply replacing the 20 nucleotides of the
chimeric sgRNA complementary to the target sequence of interest. For this
reason, CRISPR-Cas9 technologies have been exploited for purposes other than
the precise deletion, replacement and insertion of genomic DNA. Examples
include CRISPR interference (CRISPRi), where gene expression can be
regulated by using a nuclease-deactivated Cas9 (dCas9), which only maintains
its DNA-binding function, to target the promoter region of a gene, and CRISPR
activation (CRISPRa), which can activate gene expression by fusing dCas9 to a
transcriptional activator'?’.

Various CRISPR-based systems have now been described and
employed to edit prokaryotic and eukaryotic cells. However, despite the
extraordinary power and potential applications of the technique, there is concern
about CRISPR altering regions of the genome inadvertentlym. Whilst such
concern mainly refers to the potential pathogenic consequences CRISPR-Cas9
editing might have in clinical applications, microbial synthetic biology can also
suffer from lack of CRISPR-Cas9 specificity. When a synthetic biological
pathway is built, further modifications that could affect its designed function
must be prevented. Therefore, alongside the search for more precise gene editing

techniques, improved methods that confer a more accurate control of CRISPR-

Cas9 technologies must be developed.
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1.7 Aims of this study

Genetically modified bacterial spores offer a great number of exciting
applications in the field of biotechnology. However, the problem for containing
recombinant spores in the environment remains unsolved. In this study, a
synthetic biology approach is applied to solve this problem. Specifically,
C. sporogenes, the most prominent candidate for clostridial-based cancer
therapies, is engineered so that it only forms spores under specific growth
conditions. To achieve this, tightly regulated inducible systems, which
overcome the leakiness and low dynamic range associated with natural systems,
are generated and implemented not only in the construction of a conditionally
sporulating strain, but also in the creation of a novel Cas9-based editing tool for
Clostridium.

In Chapter 3, one of the best inducible systems hitherto tested in
clostridial organisms, the LAC system from C. perfringens strain 13, is
exhaustively characterized with the aim of its further optimization to reduce its
basal expression and maintain a wide dynamic range. Chapter 4 describes that
previously existing, as well as newly designed, theophylline responsive
riboswitches function in C. sporogenes, being consolidated as novel devices to
regulate gene expression in clostridia. These data are exploited together in
Chapter S, which describes the design and implementation of a synthetic dual
mechanism to regulate gene expression. In Chapter 6, the systems characterized
in the previous chapters are used to generate conditionally sporulating strains
via regulating the expression of genes that are essential for spore formation.
Post-hoc testing of the engineered strain provides clues to how sporulation

functions in C. sporogenes. Finally, and to develop new mutagenesis tools to
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facilitate synthetic biology approaches in clostridial chassis, a novel and
universal Cas9-based editing tool is created, which is the focus of Chapter 7.

Conclusions and future perspectives of this work are outlined in Chapter 8.
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Chapter 2
[ Materials and Methods
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2.1 Chemicals and suppliers

A full list of the chemicals and kits used in this study, including supplier

and catalogue number, is shown in the Appendix, Table S1.

2.2 General growth methods

2.2.1 Growth media composition

A list of the composition of the growth media used in this study is given

in the Appendix, Table S2.

2.2.2 Preparation of media

All media and buffers were prepared in dH,O and autoclaved for 20
minutes at 121°C or sterilized by filtration through a 0.2 wm pore size filter
(Ministart®). Medium 2xYPG was adjusted to pH 6.2 prior to autoclaving and
sterile 50% w/v glucose solution was added subsequent to autoclaving. Agar
media were allowed to cool to 50°C in a water bath before the addition of any
supplement. Supplements were added to the indicated working concentrations
and the melted agar poured into 9 cm Petri dishes, with approximately 20 mL

per plate. Plates were dried at 37°C for 1 hour before use.

2.2.3 Preparation of media supplements

All supplements were prepared as stock solutions and added to growth

medium to give the final concentrations described in Table 2.1. Stock solutions

were sterilized by filtration through a 0.2 wm pore size filter (Minisart®).
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Table 2.1 Supplements used in this study

Stock Working Working
Supplement concentration Solvent” concentration for concentration for
(mg/mL) E. coli (pg/mL) Clostridium (ng/ml)
Ampicillin 50 H,0 100 -
Cloramphenicol 25 100% ethanol 12.5 (broth) -
25 (agar)
D-Cycloserine 50 H,0 - 250
Erythromycin 50 100% ethanol 500 10
Thiamphenicol 15 50% ethanol - 15
5-Fluoroorotic
acid (5-FOA) 200 DMSO - 4500
Theophylline 48 DMSO - 0.1-10 mM
Lactose 100 mM H,0 - 0.1-10 mM

*DMSO (dimethyl sulphoxide)

2.3 Culture and manipulation of E. coli strains

2.3.1 E. coli strains

A detailed list of all E. coli strains used in this study can be found in the

Appendix, Table S3.

23.2 Culture of E. coli cells

E. coli strains were cultured acrobically at 37°C on lysogeny broth (LB),
both in liquid and on solid agar plates. Cultures were incubated overnight
(approximately for 16 hours) at 30 or 37°C with shaking at 200 rpm for broths.
E. coli cultures on solid medium were prepared by a variety of methods. For
generation of biomass (e.g., -80°C stocks), a 10 uL loopful of liquid culture or
a single colony of the strain was re-streaked onto LB-medium. For isolation of
single colonies, cells suspensions were pipetted onto LB-agar and immediately

spread using a sterile plastic spreader. Plates were typically incubated for 1-3
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days depending on the strain and cargo. Media were supplemented with

appropriate antibiotics for plasmid selection.

2.3.3 Storage of E. coli strains

E. coli strains were stored at -80°C using the Microbank™ Long Term
Bacterial Storage vials (Pro-lab Diagnostics). The strain of interest was streaked
onto a plate of LB-agar with appropriate antibiotics. After substantial growth
was obtained, cells were scraped from the plate and used to inoculate the

kTM

Microbank ™ vials, in triplicates.

2.3.4 Preparation of electro-competent E. coli cells

Overnight cultures of E. coli TOP10 and CA434 were prepared by
addition of a single bead from a Microbank ™™ (or single loop of culture) to 5 mL
LB medium supplemented with relevant antibiotics. The culture was incubated
overnight at 37°C with shaking at 200 rpm and 1 mL of the seed culture was
used to inoculate 200 mL of sterile, pre-warmed LB broth (37°C) supplemented
with appropriate antibiotics. Flasks were incubated at 37°C with shaking at 200
rpm until an ODggp of 0.5-0.7 was reached. Cell cultures were transferred to pre-
chilled Falcon tubes and centrifuged at 6000 x g for 10 minutes at 4°C, and
supernatants were discarded. Pellets were subsequently washed by gentle
resuspension in 20 mL of sterile, ice-cold dH,O and centrifuged under the same
conditions. This washing step was repeated three times while combining all
pellets into only one Falcon tube. Finally, the pellet was resuspended in 1 mL of
1 mM MOPS with 10% (v/v) glycerol. The cells were aliquoted into 50 uL

samples and stored at -80°C.
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2.3.5 Transformation of electro-competent E. coli cells

For each electroporation, an aliquot of frozen electro-competent E. coli
cells was thawed on ice for 10 minutes. Dialyzed (0.025 uM Merck Millipore
dialysis discs over dH,O for at least 20 minutes) or purified plasmid DNA (0.5-
1 ug) was added to the cells and mixed by pipetting. The DNA-cell mixture was
then transferred to a pre-chilled electroporation cuvette (Flowgen Biosciences,
0.2 cm) and pulsed with conditions set to 22.5 kV/cm, 200Q2 and 25 uF using
the Bio-Rad Gene Pulser. Cells were immediately resuspended in 400 uLL SOC
medium, transferred to a 1.5 mL microcentrifuge tube and incubated at 37°C
under agitation for 1 hour (or 30°C for 2 hours). After incubation, suitable

dilutions of cells were plated onto LB agar medium supplemented with the

appropriate antibiotic and incubated as required.

2.4 Culture and manipulation of Clostridium strains

24.1 Clostridium strains

A detailed list of all Clostridium strains used in this study is given in the

Appendix, Table S4.

24.2 Clostridium cell culture

All work involving Clostridium cultures was carried out in a MG1000
Mark II Anaerobic Work Station (Don Whitley Scientific Ltd) with an
atmosphere of 80% nitrogen, 10% hydrogen, and 10% carbon dioxide; a
humidity of 75% and a temperature of 37°C. All media and reagents were

reduced prior to use for a minimum of 4 hours in the anaerobic workstation.
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C. sporogenes and C. botulinum were cultured on TYG or defined
MACC media'?*, both in liquid and on solid agar plates. C. difficile was
cultivated on BHIS medium, both in liquid and on solid agar plates.

C. pasteurianum was cultivated on 2xYPG liquid broth and RCM-agar plates.

2.4.3 Storage of Clostridium strains

All Clostridium strains except C. pasteurianum were stored as glycerol
stocks made with their specific medium containing 10-20% (v/v) glycerol,
frozen at -80°C. C. pasteurianum was stored with medium containing 10% (v/v)
DMSO. Strains were recovered from the stocks by streaking of a loop of frozen
suspension onto the specific medium, supplemented with appropriate antibiotics

and incubated in the anaerobic cabinet overnight.

2.4.4 Methylation of plasmid DNA

Plasmids intended for transformation into C. pasteurianum were
methylated by transformation into E. coli pCR153. E. coli transformations were

carried out as previously described. DNA was purified from cells grown on

selective media.

24.5 Preparation of electrocompetent Clostridium cells

To produce C. pasteurianum electrocompetent cells, a seed culture was
first prepared by inoculating 10 mL of reduced 2xYPG with approximately 200
uL of a thawed DMSO frozen stock and two 10-fold dilutions were made. Broths
were incubated overnight. An overnight culture that had not reached the

stationary growth phase (generally the most diluted culture), was used to
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inoculate 200 mL anaerobic 2xYPG liquid broth to an initial ODggy of
approximately 0.05. Cells were grown to early exponential phase (ODggp of 0.3-
0.4), at which time 75 mL of a 2 M sucrose solution and 26.7 mL of a 18.8%
(w/v) glycine solution were added. Growth was resumed until the culture
attained an ODggy of between 0.6 and 0.7 (approximately 2-3 hours). At this
point, the culture was divided into six 50 mL centrifuge tubes and centrifuged at
6000 x g for 10 minutes at 4°C. Pellets were washed by resuspension in 15 mL
ice-cold anaerobic sodium phosphate buffer (SPM) and subjected to the same
centrifugation step. SPM was prepared by mixing 1 mL filter sterilized 500 mM
sodium phosphate solution pH 6.5, 1 mL filter-sterilised 100 mM magnesium
chloride solution and 13.5 mL 2 M sucrose solution. Pellets were resuspended
in 1.5 mL SPM and used immediately. If stored, electrocompetent cells were
aliquoted with the addition of 10% (v/v) DMSO into 2 mL screw-cap micro

tubes and frozen at -80°C.

24.6 Transformation of Plasmid DNA from E. coli host into
clostridia by conjugation

C. sporogenes, C. botulinum and C. difficile were generally transformed
via conjugation. For such conjugation, 5 mL of LB containing appropriate
antibiotic selection were inoculated with E. coli CA434 transformed cells and
incubated overnight. Similarly, TYG (if the recipient was C. sporogenes or
C. botulinum) or BHIS (if the recipient was C. difficile) was inoculated with the
clostridial recipient strains and incubated overnight. The following day, 1 mL of
the donor E. coli culture was centrifuged for 1 minute at 6000 x g and the pellet

was washed by gentle resuspension in phosphate buffer saline (PBS) and
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centrifuged again under the same conditions. The E. coli pellet was then
transferred to the anaerobic workstation and resuspended in 200 uL of
Clostridium culture. The mixture of donor and recipient was spotted onto a plain
TYG or BHIS plate and incubated at 37°C for at least 7 hours. Cells were
harvested from the mating plate and resuspended in 500 uLL PBS. Finally, cells
were plated on media supplemented with appropriate antibiotic for the selection
of the the transferred plasmid and D-cycloserine to counter select the E. coli
donors. After 24-48 hours of incubation, random cells that had grown on
selected medium were PCR screened to confirm the plasmid had been

transferred.

24.7 Transformation of Plasmid DNA into clostridia by
electroporation

For transfer of plasmids to C. pasteurianum, methylated plasmid DNA
(4-5 ng) was introduced to a pre-chilled, 4 mm wide, electroporation cuvette
(Flowgen Biosciences). C. pasteurianum electrocompetent cells (570 ulL) were
added to the cuvette and incubated for 2 minutes on ice. The cell-DNA mixture
was then electroporated using a BioRad GenePulser Xcell™ electroporator with
conditions 2.0kV, 25uF and ©Q. Immediately following pulse delivery, 1 mL
warm (37°C) 2xYPG medium was added to the cuvette and the suspension was
transferred to a tube containing 9 mL of the same medium. After a recovery
period of 3-4 hours, volumes of 100 uL of neat culture, and tof wo 10-fold
dilutions of this, were plated into RCM plates containing the appropriate

antibiotic.
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24.8 Plasmid curing

To cure the plasmid, the plasmid-harbouring mutants were cultivated
into appropriate non-selective liquid media for 24-48 hours. Then, appropriate
dilutions were plated onto agar to obtain discrete colonies. Colonies were
randomly picked and patch-plated onto agar plates in the presence and absence
of selection. Colonies susceptible to the antibiotic were PCR screened to confirm
the plasmid had been loss. The efficiency of plasmid curing was calculated by
dividing the total number of colonies tested by the number of selection-sensitive

colonies.

2.5 Molecular methods and techniques

2.5.1 Extraction and purification of genomic DNA

For general purposes, genomic DNA was extracted and purified from
Clostridium strains using the Sigma-Aldrich GenElute™ Bacterial Genomic
DNA Kit in accordance with the manufacturer’s instructions.

For whole genome sequencing, C. sporogenes genomic DNA extraction
was carried out according to the phenol:choloform:isoamyl alcohol (25:24:1)
method. To do so, 2 mL cultures of the target strain were removed from the
anaerobic cabinet after overnight incubation and centrifuged at 12,000 x g for 3
minutes. Pellets were resuspended in 180 uL lysis buffer (PBS supplemented
with 10 mg/mL lysozyme) followed by incubation at 37°C for 30 minutes,
undergoing periodic gentle agitation. Then, 25 uL proteinase K solution, 85 uL
dH»O and 110 uL 10% (w/v) SDS solution were added, mixed by inversion and

incubated at 65°C for 30 minutes. A volume of 400 uL of
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phenol:chloroform:isoamyl alcohol (25:24:1), saturated with 10 mM Tris, pH
8.0, 1 mM EDTA was added to the samples. After thoroughly mixing, the
mixture was transferred to phase-lock tubes and centrifuged for 3 minutes at
12,000 x g. After centrifugation, the upper layer was transferred to a fresh phase-
lock tube repeating the phenol:cloroform:isoamyl alcohol and centrifugation
process a further 2 times. The resultant top layer of supernatant was transferred
to a microcentrifuge tube containing 40 uL. of 3 M sodium acetate and 800 uL
of ice cold 100% ethanol. The samples were gently mixed by inversion and
incubated at -80°C for 30 minutes, followed by 15 minutes of centrifugation at
12000 x g. Pellets were washed by gently addition of 70% ethanol and
centrifuged for 3 minutes at 12000 x g, followed by removal of the remaining
supernatant. Finally, samples were left to air-dry at room temperature and DNA
was resuspended in 50 uL of diethylpyrocarbonate (DEPC) treated water and

quantified on the NanoDrop (Thermo Fisher Scientific).

2.5.2 Extraction and purification of plasmid DNA

Plasmid DNA was extracted from overnight E. coli TOP10 cultures
using the Monarch Plasmid Miniprep Kit (New England Biolabs) following the

manufacturer’s instructions.

2.5.3 DNA amplification

2.5.3.1 Oligonucleotide primers

A detailed list of all the primers used in this study is provided in the

Appendix, Table S6.
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2.5.3.2 Polymerase Chain Reaction

All sequences of interest were amplified using KOD Hot Start Master
Mix or Expand High Fidelity PCR System if high yield and fidelity were
required. All PCR reactions were performed according to the manufacturer’s
instructions in a thermocycler block (Applied Biosystems Gene Amp PCR

system 2400).

2.5.3.3 Colony PCR

For rapid screening, single colonies were picked from agar plates and
resuspended in 10 uL of sterile dH,O. Generally, 1 uL of this colony suspension
was added to the 2xDream Taq Green PCR cocktail, and PCR performed

according to the manufacturer’s instructions.

2.5.3.4 Splicing by overlap extension (SOE) PCR

All knockout cassettes, as well as some constructs requiring DNA
deletions/replacements were generated by SOE PCR. The procedure has been
previously outlined'* and is illustrated in Figure 2.1. The basic principle relies
on the design of oligonucleotides with overlapping sections, allowing the

deletion of specific sequences in the DNA.
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Primer A B Primer C p

l 1sr round PCR l

Primer A 2nd round PCR

Primer D

Recombinant product

Figure 2.1 Schematic representation of SOE PCR. Primers A and D are
normally designed to incorporate restriction sites for further cloning. Primers B
and C are designed with overlapping regions to each other at their 5" and 3’
terminals, respectively (> 10 nucleotides in length). Following the amplification
of the two DNA fragments in the 1 PCR round, these are combined in a 2™
PCR along with primers A and D. The region of homology anneals and the final
recombinant product is completed by PCR following the annealing of the
primers.

2.5.4 Agarose gel electrophoresis and DNA extraction

All PCR products and restriction fragments were separated by
performing electrophoresis in 1-1.5% w/v agarose dissolved in TAE buffer (40
mM Tris, | mM EDTA, 0.1% v/v glacial acetic acid) containing SYBR™ Safe
DNA gel stain. DNA samples were combined with 6X loading dye and run at 5-
10 volts per cm of distance between the two electrodes in TAE buffer. The
separated DNA was subsequently visualized under blue light and gel images
obtained using a Gel Doc™ XR+ system (Bio Rad).

If needed, DNA fragments were extracted from excised agarose gel
pieces using the Monarch Gel Extraction Kit, following the manufacturer’s

instructions.
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2.5.5 Restriction endonuclease digestion

Double stranded DNA was specifically cleaved, and when needed
de-phosphorylated/phosphorylated, with restriction enzymes and Antarctic
phosphatase/T4  polynucleotide kinase respectively, following the

manufacturer’s instructions.

2.5.6 DNA ligation

The assembly of DNA fragments and plasmid construction was carried
out using T4 DNA ligase. Linearized fragments were combined in a reaction
along with 1 uLL T4 DNA ligase and 1X ligase buffers, made up to a total reaction
volume of 10 uLL with DEPC treated water. Ligations were placed on thawing
ice overnight. Ligation mixtures were dialysed using 0.025 wm Millipore

dialysis discs over dH,O for 20 minutes prior to electroporation.

2.5.7 DNA sequencing

All PCR and cloned products were verified by nucleotide sequencing
performed by Eurofins (Germany), using supplied oligonucleotide primers.
Genome sequencing was provided by MicrobesNG, using their [llumina-

based, Standard Whole-Genome Service (http://www.microbesng.uk). Whole-

genome sequencing data were assembled and analysed using the CLC Genomics
Workbench version 10 (Qiagen). Resequencing analysis for the identification of
single nucleotide variants (SNVs) was carried out using the Basic Variant

Detection tool and the program's default parameters.
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258 RNA extraction

For the amplification of 5° UTRs, RNA was extracted from 2 mL
overnight C. sporogenes cultures, grown in TYG, using the High Pure RNA
Isolation Kit, following the manufacturer’s instructions.

For quantitative reverse transcription PCR analysis (RT-qPCR), prior to
RNA extraction, 2 mL of C. sporogenes cultures grown in TYG to early
stationary phase (ODgoo = 2.5) were mixed with 4 mL of RNA Protect Bacteria
reagent. Total RNA was extracted using the FastRNA Pro Blue kit, according to
the manufacturer’s instructions. Purified RNA was DNase-treated using the
RQ1 RNase-Free DNase kit. RNA integrity was determined using a 2100
Bioanalyzer (Agilent) and the concentration determined with a NanoDrop

(Thermo Fisher Scientific).

2.5.9 Amplification of 5°UTR

Poly-T-cDNA was obtained according to an approach termed 5'-Rapid
Amplification of cDNA Ends (5" RACE), using the 5" RACE kit 2" Generation
and the Expand High Fidelity PCR System as per manufacturer’s instructions.
The kit requires three specific primers (IC263-3, IC264-r and IC265-1), all of
them complementary to the mRNA transcript (catP). After amplification, the
transcriptional start site (TSS) was determined according to 5" UTR and the
putative -10 and -35 boxes on the basis of typical characteristics of bacterial

promoters.
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2510 RT-gPCR

cDNA synthesis was performed on 1 ug of RNA using the Omniscript
RT Kit, primed with random hexamer primers. qRT-PCR analyses were
performed with 5 uL of 1:10 diluted cDNA mixtures using the Power SYBR
Green Master Mix on a Light Cycler 480 II (Roche). cDNA synthesis reactions
lacking reverse transcriptase were performed as a control for genomic DNA
contamination. All calculations were automatically obtained using the
LightCycler® 480 software, version 1.5. The efficiency of the primers was
calculated before used. qRT-PCR was performed on cDNA isolated from three
biological replicates and in technical duplicates for each cDNA sample and
primer pair. Results were calculated according to the E-method** and

normalized to the /6Srrn and gyrA genes.

2.5.11 Deletions or integrations via Allelic Exchange

For genome editing via allelic exchange, knockout cassettes were
generated by SOE PCR and cloned into the pMTL-ICD vector. Plasmid
constructs were transferred into C. sporogenes ApyrE from the respective E. coli
donors by conjugative plasmid transfer and transconjugants were selected by
acquired resistance to thiamphenicol. Single crossover integrants at either
homologous region were identified by their increased growth rate, exhibiting
larger colony sizes after incubation for 24-48 hours. Colonies were streaked to
purity and screened via colony PCR to confirm the integration event. The
primers used for the screening were specific combinations of one primer
aligning to the chromosome and a second primer aligning to the deletion vector.

Following confirmation, selected integrants were streaked on TYG agar plates
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containing 4.5 mg/ml fluoroorotic acid. Colonies were selected, re-streaked for
purity onto TGY agar plates and confirmed via colony PCR. On this occasion,
both primers annealed to the chromosome, 100-200 bp upstream and
downstream of the site of deletion (or integration). Plasmid loss was confirmed
by replica plating onto TYG agar supplemented with thiamphenicol and by
colony PCR. In all cases, three biological replicas of the mutant strain were
obtained from three independent conjugations and the identity of the mutants

confirmed by Sanger sequencing.

2.5.12 Chromosomal integration and pyrE restoration via Allele-
Coupled Exchange (ACE)

The ACE method'® was used to integrate DNA into the genome of
C. sporogenes concomitant with pyrE restoration (and uracil prototrophy). The
integration vectors pMTL-JH29 and pMTL-JH29T, with the specific “cargos”,
were transferred into C. sporogenes ApyrE from the respective E. coli donors by
conjugative plasmid transfer and transconjugants were selected by acquired
resistance to thiamphenicol and D-cycloserine. After 24-48 hours of incubation
under anaerobic conditions, a loopful of transconjugant cells was grown
overnight in liquid TYG medium supplemented with thiamphenicol and D-
cycloserine. Overnight cultures were centrifuged at 6000 x g for 10 minutes at
room temperature, pellets resuspended in 500 uL. PBS and appropriate dilutions
plated onto defined MACC agar plates lacking uracil. Mutants in which pyrE
had been restored were selected by their acquired ability to grow on medium
lacking uracil. Colonies were re-streaked for purity onto TGY agar plates and

colony PCR screened. On this occasion, both primers annealed to the

39



chromosome, 100-200 bp upstream and downstream of the pyrE locus. Plasmid
loss was confirmed by replica plating onto TYG agar supplemented with
thiamphenicol and by colony PCR. In all cases, three biological replicas of the
mutant strain were obtained from three independent conjugations and the

identity of the mutants confirmed by Sanger sequencing.

2.5.13 Genome editing via CRISPR (RiboCas)

For genome editing purposes using CRISPR, the RiboCas vectors
(pRXCasN), with the specific sgRNA and/or editing templates, were transferred
into the clostridial host by conjugative plasmid transfer (C. sporogenes,
C. difficile and C. botulinum) or by electroporation (C. pasteurianum) and
transformants were selected by acquired resistance to thiamphenicol (and D-
cycloserine if transforming by conjugation). After 24-48 hours of incubation
under anaerobic conditions, colonies were picked and transferred to selective
plates in the presence of theophylline. Cells with the ability to grow on plates
containing the inducer theophylline were randomly picked and screened for
desired mutations using colony PCR and specific flanking primers. Plasmid loss
was confirmed by replica plating onto TYG agar supplemented with
thiamphenicol and by colony PCR. In all cases, three biological replicas of the
mutant strain were obtained from three independent conjugations and the

identity of the mutants confirmed by Sanger sequencing.

2.6 Cloning of plasmid constructs

For a full list of plasmid constructs and resulting strains, see Appendix,
Tables S4 and S5. Maps of the different constructs and primers used for

sequencing can be found in the Appendix, Figures S1 to S6.
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2.6.1 Construction of plasmids used in Chapter 3

pMTL-IC001
To create the promoter-less reporter plasmid pMTL-IC001, catP was

amplified with primers IC105-f and IC103-r from pMTL&3 151" and inserted

into pMTL82251 126 through the Notl and Xhol restriction sites.

pMTL-IC1201

Ppoar was amplified from pMTL-HZ1 with primers IC301-f and IC302-r,
to introduce the restriction sites Notl and Bsal, respectively. catP was amplified
from pMTL83151 with primers IC103-f and IC104-r, which introduce the
restriction sites Bsal and Xhol, respectively. Promoter and gene were ligated in
a scar-less manner using the restriction site Bsal and introduced into the reporter

plasmid pMTL82251 via the restriction sites Notl and Xhol.

pMTL-ICMO1, pMTL-ICMO2 and pMTL-ICMO102

pMTL-ICMOI1 and pMTL-ICMO2, where the sequences O1 or O2 are
deleted from the LAC system, respectively, were generated via inverse PCR
using pMTL-HZ1 as a template and the pairs of primers IC303-f/1c304-r and
IC305-f/IC306-r for Ol and O2, respectively. After amplification, the PCR
products were digested with the restriction enzyme Dpnl, which digests only at
specific methylated sites and serves to eliminate the template vector.
pMTL-ICMO102, with deletions of both O1 and O2, was generated in a similar
manner but using pMTL-ICMO1 as a template and the primers used to create

pMTL-ICMO2.
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pMTL-ICMB

Removal of bgaR from the plasmid harbouring the LAC system
(pPMTL-HZ1) was carried out by amplifying the intergenic region of the LAC
reporter system, up to the translational start site of the reporter catP, using
primers IC307-f and IC308-3, which introduced the restriction sites Notl and
Ndel, respectively. The amplified fragment was inserted into the Notl/Ndel

linearized pMTL-HZ]1 vector.

pMTL-ICT1 to pMTL-ICT11 and pMTL-ICM1 to pMTL-ICM11

Vectors pMTL-ICT1 to pMTL-ICT11 and pMTL-ICMI1 to pMTL-
ICM11 were generated by stepwise deleting or otherwise mutating blocks of five
nucleotides between positions -89 and -34, upstream of Ppg,, within the
intergenic region of the LAC reporter system. In all cases, the truncated/mutated
intergenic region was generated by ligating two DNA fragments via the
restriction enzyme Bsal. One of the two fragments, amplified from pMTL-HZ1
with primers IC309-f and IC310-r, which insert the Notl and Bsal restriction
sites, respectively, was common to all the ligations. This DNA fragment
included bgaR and its native terminator, as it is in pMTL-HZ1, and part of the
intergenic region between bgaR and catP. The second DNA fragment,
comprising the remaining part of the intergenic region, is specific for each
truncated/mutated variant, and this was amplified using the forward primers
IC311-f, IC312-1, IC313-f, IC314-f, IC315-f, IC316-1, IC317-1, IC318-f, IC319-
f, IC320-f, IC321-f, 1C322-f, IC323-f, 1C324-f, 1C325-f, IC326-f, IC327-1,
IC328-f, IC329-1, IC330-f, IC331-f or IC332-f for pMTL-ICT1, -T2, -T3, -T4,
-Ts, -Te, -T7,-T8, -T9, -T10,-T11, -M1, -M2, -M3, -M4, -M5, -M6, -M7, -M8,

-M9, -M10 or -M11, respectively, and the reverse primer IC308-r. The forward
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and reverse primers included the restriction sites Bsal and Ndel, respectively.
Both fragments were then ligated by the Bsal restriction site and introduced into

the pMTL-HZ1 backbone using the restriction sites Notl and Ndel.

2.6.2 Construction of plasmids used in Chapter 4

pMTL-IC101, pMTL-IC201 and vectors carrying theophylline responsive
riboswitches

In order to compare theophylline responsive riboswitches, the modular
vector pMTL82251 was used as a chassis for all the vectors. In all cases, the
promoters (P, Prac™, Pravs and Pris™®), the different riboswitches and the reporter
catP were assembled using the restriction endonuclease Bsal and introduced into
the application-specific module via Notl and Xhol restriction sites.
Oligonucleotides 1C103-f and IC104-r were used to amplify catP from
pMTLS83151. Riboswitches were amplified with the forward primer IC107-f and
the reverse IC108-r, IC109-r, IC110-1, IC111-r, IC112-1, IC113-r, IC114-r and
IC115-r for riboswitches -D, -E, -E*, -F, -G, -H, -I and —J, respectively. Py, was
amplified using genomic DNA from C. sporogenes NCIMB 10696 as a template
and the pairs of primers IC101-f/IC102-r and IC101-f/IC106-r when placed
upstream of catP (pMTL-IC101) or a riboswitch (pMTL-IC111-D to -J),
respectively. Psis was generated by SOE PCR using primer pairs IC101-
f/IC119-r and IC118-f/IC102-r and pMTL-IC101 as a template; Py was
inserted into the backbone similarly to Py, generating the vectors pMTL-1C201
and pMTL-211-E, -G and -H. Py* (for vectors pMTL-121-E, -G and -H) and
P/ * (for vectors pMTL-221-E, -G and -H) were amplified using the primers

IC101-f and IC116-r and pMTL-IC101 and pMTL-IC201 as templates,
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respectively; riboswitches were amplified using the forward primer IC117-f and

the same reverse primers listed above.

2.6.3 Construction of plasmids used in Chapter 5

pMTL-ICE1l, pMTL-ICG1, pMTL-ICH1

Vectors containing RiboLacs where riboswitches were placed
downstream of Pjg,r were constructed by fusing three DNA sequences via the
restriction enzyme Bsal. The first DNA fragment comprises the bgaR coding
sequence and its native terminator; this was amplified from pMTL-HZ]1 using
the primers pair IC307-f and IC333-r, which introduced the restriction sites Notl
and Bsal, respectively. The second DNA fragment contains the riboswitch,
which was amplified with the forward primer IC107-f and the reverse primers
IC334-r, IC335-r and 1C336-r, for riboswitch-E (pMTL-ICE1), -G (pMTL-
ICG1) and -H (pMTL-ICH1), respectively. This amplification was done by
aligning the two oligonucleotide primers in the absence of DNA template. The
forward primer includes a Bsal restriction site compatible with fragment one and
the reverse primer includes a Bsal restriction site compatible with fragment
three. The third DNA fragment comprises Pyg.r, the region between Ppg.r and
Pyoar, Prgar and the downstream catP coding sequence. This fragment was
amplified with primers IC337-f and IC308-r, which introduced the restriction
sites Bsal and Ndel, respectively, using pMTL-HZ1 as a template. The three
fragments were ligated via compatible Bsal restriction sites and introduced into

the linearized pMTL-HZ]1 through the restriction sites Notl and Ndel.
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pMTL-ICE1*, pMTL-ICG1*, pMTL-ICH1*

Vectors containing RiboLacs where Pyg.z* is placed upstream of the
riboswitch were generated in a similar fashion to those containing Pyg.z; that is,
by fusing three DNA sequences via the restriction endonuclease Bsal. The first
and second sequences were identical to the ones described in the previous
section for pMTL-ICE1, -G1 and -H1. The third fragment, which contains Ppg.z*
instead of Ppgqz, was amplified with primers IC338-f and IC308-r, using pMTL-
HZ1 as a template. The three fragments were then ligated via compatible Bsal
restriction sites and introduced into the linearized pMTL-HZ1 vector using the

restriction sites Notl and Ndel.

pMTL-JH29T

The vector pMTL-JH29T differs from the original pMTL-JH29 '* in
that the former includes a double terminator downstream of the 300 bp of the
pyrE gene, which are missing in a pyrE deficient strain, and serve to repair the
gene after chromosomal integration. The entire pyrE was amplified using
primers IC339-f and 1C340-r, which include the restriction sites Sbfl and Bsal,
respectively, using pMTL-JH29 as a template. The double terminator was
generated by annealing the oligonucleotides IC341-f and IC342-r, which include
the restriction sites Bsal and Notl, respectively. The two amplified fragments

were then introduced into the Sbfl/Notl linearized pMTL-JH29 vector.

pMTL-JH29T-L, pMTL-JH29T-R
Vectors intended to integrate the LAC system-catP and RiboLac-catP
reporter systems into the genome of C. sporogenes were generated via digesting

the sequences encoding such reporter systems from the reporter plasmids
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pMTL-HZ1 and pMTL-ICG1* with the restriction enzymes Notl and Xhol and
introducing them into the vector pMTL-JH29T, linearized by using the same

restriction sites.

pMTL-ICLG1* and pMTL-ICLH1*

Expression vectors harbouring the Lactoswitch were generated by fusing
three DNA sequences via the restriction enzyme Bsal. The first DNA fragment
comprises the bgaR coding sequence with its native terminator and the
intergenic region of the LAC system up to the Shine-Dalgarno (SD) sequence
of Ppgar (corresponding with Py, *, see Appendix, Fig. S7). This DNA sequence
was amplified from pMTL-HZ1 using the primer pair IC307-f and 1C343-r,
which introduced the restriction sites Notl and Bsal, respectively. The second
DNA fragment contains the riboswitch, which was amplified with the forward
primer IC117-f and the reverse primers IC112-r and IC113-r for riboswitch-G
(pPMTL-ICLG1*) and -H (pMTL-ICLH1%*), respectively. This amplification was
done by aligning the two oligonucleotide primers in the absence of DNA
template. The forward primer introduced a Bsal restriction site compatible with
fragment one and the reverse primer introduced a Bsal restriction site
compatible with fragment three. The third DNA fragment contains the reporter
catP, amplified with primers IC103-f and IC104-r, which introduced the
restriction sites Bsal and Xhol, respectively, using pMTL-83151 as a template.
The three fragments were ligated via compatible Bsal restriction sites and cloned

into the linearized pMTL-HZ1 vector using the restriction sites Notl and Xhol.
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2.6.4 Construction of plasmids used in Chapter 6

pMTL-ICD
The deletion vector, pMTL-ICD, was generated by replacing the pCD6
replicon by the pIM13 replicon through restriction digestion with Fsel and Ascl

of pMTL-CH14 and pMTL-85151, for backbone and replicon, respectively.

pMTL-ICD-spo0A

The spo0A knockout cluster was generated by SOE PCR, using genomic
DNA from C. sporogenes and the primer pairs 1C401-f/IC402-r and 1C403-
f/IC404-r, for left and right homologous regions (1 kbp each), respectively.
External primers IC401-f and IC404-r were used to amplify the joined cassette.
The knockout cassette was cloned into pMTL-ICD using restriction sites Ascl

and Nhel.

pMTL-JH29-spo0A

The vector used to integrate spo0A in the pyrE locus was generated by
amplifying spo0A with its native promoter and terminator from the genomic
DNA of C. sporogenes with primers IC405-f and 1C406-r, which inserted the
restriction sites Notl and Nhel, respectively. The digested fragment was then

ligated into the Notl/Nhel linearized pMTL-JH29 backbone.

pMTL-IC321-E, -G and -H

Vectors harbouring catP under the control of P,,,z* located upstream of
riboswitches -E, -G and -H were constructed in the same fashion as the
theophylline responsive expression plasmids created for Chapter 4. Briefly,
oligonucleotides IC103-f and IC104-r were used to amplify catP from

pMTLS83151. Riboswitches were amplified with the forward primer IC107-f and
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the reverse IC108-r, IC112-r and IC113-r for riboswitches -E, -G and -H,
respectively. P,.z* was amplified using genomic DNA from C. acetobutylicum
ATCC 824 as a template and the pair of primers IC407-f and 1C408-r. The
amplified DNA fragments, which included compatible Bsal restriction sites,

were ligated and inserted into the linearized Notl/Xhol pMTL82251 vector.

pMTL-ICSPO-series vectors

Expressing vectors containing spo(A4 under the control of a riboswitch
(pPMTL-ICSPO-Pis-E, -Pracs-G, -Prscs-H, -Privs*-E, -Pracs™-G, -Praes®*-H, -Pr-E,
-Pu-G, -Pu-H, -Pu*-E, -Pri*-G, -Pr*-H) were amplified in a similar fashion
to those expressing catP (Construction of plasmids from Chapter 4) but
containing spo0A as the target gene instead of catP. To do so, spo0A was
amplified from C. sporogenes using primers IC409-f and IC409-r, ligated to the
promoter and the riboswitch via compatible Bsal restriction sites and inserted
into the linearized Notl/Xhol pMTL82251 backbone. On the other hand,
expressing vectors containing spo0A under the control of the LAC system or the
RiboLac were generated by digesting pMTL-HZ1 and pMTL-ICG1* with the
restriction enzymes Ndel and Xhol, which excised catP from the construct.
spo0A was amplified using primers IC411-f and IC410-r and cloned into the

linearized backbones via the same restriction sites.

pMTL-JH29T-spo0A-series vectors
All vectors intended to integrate spo0A4 under the control of an inducible
system in the pyrE locus were generated by restriction cloning of the

corresponding pMTL-ICSPO-series vector using the restriction sites Notl and
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Xhol and subsequent ligation into the Notl/Xhol linearized pMTL-JH29T

backbone.

pMTL-JH29-spolIR

The vector used to integrate spollR in the pyrE locus was generated by
amplifying spollR with its native promoter from the genomic DNA of
C. sporogenes with primers IC412-f and IC413-r, which inserted the restriction
sites Notl and Nhel, respectively. The digested fragment was then ligated into

the Notl/Nhel linearized pMTL-JH29 backbone.

pMTL-ICD-Py,,1r*-G-spolIR

The vector used to integrate the sequence Py, ;z-G-spollR in the spollR
locus was constructed by cloning the knock-in cluster into pMTL-ICD. The
knock-in cluster was formed by two 1 kbp regions, homologous to the sequences
upstream and downstream of spolIR in the genome of C. sporogenes, and by the
integration “cargo”, Py,onr-G-spollIR. The left homologous region was amplified
with primers 1C420-f and 1C421-r, which introduced the restriction sites Nhel
and Aatll, respectively. The right homologous region was amplified with
primers 1C422-f and 1C423-r, which introduced the restriction sites Xhol and
Ascl, respectively. The integration cargo was generated by linear-ligating three
DNA fragments with compatible Bsal restriction sites. As such, the promoter
Pyonr was amplified with primers 1C414-f and IC415-r; riboswitch-G was
amplified with primers [C416-f and 1C417-r, and; spolIR was amplified with
primers IC418-f and IC419-r. The three DNA fragments (Py,01z-G-spolIR) were
ligated via compatible Bsal restriction sites and amplified with the external

primers IC414-f and IC419-r, introducing the restriction sites Aatll and Xhol.

49



The homologous regions and the integration cargo were then cloned into the

Nhel/Ascl-digested pMTL-ICD plasmid.

2.6.5 Construction of plasmids used in Chapter 7

RiboCas-series plasmids

The RiboCas plasmids pRECasl, pRECas2, pRGCasl and pRGCas2
were first generated to facilitate the construction of plasmids for targeting and
editing of specific genes. These plasmids include the nuclease module, this is,
the Cas9 coding sequence downstream of Py, fused to either riboswitch-E or —
G, and the promoters P,z (indicated by “1” in the plasmid name) or J23119
(indicated by “2” in the plasmid name), which are intended to drive the
expression of the sgRNA. Briefly, Cas9 coding sequence (amplified with
primers IC201-f and 1C202-r from pMTLCasm), riboswitches -E or -G
(amplified using the forward primer IC107-f and the reverse IC109-r and
IC1012-r, respectively) and Py, (amplified with primers IC203-f and IC106-r)
were assembled using Bsal restriction sites, with the outer flanking sites being
Notl and Xbal. P,z was amplified from C. acetobutylicum ATCC 824 using
the primers 1C205-f and 1C206-r, which include the restriction site Xbal and a
multiple cloning site Sall-Aatll-Ascl, respectively. J23119 was generated with
primers IC207-f and IC208-r, which include the restriction site Xbal and a
multiple cloning site Spel-Aatll-Ascl, respectively. For vector assembly, the
Cas9 module and either P,z or J23119 were ligated by the Xbal restriction site

and inserted into the pMTL83151 chassis via Notl and Ascl restriction sites.
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Targeting vectors

In targeting vectors, the sgRNA module was amplified by PCR using the
primer 1C209-r, which inserts the Aatll restriction site, and the forward primer,
specific for each target, flanked by either Sall or Spel. The editing template was
assembled by SOE PCR and inserted into the RiboCas backbone using the
restriction sites Aatll and Ascl. Ligation of both fragments, sgRNA and editing
template, was carried out in one step. Primers used for each target on every

organism are specified in the Appendix, table S6.

Control plasmids

pRECasC and pRGCasC, which only contain the nuclease module, were
generated by amplifying such module with primers 1C204-f and IC201-r, using
pRECasl as a template, and inserting it into the backbone using the Notl and

Ascl restriction sites.

Integration vector pRECas1-IIEin

In pRECasl-IIEin, the homology arms flank an antibiotic resistance
cassette (ARC), composed of the gene encoding the erythromycin resistance
marker (ermB) followed by a sequence of 2.2 kbp of DNA that includes the
lacZo. multiple cloning site (MCS) of pMTL2O128 and the gene encoding the
reporter enzyme B-glucuronidase (GusA) from E. coli. In this study, our only
intention was to demonstrate the successful integration of large fragments of
DNA; all DNA fragments (ermB, lacZa MCS and gusA) have been previously
used in C. sporogeneslog’lzg. The ermB gene and the lacZa MCS were amplified
from pMTL82251 using the primer pairs [C224-/IC225-r and 1C226-1/1C227-

1, respectively, and fused together by SOE PCR. The resulting product was fused
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by SOE PCR to the gene encoding GusA, amplified from E.coli TOP10 strain
with primers IC228-f and IC229-r. Left and right homology arms were amplified
from C. sporogenes with primer pairs 1C222-f/1C223-r and 1C230-f/IC231-r,
respectively, fused to the ARC via Sapl restriction sites and inserted into the

backbone through the restriction sites Aatll and Ascl.

2.7 Phenotypic analysis

2.7.1 Growth curve experiments

Growth experiments were performed in 20 mL universal tubes. Three
biological replicas of bacterial stocks were inoculated into appropriate media
supplemented with antibiotics and allowed to grow overnight. Cultures were
then used to set up fresh cultures; calculations were made to ensure that the
starting ODgoo was approximately 0.01 and time point measurements were taken

every 1-2 hours. Cultures were grown for 24 hours or early death phase.

2.7.2 Sampling and optical density measurement

For measurement of optical density at 600 nm at specific time points, the
CLARIOstar 96 well-plate reader (BMG Labtech, Germany) was used. During
growth experiments, samples entering exponential phase were diluted 1:4 with
appropriate medium to allow OD measurements to be read within the
spectrophotometric range. The appropriate medium was also used as a reference
blank.

For solvent analysis, ImL of sample was centrifuged at 10,000 x g at
4°C for 10 minutes. The supernatant was stored at -80°C for later

chromatographic analysis.

52



2.7.3 Sporulation assays

To quantify heat resistant spores, 5 mL volumes of TYG were inoculated
with a loopful of C. sporogenes frozen stocks and grown overnight in the
anaerobic workstation. Overnight cultures (50 uL) were inoculated into 5 mL of
liquid TYG broth and grown to logarithmic growth phase (ODgyo =~ 0.5-0.6).
Seven 10-fold serial dilutions were then made in TYG and allowed to grow
overnight. The most diluted culture that showed growth was then used to
inoculate 20 mL of TYG (supplemented with antibiotics if needed). This served
to synchronize the cultures and minimize the presence of spores in the starting
culture. Directly after inoculation, and every 24 hours for 5 days, total and heat-
resistant colony forming units per mL of culture (colony forming units
(CFU)/mL) were enumerated. To this end, at each time point serial 10-fold
dilutions were prepared in sterile PBS and 3 discrete 20 uL replicas were spotted
onto TYG plates and incubated for 24 hours. To determine spore counts, 300 uL.
of each culture was transferred to a microcentrifuge tube, centrifuged at 6000 x
g for 20 seconds and heat treated at 80°C for 20 minutes before spotting onto
plates. In the case of conditional sporulation assays, cultures were induced with
appropriate concentrations of inducer (lactose and/or theophylline) at early
exponential growth phase (ODggo = 0.5; 4 hours after inoculation) before further

incubation.

2.74  Transformation/conjugation efficiency assays

For conjugation efficiency assays, the donor strain, E. coli CA434 (in

triplicates), was grown overnight at 30°C in LB supplemented with kanamycin
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and chloramphenicol. For each replica, two 1 mL cultures were centrifuged at
6,000 x g for 1 minute and then washed once with PBS. After a second
centrifugation step, one of the two cultures was used to quantify the donor by
plating the appropriate serial dilutions onto LB plates. The second culture was
used for plasmid transfer into the clostridial host, as previously described. After
24-48 hr of incubation at 37°C, colonies were counted and conjugation
efficiency was calculated as total transconjugants per 1 mL of donor strain.
Transformation efficiency in C. pasteurianum was determined as the

average of three independent transformations with 4 pg of plasmid DNA.

2.7.5 Phase contrast microscopy

Bacterial samples were observed using a Nikon Eclipse Ci-E microscope

(Nikon Instruments Europe B.V., UK) using standard microscopy procedures.

2.8 Enzyme assays

2.8.1 Preparation of cell lysates of C. sporogenes

For each tested system, three independent 5 mL cultures of
C. sporogenes were grown for 12 hours (with selection if needed) before being
diluted to a starting ODggo of 0.01 in fresh medium. After selected times (and
induction if needed), 2 mL of cultures were taken to prepare cell pellets. Samples
were centrifuged for 10 minutes at 12,000 x g and 4°C, supernatants removed
and cell pellets stored at -20°C. Cells were lysed on the day of assay using the
Novagen® BugBuster Master Mix according to the manufacturer’s instructions

and soluble fractions were used in further experiments.
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2.8.2 Determination of protein concentration using the BCA
assay

Total protein concentration of cell lysates was evaluated by the BCA
method, using the Pierce BCA Protein Assay Kit, according to the
manufacturer’s instructions. The test was conducted in a 96-well plate and
absorbance measured on the CLARIOstar® microplate reader.

Bovine serum albumin (BSA) standards were prepared from 100 to 1400
ug protein per mL and used to generate a standard curve. For all test samples,
25 uL of diluted cell lysates (or BSA standards) were added to 200 uL of the
working reagent and mixed on a plate shaker for 30 sec. Then, the plate was
covered and incubated at 37°C for 30 minutes. After this time, the absorbance

at 562 nm was measured relative to BugBuster Master Mix as a blank.

2.8.3 Enzymatic assay of Chloramphenicol Acetyltransferase
(CAT)

CAT activity was determined according to the Sigma-Aldrich protocol,

130131 " The assay relies on the

based on Silverstein and Shaw publications
enzyme CAT, which catalyzes the acetylation of chloramphenicol in a reaction
that requires acetyl-CoA as a cofactor and, as a result, produces HS-CoA. The
rate of this reaction can be measured by addition of 5,5'dithio-bis (2-
nitrobenzoic acid) (DTNB), which reacts with the thiol group of HS-CoA to
produce the yellow compound TNB. The rate of the reaction is then calculated
by measuring the change in absorbance at 412 nm over time.

To perform the assay, reagents were mixed to produce a reagent master

mix to give final concentrations in a 200 uL reaction volume of 94 mM Tris (pH
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7.8), 0.083 mM DTNB, 0.17 mM acetyl coenzyme A and 0.005% (W/v)
chloramphenicol. A volume of 40 uL of 100 mM Tris, pH 7.9 and 10 uL of cell
lysates were added to individual wells of 96 well-plates, placed in the
CLARIOstar® plate reader (BMG Labtech) and allowed to equilibrate at 25°C.
The CLARIOstar® device master mix dispenser was used to inject 150 uL of
master mix per well and the reaction was allowed to run for 1 minute; during
this time, the absorbance change at 412 nm was recorded every second.

Analysis of the data and calculation of CAT Units per ml were performed
by defining the maximum linear rate using MARS data analysis software and
using the equation:

(AA41,/ minute test — AA4q,/ minute blank)(0.2)(df))

Units/ml CAT =
nits/m (0.0136)(0.01)

0.2 = Total volume (in ml) of assay

df = Dilution factor

0.0136 = Micromolar extinction coefficient for DTNB at 412 nm
0.01 = Volume (in ml) of cell lysate

In order to define the CAT activity in U/mg, quantification of the protein
concentration was carried out and the U/mg protein calculated according to the

following equation:

Units enzvme
ml Y

Units

protein = -
mg protein/ml enzyme

2.9 Analytics

2.9.1 High performance liquid chromatography (HPLC) and
HPLC/Mass spectrometry (MS) analysis
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To analyse if C. sporogenes consumes lactose or theophylline, 12 hour
TYG cultures were diluted to a staring ODgy of 0.01. At an ODgg of
approximately 0.5, cultures were induced with 2 mM theophylline or 10 mM
lactose. Sample volumes of 1 mL were taken immediately and then at 2, 4, 6, 8,
10 and 20 hours after supplementation of theophylline. Samples were
centrifuged for 10 minutes and 10000 x g.

For lactose determination, supernatants were diluted with an equal
volume of mobile phase containing 50 mM valeric acid as an internal standard.
The mobile phase was composed of 5 mM H,SO4. Samples and standards were
filtered using a 0.2 uM pore size filter before injection. The analysis of the
samples was performed with a Dionex UltiMate 3000 HPLC system (Thermo
Scientific), using a Rezex' " ROA-Organic Acid H 8%, 150 mm x 7.8 mm x 8
um column (Phenomenex), operated at 35°C and utilizing refractive index
detection and a diode array detector at 210 nm. Flow rate was 0.5 mL/minute
and the injection volume was 20 uL. All concentrations were determined by
calibration against known concentration standards.

For theophylline determination, supernatants were analysed with an
Alliance HT 2795 HPLC (Waters Corporation) coupled to a Micromass Quattro
LC Mass Spectrometer (Waters Wilmslow) equipped with an electrospray
source in positive mode. The MS parameters were as follows: capillary voltage
2000 V, sampling cone 30 V, source temperature 130°C, desolvation
temperature 350°C, cone gas flow 64 L/hour and desolvation gas flow 621
L/hour. Prior to ionization, chromatographic separation was achieved using a
Supelco Ascentis Express HPLC column, 100 mm x 3 mm, 2.7 uM (Sigma

Aldrich). The mobile phase consisted of (A) water with 0.1% (v/v) formic acid
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and (B) methanol with 0.1% (v/v) formic acid. In all HPLC runs the elution
gradient started at 95% A, 5% B increasing to 10% A, 90% B, followed by a
S5-minute re-equilibration period. A sample volume of 10 pL was injected for
each HPLC run. The column was operated at 40°C with a flow rate of 0.4
mL/minute. The HPLC run contained blanks and the sample-relevant standard
solution. Samples and standards were filtered using a 0.2 uM filter.

Concentrations were again determined by calibration against a set standard

curve.

2.10 List of bioinformatics tools

Table 2.9 List of bioinformatics tools used in this study

Bioinformatic tool Use/Description Source
Terminator sequences and . .
Institut de Génét
ARNold algorithm prediction of mMRNA Hsttut e Lenetque

secondary structures

et Microbiologie

Blastp algorithm Protein database searches NCBI
. Whole genome assembling .
CLCG Workbench
CROMIES TWOTKhene and detection of SN'Vs Qiagen
Design of all graphically
GraphPad Prism Software presented results and GraphPad Prism
statistical analysis
LightCycler® 480 soft , . o
' . yerer sottware Analysis of quantitative PCR ~ Roche
version 1.5
Megablast, discontiguous T
Search larities bet
megablast and blastn carchl SIMTATItes betweeh NCBI
. sequences
algorithms
MEME Version 4.11.2 Discover consensus motifs MEME
Genetic dist bet
Neighbor joining algorithm enetic distance .e ween MEGA
orthologous proteins
DNA visualization, cloning
Snap Gene Software simulations, primer design, SnapGene®

sequence annotations

2.11 Data and statistical analyses
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Numerical data was stored, calculated, analysed and presented graphically
using Graphpad Prism 7 (GraphPad Software inc, USA) and Microsoft Excel
2016 (Microsoft). Calculations included determination of standard deviations of
the mean and statistical significance values (P value) between data sets were

determined using paired or unpaired two-tailed Student’s t-zests.
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Chapter 3
| The LAC system from
C. perfringens strain 13

“The proof of the explicability of any single life phenomenon is furnished as
soon as it is successfully controlled unequivocally through physical or

chemical means or is repeated in all details with nonliving materials”

- Jacques Loeb, 1903
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3.1 Background

In the LAC system from C. perfringens strain 13, transcription from Py,
is stimulated by lactose' "% Divergently oriented, and located 363 bp from bgal,
is bgaR, the gene encoding the TF BgaR. BgaR is a protein composed of 279
amino acids that is classified as a member of the AraC/XylS family of
transcriptional regulators. Members of this family are widely distributed among
Gram-positive and Gram-negative bacteria, where they modulate the
transcription of genes involved in stress response, carbon metabolism or
virulence'**!%, They are typically 250-300 amino acids long and share with
AraC, the first transcriptional activator of this family to be described'*, a
conserved DNA-binding domain of approximately 100 residues located at the
C-terminus. The majority of the family members also have a non-conserved N-
terminal domain responsible for effector recognition and, if applicable,
dimerization'**. AraC/XylS family TFs associated with carbon metabolism,
such as AraC and XylS, often are active as dimersl33, whereas those involved in
stress response, such as MarA, Rob and SoxS, are active as monomers' >’

The DNA binding domain of AraC/XylS-like TFs is composed of two
helix turn helix (HTH) motifs connected by a central helix which insert into the
major grooves of two adjacent DNA turns' >, Binding sites within (or in close
proximity) to the regulated promoters have been identified for several members
of the family. MarA and related TFs, such as Rob and SoxS, bind asymmetric
DNA sequences of approximately 15 bp within the intergenic region located
between the transcriptional regulator and the regulated gene. These three
transcriptional activators can regulate the same set of promoters (>40), but to

different extents'®. For this reason, their binding sites share some homology,
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and it is the affinity between the transcriptional activator and the specific binding
site that determines the extent to which each activator regulates a specific
promoter. The consensus binding site for each of these regulators has been
identified as GCAC-Ng-AAA'"", GCAC-N,-CAA'* and GCAC-N;-TAAA'
for MarA, Rob and SoxS, respectively. Dimeric AraC/XylS regulators bind to
consecutive sites, each bound to one monomer through the HTH motif.
Characterized binding sites of this type are typically composed of combinations
of similar or otherwise perfect repeats. As examples, the AraC binding site was
identified as TAGC-N7-TCCATA and TAGC-N,-ACCTGA'", whereas XylS
binds to the two perfect half sites TGCA-Ng-GGNTA and TGCA-Ns-
GGNTA'".

The mechanisms involved in the regulatory process differ between
different members of the AraC/XylS type regulators. In all cases, transcriptional
modulation results from a structural change upon effector binding; however, this
modulation might occur by means of DNA bending, through DNA binding
affinity or via interactions with the RNA polymerase (RNAP)133. For example,
the E. coli XylS activator does not bind to its target site in the absence of xylose.
Upon ligand binding, a structural change occurs in the D-xylose-binding domain
that results in dimer rearrangement, which is transmitted to the DNA-binding
domain. XyIR then binds to two DNA sites per dimer and, according to recent
results, activates gene expression via a looping mechanism'**. This activation
looping is in contrast to the repressive mechanism of DNA looping by AraC,
which in the absence of arabinose, loops DNA and inhibits Pg,p transcription143.

Conversely, MarA binding activates gene expression through direct interactions

with RNAP'*.
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The aforementioned work done by Hartman and coworkers'* is, as yet,
the only published information regarding the mechanistic characterization of the
LAC system of C. perfringens strain 13. In that study, the system was also shown
to function in two strains of C. perfringens other than its native host — strains
SM101 and JGS4143. The demonstration of BgaR being the transcriptional
factor that stimulates Pjg.;-driven expression was established through the
construction of a bgaR-deficient variant, which resulted in decreased Ppgr
activity. However, 60% of the activity remained. Since all the experiments were
performed in rich medium containing high levels of glucose, it was also
demonstrated that the system is not subject to catabolite repression. Analysis of
its kinetics also revealed that induction takes place between five and ten minutes
after lactose is added, indicating that lactose, and not a derivative, is the inducer
that directly interacts with the BgaR transcriptional regulator. An 80-fold
increase in expression at maximum induction was reported through coupling the
promoter to the E.coli gusA reporter gene. In the absence of the inducer, variable
levels of gusA expression were obtained in the various strains.

The utility of the system has now been investigated in a number of
different clostridial species. One example is the generation of a system for the
isolation of allelic exchange mutants in C. acetobutylicum through the
conditional expression of the toxin encoding mazF gene”s. Other examples
include its exploitation in metabolic engineering studies in C. [jungdahlii 7 and
its use to control the expression of a gene coding for an endogenous CRISPR

array in Clostridium lyrobutyricuml%.
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3.2 Chapter overview

Although functional in several Clostridium species, the LAC system from
C. perfringens strain 13 exhibited considerable expression in the absence of
inducer in all published studies. However, due to its large dynamic range, it
seemed to be one of the most suitable inducible systems hitherto tested in
clostridial organisms. In this chapter, the successful implementation of the LAC
system is demonstrated in C. sporogenes NCIMB 10696. Due to the importance
of having inducible systems where gene expression can be tightly controlled, the
system was exhaustively characterized with the aim of further optimizing it to
reduce basal expression levels while not compromising its dynamic range.
Characterization of the system provided information on its functionality that had
not previously been reported. This included the identification of the
transcriptional start site and the putative -10 and -35 promoter elements of both,
the transcriptional regulator and the regulated gene, as well as the region to
which the transcriptional regulator binds. The work carried out in this chapter
established the basis for the development of a novel and synthetically regulated

inducible system for clostridia.
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3.3 Results and Discussion

3.3.1 Functionality of the LAC system in C. sporogenes

Initial studies focussed on determining the functionality of the
aforementioned LAC system in C. sporogenes NCIMB 10696. A DNA fragment
encompassing bgaR-Pyg,;, provided by Hengzheng Wang (SBRC), had
previously been synthesized by ATUM. This sequence includes the hgaR native
terminator and the flanking restriction sites Notl/Ndel, incorporated to facilitate
cloning. To preserve the original distance between the RBS and the translational
start site when inserting the restriction site Ndel, the three nucleotides prior to
the translational start site of Pyg.; had been excluded (Figure 3.1). The bgaR-

4'% between the

Ppar fragment was then introduced into the vector pMTL8225
restriction sites Notl/Ndel, which positioned the promoter cassette upstream of
the catP reporter gene, which encodes the reporter CAT (EC: 2.3.1.28), yielding
the construct pMTL-HZ1 (Figure 3.2). This reporter plasmid includes the
following elements: the pBP1 Gram-positive origin of replication, the Gram-
negative ColE1 origin of replication, the erythromycin resistance gene (ermB)
and the terminators of the C. difficile CD0164 gene, Tcpois4, and that of the C.
sporogenes ferredoxin gene, Ty,. The two terminators are placed downstream
of bgaR and catP, respectively, and serve to prevent background reporter
expression. The pBP1 Gram-positive origin of replication was chosen as it had
been previously demonstrated to be one of the most stable replicons in this strain
of C. sporogenesM. As a control, a promoter-less backbone, pMTL-IC001, was
assembled to detect background reporter gene expression. The designated

plasmid constructs were transferred into C. sporogenes from their respective E.

coli donors by conjugative plasmid transfer and cultures of the resultant
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transconjugant cells exposed to increasing concentrations of lactose, ranging
from 0.1 to 100 mM, when they had reached early exponential growth phase
(ODgoo = 0.5). CAT activity was determined in cell lysates derived from
stationary phase cultures grown in the presence and absence of the inducer

(Figure 3.3).

C. perfringens strain 13 chromosome

PbgaL (->
— | bgal %

’ —-GGGAGGGTAAAATG--- |

LAC reporter system

PbgaL
L1 bgamm reportergene | —
Notl PbguR

----GGGAGGGTCATATG--- |

Ndel

Figure 3.1 Schematic representation of the LAC system from C. perfiingens
strain 13. The system includes the transcriptional activator gene — bgaR — and
the divergently oriented bgal gene, which encodes a B-galactosidase involved in
lactose metabolism. As a reporter system, the transcriptional activator, bgaR, and
the corresponding inducible promoter, Py, are flanked by the restriction sites

NotI/Ndel for easy cloning into the modular pMTLS8000 series vector'"’.
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pMTL-HZ1

Pmel Fsel

Figure 3.2 Schematic representation of pMTL-HZ1. The reporter gene catP is

placed under the control of the LAC system. (-) is the Gram-negative origin of
replication. traJ encodes the Tral protein, needed for conjugal transfer. (+) is the

Gram-positive origin of replication.
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Figure 3.3 LAC system dose-dependent response. (a) Response of the LAC
system in C. sporogenes to different concentrations of lactose. Pre-cultures of
cells containing the plasmid pMTL-HZ1 were inoculated into fresh TYG medium
to a starting ODgoo = 0.05; each culture was split into five equal volumes, and
each volume was then supplemented with different concentrations of lactose (0,
0.1, 1, 10 and 100 mM). The promoter-less vector, pMTL-IC001, and WT were
used as negative controls. (b) The activation ratio at each concentration was
calculated by dividing the value of CAT activity measured in the presence of the
inducer by the value of that in the absence of the inducer. Error bars represent the
standard deviation of three independent biological replicates.
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As shown in Figure 3.3, increasing doses of lactose resulted in higher
levels of the reporter CAT, with the maximum level of expression at a
concentration of 10 mM. CAT activity of cells harbouring the control pMTL-
IC001 was similar to that from cultures lacking the reporter backbone (WT),
indicating no detectable transcriptional read-through. Additionally, basal
expression from pMTL-IC001 was lower than that of the cells harbouring the
LAC system in the absence of lactose. These data illustrate the detectable
background expression of the system, which affords a modest 15-fold dynamic
range — the absolute difference between the ON and OFF states — in C.

sporogenes.

3.3.2 Kinetics of the LAC system in C. sporogenes

Having established the functionality of the LAC system, further
experiments were undertaken to determine the kinetics of induction,
specifically, the time that is required for the system to respond to a change in
lactose levels as well as the time-course of induction. Accordingly, C.
sporogenes cells harbouring the plasmid pMTL-HZ1, were cultivated in TYG
medium in the presence and absence of 10 mM lactose and their optical density
(ODggo) monitored over time (Figure 3.4b). Lactose addition was made at 4
hours, when cells had reached the early exponential growth phase (ODggo~= 0.5);
samples were collected at 0, 2, 4, 6, 8, 10, 12 and 24 hours and the level of

activity in cell lysates determined (Figure 3.4a).
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Figure 3.4 Time course of induction of LAC system (a) CAT expression profiles
over time of cells harbouring pMTL-HZ1 in the presence or absence of 10 mM
lactose. At 4 hours, samples were split into two equal volumes and one of them
was induced with 10 mM lactose. Samples at 4 hours were collected immediately
after induction. (b) Growth of C. sporogenes monitored over time in the presence
and absence of 10 mM lactose. Cultures are the same as used in (a). Error bars
represent the standard deviation of three independent biological replicates.

Expression of catP above the level of the uninduced culture was
detectable immediately upon addition of lactose (at 4 hours), supporting the
notion that induction occurs within a few minutes of lactose being added.
Maximum CAT activity was observed at 8 hours. The levels of reporter began
to decrease after 10 hours and had been reduced by approximately 15% after 24
hours. Since no differences in growth rates were observable between the cells
grown in the presence and absence of lactose, the observed reduction in
expression was not a consequence of a decrease in growth rate caused by the
addition of inducer. It is known that the availability of the cell’s transcriptional
and translational machineries is growth-rate dependent, a factor that can affect
gene expressionM?’Mg. In particular, this dependency is more pronounced in the
case of positive regulation mediated by constitutively expressed activators, since
the expression of the activator itself — required to activate the expression of the

target gene — is already growth-rate dependantm. Basal CAT expression in the
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absence of the inducer slightly increased with time, which is indicative of the

leaky transcription from Ppe.z and/or Ppgqr.

3.3.3 Lactose stability in C. sporogenes cultures

The most effective inducers remain constant during the course of the
experiment. To establish whether this was the case for lactose in C. sporogenes,
cells were cultivated in TYG medium — the medium used to perform previous
experiments — supplemented with 10 mM lactose. The concentration of lactose
was monitored by HPLC (high performance liquid chromatography) analysis of
cell-free supernatant samples over time (Figure 3.5).

Results showed that whilst the concentration of lactose initially
decreased after induction, from two hours onwards it remained constant over the
course of the experiment, indicating that lactose seems to be not metabolized by
C. sporogenes in rich medium. The initial decrease in lactose concentration
could be associated with the transport of lactose into the cells, becoming
undetectable in the cells supernatants. Since the concentration of lactose
remained constant in the culture over time, it seems plausible that the decrease
in gene expression observed in the time course experiment (Figure 3.4a) was
merely growth-rate dependent. Although lactose remains stable in rich medium,
further experiments (growth in minimum/defined media) could show if lactose

is consumed in the absence of other carbon sources (i.e., without glucose).
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Figure 3.5 Lactose stability in cultures of C. sporogenes harbouring pMTL-
HZ1. Cells were grown in TYG medium supplemented with 10 mM lactose at
early exponential phase (ODgg = 0.5). Samples were collected prior to induction
and at 2, 4, 6, 8, 10, 12 and 20 hours after induction; cell-free supernatants were
analysed by HPLC analysis (see section 2.9.1). Error bars represent the standard
deviation of three independent biological replicates.

The LAC system was shown to be functional in C. sporogenes. However,
for applications where very tight control of gene expression is required (i.e., to
control sporulation), the system remains far from ideal. Of the inducible systems
available for Clostridium, only the TET system104 exhibits very low basal
expression while maintaining a high induction efficiency. Nevertheless, the
optimal working conditions of the TET system require high doses of the inducer
anhydrotetracycline, a tetracycline-analogue. The levels required, however,
have significant inhibitory effects on cell growthm. Thus, it seemed necessary
to obtain (or develop) a more tightly regulated inducible system for Clostridium
that does not rely on any antibiotic and is suitable for any potential application.

In this sense, there are two overall strategies that could have been

considered: the native strategy, based on the search of undiscovered/untested
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inducible systems, or the synthetic strategy, that relies on the engineering of
novel biological systems to achieve the desired functionality.

In nature, the ideal ON/OFF state for the expression of a particular gene
might not exist. For years, several studies demonstrated that within a cell
population, phenotypic diversity benefits survival in a fluctuating
environment' """, Recent studies on dynamics of gene expression suggest that
promoter leakage is a key aspect in this respect, as it provides a mechanism to

control diverse phenotypes and allows survival in diverse habitats'".

In
agreement with this, several studies support the notion that gene expression
noise — variation in protein content among identical cells experiencing the same
environment — provides a selective advantage under stress'** and that many
natural promoters, in particular those that are highly regulated by TFs, exhibit
high levels of noise >, For this reason, inducible systems found in nature might
inevitably be linked to expression noise and its associated leakage. Synthetic
systems, on the other hand, can be designed to have a reduced background
expression, combining both sophisticated regulation and low transcriptional
noise.

Hence, the strategy adopted in this study was to synthetically optimize
an inducible system to achieve the aforementioned characteristics. One of the
most obvious options to start with was the LAC system from C. perfringens
strain 13. However, modification of an inducible system requires, at the very
least, an understanding of its most important regulatory elements. For this

reason, and as this LAC system has been, as yet, poorly characterised, this

chapter will focus on its characterization.
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3.3.4  Further characterization of the LAC system

During transcription initiation, RNAP and one or more transcriptional
initiation factors bind to the promoter sequence via sequence-specific
interactions to form an RNAP-promoter open complex, initiating transcription
at the TSS'. Although the distance between the TSS and the promoter core
elements can vary, there is a general preference for TSS selection at a position

7 bp downstream of the promoter -10 element'™

. Although there are several
tools for predicting promoters available, the vast majority rely on sequence
databases from model organisms, such as E.coli, and are not yet very efficient
for non-model chassis like Clostridium. Thus, accurate TSS location makes
determination of promoters more accurate.

In order to determine the TSS of the promoters involved in the
functioning of the LAC system, the approach 3~ RACE'", was used. This
technique allows the synthesis of cDNA from a specific mRNA target. A polyA-
tail, termed adaptor, is then added to the 5 end of the cDNA, which allows
further amplification and determination of the sequence of the 5 UTR. Analysis
of the bgaR promoter required a new reporter vector containing P,z upstream
of the catP reporter, termed pMTL-IC1201. As with previous reporter
constructs, it is based on the pMTL82251 chassis'”. The general LAC reporter
vector, pMTL-HZ1, was used to determine the TSS of Pyg.;. Total RNA was
extracted from stationary cultures of C. sporogenes harbouring the designated
constructs and 5° RACE was performed using catP specific primers for the

cDNA reverse transcription and extension steps (see section 2.5.9) (Figure 3.6).

The extension step also required the utilisation of a primer that binds to the
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adaptor, named anchor primer. As a result, the amplification of the 5" UTR
sequence downstream of Pjg.; and Pygq.r, was successfully obtained (Figure 3.7).

Sequencing of the PCR products resulted in 5 UTR sequences with the
TSS located 66 and 109 nucleotides upstream of the translational start site
(ATG) of Ppgar and Pyg,z, respectively. It has to be noted that one limitation of
the 5" RACE procedure is the inaccurate determination of the TSS of mRNAs
ending with one or several thiamine residues, since during 5" RACE a poly-A
tail adaptor is added to the cDNA 3" end (complementary to the 5" UTR in the
mRNA). Therefore, discrimination between a thiamine residue belonging to
either the original 5" UTR sequence, or to the anchor primer that binds to the
poly-A adaptor, is impossible. Following the rule of the 7 bp upstream of the
TSS, and based on the consensus 17-bp spacer between the -10 and -35
regulatory elements™, the putative -10 and -35 boxes were manually annotated.
It is worth noting that, despite the determination of the putative -10 and -35
elements being possibly accurate, they can only be approximations, since the
analysis of the importance of every nucleotide residue nearby would be required

for an exact determination.
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Figure 3.6 Schematic illustration of the 5° RACE procedure. In this study, SP1

Synthesis of first strand
cDNA with primer SP1

Degradation of the mRNA tempate by the
RNAse H activity of the transcriptor reverse
transcriptase and cDNA purification

Addition of a poly(A)-tail (adaptor) to
cDNA

Amplification of the tailed cDNA by PCR
using the Oligo dT-anchor primer and a
nested SP2 primer

and SP2 refer to the catP specific primers 1 (IC263-r) and 2 (IC264-r),
respectively. SP1 and SP2 aligned 580 and 245 bp downstream of the
translational start site, respectively. PCR products were sequenced with a third
nested catP specific primer, SP3 (IC265-r), which aligns 190 nucleotides

downstream of the translational start site.
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Figurc 3.7 5" RACE experiments on Pjg,z and Pyg,;. (a) The agarose gel of PCR
amplifications of three independent DNA samples (from each promoter) that
were reverse-transcribed from mRNA template according to the 5° RACE
protocol (section 2.5.9). ¢cDNA transcription was performed with a primer
aligning 250 bp downstream of the translational start site. Extension PCR was
performed with a primer aligning to the adaptor at the 3" end of the cDNA
(complementary to the 5 UTR of the mRNA) and a primer aligning 190 bp
downstream of the translational start site, producing a product of at least 200 bp.
L is 2-log ladder. (b) Sequence of Pz and 5" RACE sequencing results. (c¢)
Sequence of Py, and 5° RACE sequencing results. In both cases, the sequence
is the reverse complementary DNA of the adaptor. The putative -10 and -35 boxes
were annotated manually in agreement with the determined TSS (+1). The
translational start site is in bold and italicised. The 5" UTR is underlined.
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As previously discussed, regulation of gene expression in response to
inducing ligands (i.e., lactose) is mainly mediated by TFs'®. These interact with
conserved cis-acting elements, or operator motifs, that are located in close
proximity to or within the promoter sequence of genes involved with the
metabolism of the inducer. Since bgaR encodes the TF that activates gene

expression in the LAC system102

, the operator sequence/s linked to this
regulation should be situated in close proximity to the annotated regulatory
elements of Pjg,;. One simple approach to identify regulatory elements within
the promoters of regulated genes is to compare sequences from divergent
speciesm. By multiple alignment, conserved elements can be distinguished
from sequences that have diverged more rapidly. Accordingly, an approach to
predict TF-specific motifs, previously reported by Francke and colleagueslSS,
but applied to a different family of TFs, was chosen. The main premise behind
this approach is that equivalent regulatory sites will be shared only if
orthologous sequences share genomic context. In this sense, synteny —
conserved gene order — was considered to strongly indicate functional
equivalencym. Thus, only TFs divergently oriented in relation to the regulated
gene were considered in this study. Since BgaR (accession number
WP _003480500), is classified as an AraC/XylS-famly of TFs, a total of 66 non-
redundant AraC/XylS-family TFs from taxonomically related Firmicute
genomes, sharing at least 20% of homology with BgaR, were aligned and
grouped through a Neighbor Joining algorithm using the program MEGA
version 6'% (Figure 3.8). The 300 bp upstream of the most phylogenetically

related sequences (red branch) were used to identify consensus motifs using the

program MEME'®". As a result, two consensus motifs of 20 bp in length, termed
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O1 and O2, were identified as hypothetical regulatory elements of the LAC
system (Figure 3.9). Figure 3.10 illustrates the LAC system from C. perfringens

strain 13 and the hypothetical operator sequences O1 and O2.
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Figure 3.8 Neighbour-Joining tree with 66 homologous AraC/XylS-family TFs
from species belonging to the division Firmicutes, specifying the genus and the
protein accession number. The tree was aligned based on the respective protein
sequences. Branch lengths correspond to the relative divergence in amino acid
sequences. BgaR, with accession number WP_003480500 is highlighted in red.
The 14 TFs most related to BgaR in phylogeny (red branch) were used for the
identification of consensus motifs.
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a AraC family TF Strand Identified consensus motif

WP_012775269 + TCTTATTGTA CAAAATCAAAAC CTTTATT TAATGGTCTT
WP_014638372 + TCTTATTGTA CAAAATCAAAAC CTTTATT TAATGGTCTT
WP_011302104 + TAAAAACAAC AAACATCAAACCOCTTTACT TAAAAAGGAT
WP_009909131 - ACTATAACTA TAACATCTAACCC-CTTTATA ATCAAATAGG

WP_003468880 AGCAGTTTAT CAACATAAAACCTTTTTATT TTAAAATAAA

WP_014613113

+

TATCAATTAA CCAAAACAACCCUTTATATT CCGTACATGA

AAAATGATTA CAAAATCCA AATTAT" TTAATAAATT "_.A (A:AIAA AACTEHI II

ACATTATAAA TCAAATCAAAACCATTAATT TTACTTTAAA

+

+

AAGCTTCAAG CAAAACCA CTTCATT GTCTTTATTA

+ ACTTTTTAAG TCAAACAAAACACTTTTATT ATCTATCTCG
+ TGCTTTCGAT ATAAATCAAACCCTTAAATA ATGTAATGCA
WP_002582913 + TATTCCATTT AAAACTCTAAACCAATCACT AAAAAATATT
WP_003480500 + AGCAGTTTAT CAACATAAAACCTTTTTATT TTAAAATAAA
b AraC family T Strand Identified consensus motif
WP_012775269 - AATCCTCCTA «CAAACATTATAACAT TTT TAAATACAAA
WP_014638372 - AATCCTCCTA *CAAACATTATAACAT TTT TAAATACAAA
WP_002582913 + TATATATTTT ©CAAACATTATAACATATTT GAGCACTATA
WP_009909131 - CCGCAAGCAA CCTAACATACCCACCAATTT TCTTCATGAT .
WP_003468880 + TAAGATTATA ACAAACATTATAACATATTT TAGAACTTTT & A I ATAA AIAIII
WP_014613113 + CTTTAAATAT *CAAACATTTTAACATATAC AGTGACGATT Tanldaenala g?g?,?, NN
WP_011302104 + TAATATGAAA TCAAACATTTT CCATATAT CATCACCATT
WP_003480500 + TAAGATTATA ACAAACATTATAACATATTT TAGAACTTTT

Figure 3.9 Motifs identified within 300 bp upstream of the genes encoding the
AraC/XylS-family TFs. (a) Motif O1, found in 13 out of the 14 sequences
selected. (b) Motif O2, found in 8 out of the 14 sequences selected. BgaR, with
accession number WP 003480500, is highlighted in red. All sequences
containing 02, also contained O1. In only 5 cases, highlighted in blue, was O1
present in the absence of O2.
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Figure 3.10 Schematic representation of the LAC system and the hypothetical
operator sequences O1 and O2. Distances calculated from the position of the 10™
base of the 20 bp hypothetical operator sequences. Red arrows indicated the
length of the 5" UTRs, experimentally determined in the previous section.

Following the identification of Ol and O2 as hypothetical operator

sequences, 3 new constructs were designed in which either O1 or O2 and both
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O1 and O2 had been deleted, generating vectors pMTL-ICMO1, pMTL-ICMO2
and pMTL-ICMO102, respectively. Additionally, a construct lacking bgaR,
termed pMTL-ICMB, was also created, which served to determine to what

extent activation of gene expression depended on the presence of BgaR.

500
. Hl Non-induced E3 10 mM lactose
o -
§ 400 l
2
2 300+
2
© 200+
©
=
g 100+
0- - *—*—H
N N N
N E 2R . >
S ees
S & 9
Q

Figure 3.11 LAC mutations O1, O2 and O1/02. Plasmid-based CAT assay of
C. sporogenes strains expressing catP under the control of the LAC system
(pPMTL-HZ1) and the former system lacking either the hypothetical operator
sequences O1 or O2 (pMTL-ICMOI1 and pMTL-ICMO?2, respectively) or both
operator sequences (pMTL-ICMO102). The vector pMTL-ICMB contains the
LAC system with a deletion of the entire bgaR gene. The promoter-less reporter
plasmid, pMTL-IC001, was used as negative control. Cells containing the
designated plasmids were cultivated in TYG medium lacking lactose as well as a
culture to which lactose (10 mM) was added when they had reached the early
exponential growth phase (ODggo = 0.5). CAT activity was determined on cell
lysates derived from stationary phase cultures. Error bars represent the standard
deviation of three biological replicates.

The CAT data shown in Figure 3.11 confirmed that O2, or part of it, is a
key regulatory sequence for the functionality of the LAC system. The deletion
of O2, alone or in combination with O1, led to a severe reduction of gene
expression and no differences were observable when lactose was present or

absent. The same expression profile was found when bgaR was deleted,

80



indicating that the system requires BgaR for the activation of gene expression.
In contrast, deletion of the hypothetical operator sequence O1 did not result in a
significant difference to gene expression when compared to the native system in
the presence of the inducer (unpaired two-tailed Student’s ¢-fest; p<0.0332).
Interestingly, this was not the case in the absence of lactose, evidenced by a
significant difference in background expression between the construct lacking
O1 and the native system. According to previous results, Ol is located 29 bp
upstream of the TSS (distance relative to the 10" base of the 20 bp of O1) and
overlaps the determined putative -10 regulatory element. It is possible that the
deletion of O1 affects the promoter region of bgaR, which by pure coincidence,
results in an increased expression of bgaR, and as a consequence, of the
background level of expression. Alternatively, it could be possible that Ol
includes an operator sequence that serves to negatively regulate the expression
of BgaR; as such, increased levels of BgaR would lead to an increased activation
of gene expression driven by Pyg,;. In all other cases, background expression
was slightly higher than that of the promoter-less reporter vector but lower if
compared to the native system. Since this also occurs in the absence of bgaR,
where background expression was reduced by 50%, it suggests that this basal
expression is the result of the leaky transcription from Ppg,;. In the same context,
promoter leakage of the native system is likely the result of the combinational
leakiness derived from both, Pjg.r and Py,

Having established that O2 might be involved in Py, activation, further
investigations of the importance of the DNA sequence around this motif were
pursued via mutational analysis. Several pMTL-HZ1-derived mutant plasmids

with truncated or mutated sequences located upstream of the TSS were therefore
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generated employing a previously reported mutagenesis strategygz; Ppgar activity
was quantified by determining levels of CAT activity in lysates of plasmid-
carrying C. sporogenes strains. A total of eleven truncated variants were
constructed, termed pMTL-ICT1 to -T11, by sequentially deleting five
nucleotides between positions -89 and -34 (where the -35 element resides)
(Figure 3.12a). Additionally, a total of eleven mutated variants were constructed,
named pMTL-ICMI1 to -M11, whereby blocks of five nucleotides were
substituted by their complementary base pairs, between positions -89 and -34

(Figure 3.12b).
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PMTL-ICT7 TTTAG/ AACTATTCTAAAAGATTAATTTACATATTAACATTTAATTAT
pPMTL-ICT8 AACTTTTTAACTATTCTAAAAGATTAATTTACATATTAACATTTAATTAT
PMTL-ICT9 TTTAACTATTCTAAAAGATTAATTTACATATTAACATTTAATTAT
PMTL-ICT10 CTATTCTAAAAGATTAATTTACATATTAACATTTAATTAT
pPMTLHCTT, ————— e CTAAAAGATTAATTTACATATTAACATTTAATTAT

PMTLHZ1 AAATTTATAAGATTATAAGAAACATTATAACATATTTTAGAACTTTTTAACTATTCTAAAAGATTAATTTACATATTAACATTTAATTAT
pMTLICM1  TTTAATATAAGATTATAAGAAACATTATAACATATTTTAGAACTTTTTAACTATT CTAAAAGATTAATTTACATATTAACATTTAATTAT
pMTL-ICM2  AAATTATATTGATTATAAGA AACATTATAACATATTTTAGAACTTTTTAACTATT CTAAAAGATTAATTTACATATTAACATTTAATTAT
pMTLICM3  AAATTTATAACTAATTAAGAAACATTATAACATATTTTAGAACTTTTTAACTATT CTAAAAGATTAATTTACATATTAACATTTAATTAT
b pMTL-ICM4  AAATTTATAAGATTAATTCTAACATTATAACATATTTTAGAACTTTTTAACTATT CTAAAAGATTAATTTACATATTAACATTTAATTAT
pMTLICMS  AAATTTATAAGATTATAAGAT TGTATATAACATATTTTAGAACTTTTTAACTATTCTAAAAGATTAATTTACATATTAACATTTAATTAT
pMTLICME  AAATTTATAAGATTATAAGAAACATATATTCATATTTTAGAACTTTTTAACTATT CTAAAAGATTAATTTACATATTAACATTTAATTAT
pMTL-ICM7  AAATTTATAAGATTATAAGAAACATTATAAGTATATTTAGAACTTTTTAACTATT CTAAAAGATTAATTTACATATTAACATTTAATTAT
pMTLICM8  AAATTTATAAGATTATAAGAAACATTATAACATATAAATCAACTTTTTAACTATT CTAAAAGATTAATTTACATATTAACATTTAATTAT
pMTLICM9  AAATTTATAAGATTATAAGAAACATTATAACATATTTTAGTTGAATTTAACTATT CTAAAAGATTAATTTACATATTAACATTTAATTAT
pMTLICM10 AAATTTATAAGATTATAAGAAACATTATAACATATTTTAGAACTTAAATTCTATT CTAAAAGATTAATTTACATATTAACATTTAATTAT
pMTLICM11 AAATTTATAAGATTATAAGAAACATTATAACATATTTTAGAACTTTTTAAGATAACTAAAAGATTAATTTACATATTAACATTTAATTAT
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Figure 3.12 LAC stepwise mutations and truncations. Analysis of the intergenic
region of the LAC system by CAT measurements of C. sporogenes strains
carrying pMTL-HZ1-derived mutant plasmids. The nucleotide sequences of the
WT (pMTL-HZ1) and the mutants are shown. (a) DNA sequence of the LAC
system variants with truncated intergenic region. (b) DNA sequence of the LAC
system variants with blocks of five nucleotide substitutions (highlighted in red).
(c) Sequence of pMTL-HZ1 intergenic region with the consensus motif O2
highlighted in red. (d) CAT results of variants with truncated 5" UTR (sequences
from (a)). (e) CAT results of variants with five nucleotide substitutions
(sequences from (b)). In both cases, the promoter-less reporter plasmid, pMTL-
IC001, was used as negative control. Cells containing the designated plasmids
were cultivated in TYG medium in the presence and absence of 10 mM lactose;
induction took place when cultures had reached early exponential growth phase
(ODggp = 0.5). CAT activity was determined on cell lysates derived from
stationary phase cultures. Error bars represent the standard deviation of three
biological replicates.

Truncations downstream of position -69 (pMTL-ICTS5), within the 5’

sequence of P, caused a strong decrease in promoter activity from position -69
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(pMTI-ICTS). In particular, deletions downstream of position -64 (pMTL-ICT6)
resulted in the same level of gene expression previously observed when deleting
the consensus motif O2 or the transcriptional factor bgaR, which corresponds to
the background expression of Pjg,;. Additionally, substitutions of 5 bp length
within the same region provided extra information. Mutations between positions
-89 and -74 did not have a significant effect on Pjg, activity, relative to the
native system. Substitutions between positions -74 and -69 slightly decreased
gene expression (pMTL-ICM4), whereas those occurring between positions -69
and -44 had a more severe effect on Pyg,; expression. In some cases, such as in
the substitutions between positions -69 to -64 and -59 to -54, corresponding to
vectors pMTL-ICMS and pMTL-ICM7, respectively, gene expression was
almost abolished. Interestingly, substitutions between the positions -44 and -39
did not have any effect on Py, expression (pMTL-ICM10), whereas the five
nucleotide substitution immediately after this (between positions -39 and -34,
pMTL-ICMI11) resulted in a level of gene expression comparable to the
background. This result supports the validity of the previously determined
position of the putative -35 element, which is partially deleted in pMTL-ICM11.

Accordingly, it is proposed that the regulatory elements that facilitate
expression from Py, are located within the 30 nucleotides located between
positions -74 and -54. However, expression is only severely reduced when less
than 70 bases from the original sequence are present. These elements, or some
of them, are located within the consensus motif O2, previously found by
multiple sequence alignment and motif search. Additionally, CAT data from this
study support that BgaR is the TF that activates Pz, expression and that BgaR

binding also occurs in the absence of lactose. Unfortunately, experiments
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required to further confirm these findings (i.e., Electrophoretic Mobility-Shift
Assays, EMSAM), have not yet been performed. Since AraC/XylS type
regulators involved in carbon metabolism act as dimers, it is expected that the
LAC system, whose regulator belongs to the same family, functions as a dimer.
An N-terminal AraC-like binding and dimerization domain could also be found
in the amino acid sequence of BgaR (BLAST search — data not shown). In fact,
the 5" region of Py, has two perfect and two similar repeats located within the
30 nucleotides involved in P, activation. This sequence is: AGAA-Ng-
TAACA-Nc-AGAA-Ns-TAACT, and it is located between positions -72 and -
37 (Figure 3.13). Accordingly, the first base of the first repeat at position -72
coincides with the position of the hypothetical operator sequence O2. The severe
decrease in gene expression observed when less than 70 bases from the original
sequence are present, coincides with the deletion of the first perfect repeat of
this hypothetical BgaR binding site. These results are also in accordance with
most of the substitutions made within the 5 sequence of Pjg,;. An exception is
the case of the five nucleotide substitution located between positions -44 and -
39, corresponding to the vector pMTL-ICM10, where Pjg,; expression was not
affected. Here, the three last residues of the five nucleotide substitution
(TTTAA) correspond with the first three nucleotides of the second imperfect
repeat of the hypothetical BgaR binding site (TAACT). One plausible
explanation is that since it is not a deletion, but rather the substitution of AAATT
for TTTAA, where the last three nucleotides (ATT) were substituted by TAA in
the hypothetical imperfect repeat, this still forms a functional BgaR binding site.
However, this possibility can only be speculative without further analysis.

Demonstration of the presence of one or more operator sequences could be
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achieved via DNase footprinting163, a common method for both identifying and
characterizing DNA-protein interactions as well as via EMSA. Such assays
could also be employed to test if O1 includes an operator sequence that serves
to regulate the expression of BgaR. Many TFs regulate their own transcription
rate'®. In fact, more than 50% of the TFs in E. coli are known to auto-regulate
via negative or positive regulation or in combination with other TFs'®.
Although further research of the LAC system from C. perfringens strain 13 is
taken into consideration, this work has provided a general outline of the
mechanisms behind its functionality, which was considered adequate for the

specific purpose of this study: to generate a synthetic system with both, reduced

background expression and large dynamic range.

" RNAP |
|

TATAAGATTATAAGAAACATTATAACATATTTTAGAACTTTTTAACT. MC]'AAAAGAWAATFTACATP(%AC ATTTAATTATG
-35 -10 +1

GGTAAAAACTATTTTGAAAAATGAT TTATATGGAATTATGTTTCTTAAATATACAATCATGTTTCATGAATACATAATTATTTTA

AATGTATTGGGAGGGTCATATG

Figure 3.13 Hypothetical BgaR binding sites proposed in this study and
hypothetical regulation of the LAC system. In the presence of lactose (red
circles), BgaR dimerizes and each monomer binds to a 15-bp half-site containing
similar (but not identical) motifs. Perfect repeats of the hypothetical BgaR
binding site AGAA-Ns-TAACA-Ng-AGAA-N5s-TAACT are highlighted in blue.
Imperfect repeats are highlighted in green. The 5"UTR sequence is underlined.
The translational start site is in bold and italicised. According to the position of
the putative -10 and -35 elements (in quite proximity to RNAP), activation of
Ppear could occur via direct interaction with the RNAP or by creating a
conformational change in the DNA that increases the affinity between the RNAP
and the DNA.
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3.4 Key outcomes

1.

Successful demonstration of the functionality of the C. perfringens LAC
system in C. sporogenes, characterization of its dose-dependency and
kinetics as well as the establishment of lactose as an effective, non-
metabolizable inducer in C. sporogenes.

Characterization of the intergenic region of the LAC system through:
determination of the TSS and putative -35 and -10 elements of both the
Pyoar and Py promoters; confinement of the regulatory sequences
involved in Pyg,; activation to thirty nucleotides between positions -74
and -54, relative to the TSS downstream of Py, ; establishment of BgaR
as the TF responsible of Py, stimulation, and; in silico identification of
a hypothetical BgaR binding site that fits the experimental results
obtained.

Mutational analysis of the LAC system revealed that promoter leakage
can be significantly reduced in the absence of BgaR, suggesting that the
tight control of bgaR expression could be a means of reducing the

background leaky expression of the system.
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Chapter 4
| Theophylline responsive
riboswitches in C. sporogenes

“In the beginning, there was simplicity ™
- Richard Dawkins, The Selfish Gene
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4.1 Background

4.1.1 Riboswitches: RNA aptamers to control gene expression

RNA molecules have long been known to be involved in an extensive
range of regulatory functions in bacteria and archaea'®. One of the most studied
classes of regulatory RNAs are small regulatory RNAs (sSRNA). sSRNAs are non-
coding trans-acting elements of between 50 and 500 nucleotides. Generally,
they regulate translation or stability of target mRNAs via exposing or

167 Another

sequestering cis-acting sites by modifying their secondary structure
extensively studied class of regulatory RNAs are riboswitches. Contrary to
sRNAs, riboswitches are cis-acting elements located in the 5 UTR region of
mRNAs, which regulate gene expression through small ligand-induced
conformational switching166. The increased understanding of these regulatory
RNAs has revealed the sophisticated nature of gene regulation, which, in turn,
inspired synthetic biologists and biotechnologists, who are now using RNA as a
tool to reprogram cellular functions.

The attractiveness of riboswitches for synthetic biology applications is
due to several reasons: (i) they consist solely of RNA. Therefore, they are easy
to implement, since only the transfer of a single genetic element, generally
smaller than 100 bp, is needed'®?; (i1) they are modular, so that different
expression platforms can be combined with different aptamers domains'®’; (111)
very importantly, they allow dose-dependent and temporal control over target
gene expressionwg, and; (iv) they have been already successfully used in a wide
range of microorganisms for several applications (recently reviewed inm).

Natural riboswitches control transcription, translation, ribozyme activity

and splicingmg. Generally, they consist of an aptamer domain, which binds a
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specific small ligand, and an expression platform, that undergoes a structural
change which serves to regulate gene expression. The most widespread
mechanisms of riboswitch regulation are transcription termination and
translation inhibition. The first type comprises regulators of transcriptional
elongation, which operate by impeding the continuation of the RNAP during
RNA synthesis”o. These elements can regulate the production of both coding
and noncoding RNAs and act on operons formed by multiple genes. The second
type comprises regulators of translational initiation, which act by means of
altering the access to parts of the mRNA that are relevant for translation (i.e., to
the RBS)”O. In contrast to regulators of transcriptional termination, these type
of regulators act on individual genes and cannot control the production of
mRNA.

Riboswitches were discovered by the combination of two
contemporaneous advances. Firstly, in vitro evolution of random short RNA
libraries showed that these small RNA molecules — the so-called aptamers —
were capable of selectively binding to a variety of small molecules, termed
ligandsm. Secondly, there was genetic evidence for regulatory sequences within
the 5" UTR sequence of mRNA that were responsible for feedback inhibition by
the metabolite product. This includes the particular cases of the now well-

17217 and flavin mononucleotide (FMN)

characterized pyrophosphate (TPP)
riboswitches' ™. It is not surprising, therefore, that since their discovery, several
naturally occurring riboswitches have been used for metabolite biosensor or
metabolic engineering applications. Examples of the former include the c-di-

GMP riboswitch reporter system, which enabled the screening of c-di-GMP-

metabolizing enzymes C. difficile in heterologous hosts'™ and the B12-
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responsive riboswitch, which allowed the study of membrane transporters
involved in maintaining vitamin B, homeostasis in E. coli'™. An example of
the latter application includes the improvement of lysine yield in the fermenting
bacterium Corynebacterium glutamicum176.

While naturally occurring riboswitches seemed to satisfy several
synthetic biology applications, it is not surprising that this type of regulation
rapidly expanded towards the development of synthetic aptamer-metabolite
combinations. In fact, synthetic riboswitches based on artificial aptamers are
valuable tools because they can bind non-native ligands, orthogonal to the host
organism’s metabolites, without affecting vital functions of the host™.
Additionally, aptamers against small molecules of interest can — in principle —
be selected via systematic evolution of ligands by exponential enrichment
(SELEX)m. During SELEX, a huge library of small RNA molecules are
subjected to affinity of a small RNA chromatography against the ligand/s of
choice. Bound aptamer-ligand combinations are selected, amplified and
subjected to further rounds of selection. As a result, RNA molecules with high
affinity and specificity properties for the ligand of choice — the so-called
aptamers — can be obtained. However, the small number of aptamers
successfully employed in riboswitch-mediated regulation thus far indicates that
high affinity and specificity are not the only features required for ligand-
dependent control of gene expression. Such is the case of the SELEX-derived
aptamer R23, which despite showing high affinity for its ligand, neomycin,
remains incapable of mediating ligand-dependent regulation when cloned

upstream of a reporter gene”g. The understanding of the functioning of aptamers

that have successfully demonstrated control of gene expression in vivo, such as
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the theophylline- and tetracycline-binding aptamers, on the other hand, indicate
that formation of a highly defined and robust ligand-bound aptamer structure,
may be a prerequisite for its riboswitch compatibility179’180. It is worth
mentioning that most of the synthetic riboswitches developed so far act at the
level of translation, possibly because the design of riboswitches that control
transcription elongation rely on a moving polymerase, requiring the
consideration of kinetic and structural factors that are yet poorly defined’”. On
the other hand, translational-based riboswitches are attractive because RBS-
based interactions are increasingly easier to design using predictive
thermodynamic models'®'. Of particular interest for synthetic riboswitches is the

theophylline-binding aptamer, which will be the focus of the next section.

4.1.2 The theophylline responsive riboswitch

The theophylline-binding aptamer, and in particular the so-named
TCT8-4 aptamer, isolated by Jenison and colleagues in 1994'%2 s the best
characterized SELEX-derived, and most frequently used, aptamer in synthetic
riboswitches. This aptamer has high affinity for the purine theophylline. Its
discriminatory capacity against structurally closely related purines is also high,
with a binding affinity 10000-fold greater than that for caffeine, which only
differs from theophylline in a methyl group located at nitrogen atom N-7. Its
successful application to create synthetic riboswitches is further favoured by the
stability, cell permeability and bio-orthogonality of theophylline, despite being
toxic at high concentrations”’®'%.

Making use of the TCT8-4 aptamer, Gallivan and coworkers developed

several screening methods to identify riboswitches with engineered expression
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platform586’184’185.

In all cases, thousands of riboswitches with random
nucleotide variations within the sequence located between the aptamer and the
RBS were screened via a reporter gene (Figure 4.1). As a result, riboswitches
capable of displaying low background expression levels in the absence of
theophylline, and robust increases in expression in its presence, were identified.
In particular, riboswitch 8.1 and its derivative 8.1* exhibited the highest
dynamic range and, as such, they were subjected to rational modifications and
implemented in diverse bacterial speciesm. In this last study, Gallivan and
colleagues generated a library of theophylline responsive variants, named A to
E, which established the basis for the implementation of this riboregulator in
other organisms. The universality of these synthetic riboswitches has now been
demonstrated in a number of both Gram-positive and Gram-negative bacteria,
including E. coli'", Mycobacterium smegmatislm, Streptococcus pyogeneslm,
B. subtilis'’"'%, Bdellovibrio bacteriovorus'®”, Streptomyces coelicolor'®® and
the cyanobacteria Symnechococcus elongates189 and Synechocystis sp.lgo.
However, the performance of these riboswitches, including their activities and
induction efficiencies, varies greatly according to the host organism, especially
as a consequence of the different strength of the promoters placed upstream. A

given riboswitch, therefore, needs to be characterized and well-suited to the

specific host.
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Figure 4.1 The theophylline responsive riboswitch. Diagram of the 5’ region and
the randomization strategy followed by Gallivan and coworkers. The aptamer is
shown in green, the randomized regions in blue, the ribosome binding site is pink
and the AUG start codon in peach. Theoretical library sizes are shown in the
circle. Adapted from *.

4.2 Chapter overview

The widespread acceptance of engineered riboswitches as artificial
genetic control elements over the past decade has established an elegant
alternative to protein-based inducible systems for synthetic biology and
biotechnological applications. Yet, synthetic riboswitches had not been utilised
in clostridia. In this chapter, it is shown that previously existing, as well as newly
designed theophylline-dependent riboswitches, function in C. sporogenes with
a response that is dependent on inducer concentration. In particular, the novel
riboswitch-G outperformed previously published riboswitches, exhibiting the
largest dynamic range and a very low basal expression. By replacing the
promoter and modifying the 5° UTR sequence located upstream of the
riboswitch, a library of inducible switches with a full set of dynamic ranges was
generated and characterized. This study consolidates the theophylline

responsive riboswitch as a novel device to regulate gene expression in clostridia.
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4.3 Results and Discussion
4.3.1 Theophylline responsive riboswitches for Clostridium

As previous work had shown that many diverse theophylline-dependent
riboswitches were functional in both Gram-positive and Gram-negative

01

bacteria'’!, it was decided to evaluate the performance of this inducible

translational regulatory system in C. sporogenes NCIMB 10696. Accordingly,
three riboswitch sequences, riboswitch-D, -E and -E*, which were expected to
exhibit higher translation efficiencies after induction, out of the six theophylline-
responsive riboswitches developed by Gallivan and coworkers®™'’! were
selected. In previous publications, riboswitch-E* was shown to be the best
theophylline-dependant riboregulator in Gram-positive bacteria, thanks to the
high dynamic range and very low basal expression of the regulated genelg7’190.
In the present study, 4 new riboswitches (named -F to -I) were constructed by
rationally modifying the space between the SD sequence and the translational
start site of the original riboswitch-E* (Table 4.1).

Table 4.1 Nucleotide sequences of the riboswitches used in this study. The aptamer
sequence is underlined. The translational start is bold and italicised. Modifications of

the parent riboswitch-E* are indicated in red. Rational modifications were based on
known strong RBS sequences in the genus Clostridium.

Riboswitch Sequence (5’ = 3’) Modification
D GGUGAUACCAGCAUCGUCUUGAUGCCCUUGGCAGCACCCUGCUAAGGUAAC
AACAAGAUG ) )
Riboswitches
E GGUGAUACCAGCAUCGUCUUGAUGCCCUUGGCAGCACCCUGCUAAGGAGGU developed by Gallivan
AACAACAAGAUG veloped by Lal iy
and coworkers
E* GGUGAUACCAGCAUCGUCUUGAUGCCCUUGGCAGCACCCUGCUAAGGAGGC
AACAACAUG
F GGUGAUACCAGCAUCGUCUUGAUGCCCUUGGCAGCACCCUGCUAAGGAGGU
AACAACAUG
G GGUGAUACCAGCAUCGUCUUGAUGCCCUUGGCAGCACCCUGCUAAGGAGGU
AACUUAAUG )
This study
H GGUGAUACCAGCAUCGUCUUGAUGCCCUUGGCAGCACCCUGCUAAGGAGGU
GUGUUAAUG
I GGUGAUACCAGCAUCGUCUUGAUGCCCUUGGCAGCACCCUGCUAAGGAGGU
CAACAAGAUG
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A reporter plasmid, pMTL-IC101, derived from the vector
pMTL82251109, was used as a chassis for all of the subsequently created
plasmids (Figure 4.2). This backbone contains the native promoter of the
C. sporogenes ferredoxin gene (Pgy, associated with the protein coding gene
Clspo _c0087) upstream of the reporter catP and serves as a reference to compare
CAT expression measurements. pMTL-IC101 also contains the same elements
as the reporter vectors used in Chapter 3, pMTL-HZ1 and pMTL-IC001,
including the pBP1 Gram-positive origin of replication, the Gram-negative
ColE1 origin of replication, the erythromycin resistance gene (ermB) and the
Tcpoiss and Ty, terminators, respectively derived from the C. difficile CD0164
and C. sporogenes ferredoxin genes, here flanking the promoter-gene sequence.
Due to this compatibility, the promoter-less backbone previously generated,
pMTL-IC001, was also used to detect background expression in the experiments

carried out in this chapter.

Pfdx
-35/-10 Linker Riboswitch-D to-J)
™ T
Noti Xhol
catP
Rep
Fsel

Figure 4.2 Schematic illustration of the riboswitch-reporter plasmid.
E.coli/Clostridium shuttle plasmid containing the catP reporter under the control
of P Riboswitches -D to -J were placed downstream of the TSS. (-) is the Gram-
negative ColE1 origin of replication that allows replication of the shuttle plasmid
in E. coli. traJ encodes the Tral protein, needed for conjugative plasmid transfer.
(+) is the Gram-positive replicon derived from the C. botulinum plasmid pBP1.
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As a default, the riboswitches, preceded by a linker sequence, were
genetically fused to the core region (-35 and -10) of the strong P, just
downstream of the TSS and excluding the native 5" UTR sequence, as previously
described'®®. The sequence comprising the promoter-riboswitch-reporter was
then cloned into the aforementioned reporter chassis.

In order to place the riboswitch sequences downstream of the TSS of Py,
the TSS of Py had to be determined. To this end, the 5" RACE procedure
described in Chapter 3 was used. Total RNA was extracted from stationary
cultures of C. sporogenes harbouring the reporter plasmid pMTL-IC101 and 5’
RACE was performed using the same catP specific primers described in Chapter
3. As aresult, the amplification of the 5" UTR sequence downstream of Py, was
successfully obtained and the TSS determined (Figure 4.3).

Plasmid constructs, designated pMTL-IC111-D to -J, were conjugated
into C. sporogenes and cultures of the resultant transconjugant cells exposed to
2 mM theophylline inducer when they had reached the early exponential phase
of growth (ODggo = 0.5). CAT activity was determined in cell lysates derived
from stationary phase cultures cultivated in the presence or absence of the
inducer (Figure 4.4). A detailed list of plasmids used in this study is provided in

the Appendix, Table S5 in the methods section.
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Figure 4.3 5" RACE experiments on Pg,. (a) The agarose gel of the PCR
amplification products of three independent DNA samples that were reverse-
transcribed from mRNA template according to the 5 RACE protocol (section
2.5.9). ¢cDNA transcription was performed with a primer aligning 250 bp
downstream of the translational start site. Extension PCR was performed with a
primer aligning to the adaptor at the 3’ end of the cDNA (corresponding with the
5" UTR of the mRNA) and a primer aligning 190 bp downstream of the
translational start site, producing a product of at least 0.2 kbp. L is 2-log ladder.
(b) Sequence of Py, and 5" RACE sequencing results. The putative -10 and -35
boxes were annotated manually in agreement with the determined TSS (+1). The
translational start site is in bold and italicised. The 5' UTR is underlined.
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Figure 4.4 Riboswitch library CAT results (a) CAT activity and its ligand-
dependant induction in each pMTL-111- reporter plasmid. Cells harbouring the
different plasmids were grown in TYG medium and induction with 2 mM
theophylline took place when they had reached the early exponential growth
phase (ODggo = 0.5). The reporter plasmids pMTL-IC101 (Py-catP), pMTL-
IC001 (promoterless catP) as well as the WT strain were used as controls. Error
bars represent standard deviations of three biological replicates. Asterisks
indicate statistically significant induction values for *p<0.0332, **p<0.0021,
***p<0.0002, ****p<0.0001 (paired two-tailed Student’s ¢-test). (b) Activation
ratio of riboswitches —D to —J. The activation ratio in each riboswitch-based
reporter plasmid was calculated by dividing the value of CAT activity measured
in the presence of the inducer by the value of that in the absence of inducer.

Aptamer

‘X Ribosome

SD

Linker catP

Linker SD catP

Figure 4.5 Schematic representation of a functional model of the theophylline
responsive riboswitch. In the absence of theophylline, the RBS is sequestered via
a stem-loop formed in the mRNA. After theophylline binding, the riboswitch
conformation changes, releasing the RBS and allowing the translation of the gene
of interest (catP).
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The synthetic theophylline responsive riboswitch is composed of an
aptamer and a synthetic SD (Figure 4.5). Theoretically, transcription of the
riboswitch under the control of Py, occurs in a constitutive manner during cell
growth. However, the synthetic SD sequence located downstream of the aptamer
is sequestered via pairing with the stem of the riboswitch, resulting in
translational block. The binding of theophylline releases the SD by altering the
downstream base pairing. As a consequence, gene translation occurs when the
ribosome binds to the SD**. As shown in Figure 4.4a, strains harbouring
riboswitches -E, -E*, -F, -G, -H and -I exhibited statistically significant
induction in C. sporogenes after addition of 2 mM theophylline to the culture.
In particular, riboswitch-G outperformed previous theophylline-dependant
riboswitches (i.e., riboswitches -E and -E*), demonstrating higher levels of CAT
activity, low basal expression and the strongest activation ratio (Figure 4.4b). In
all cases, the incorporation of any riboswitch in the 5" UTR led to a strong
reduction in CAT activity; this agrees with previously published studies,
indicating that secondary structures near the RBS play a major role in the
translation of the downstream mRNA®-187188 1y agreement with the assays
performed in Chapter 3, CAT activity of cells harbouring the control pMTL-
IC001 was similar to that from cultures lacking the reporter backbone (WT),
indicating no detectable transcriptional read-through and demonstrating the
suitability of the selected backbone as an insulated chassis for the construction

of switchable systems.
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4.3.2 Adjustability of the theophylline responsive riboswitches

Due to the importance of having inducible systems where gene
expression can be controlled within a large regulatory window, it was decided
to compare the expression pattern of genes regulated with the riboswitches -E, -
G and -H when placed downstream of the core region of a synthetically
weakened Py, named Py, creating vectors pMTL-IC211-E, -G and -H. The
promoter P4 was generated by replacing the core elements -10 and -35 of Py,
with the same regulatory elements of the constitutive promoter from the C.
acetobutylicum ATCC 824 ptb gene (P,s, associated with the protein coding
gene Ca_3076) (Figure 4.6a). To further examine the regulatory response of the
theophylline responsive riboregulators in clostridia, riboswitches -E, -G and -H
were additionally fused to the promoters P, and Py, retaining the bases
downstream of the TSS but excluding their native SD sequences, as previously
described'®®. These sequences, named Py * and Pgys™, maintain the full
upstream region, including the core region (-35 and -10), the TSS and the space
between the TSS and the native SD. Constructs, named pMTL-IC121-E, -G and
-H (for Pr*) and pMTL-IC221-E, -G and -H (for Py;s*), were designed to
express the reporter gene catP, conjugated into C. sporogenes and the growing
cultures of the transconjugants obtained exposed to 2 mM theophylline inducer

or grown without induction. Since the linker sequence located between Py, and
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the riboswitch slightly differs from that placed between P, * and the riboswitch,

Prax_Riboswitch X
5[
TACAGTTATATAAAAATTACTTTAAAAATTAATAAAAACATGGTAAAAT

+1
ATAAATCGGTACCAATACGACTCACTATAGGTTCCGGTGATACCAGCA

TCGTCTTGATGCCCTTGGCAGCACCCTGCTAAGGAGGXXXXXXXATG
3[

P/ *_Riboswitch X
5'
TACAGTTATATAAAAATTACTTTAAAAATTAATAAAAACATGGTAAAAT

+1
ATAAATCGTATAAAGTTGTGTAATTTTTCAATACGACTCACTATAGGTG

ATACCAGCATCGTCTTGATGCCCTTGGCAGCACCCTGCTAAGGAGGX

XXXXXXATG
3'

Figure 4.7 shows the exact nucleotide residues of both linker sequences.
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Pr-Riboswitch 10
TATAAAAATTACTTTAAAAATTAATAAAAACATGGTAAAA

+1
TATAAATC | Linker Riboswitch[ATG gene of interest )

Praa-Riboswitch 3¢ 10

TATAAAAAAAACTTAACTTCATGTTAAAAACTTGTTAAAA
+1

TATAAATC! Linker Riboswitch[ATG gene of interest >

Pss*-Riboswitch 35 10
TATAAAAATTACTTTAAAAATTAATAAAAACATGGTAAAA
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Figure 4.6 CAT results of theophylline responsive riboswitches with different

5" UTRs (a) The sequences of the constructed theophylline-responsive switches.
The putative -35 and -10 sequences are in bold. The TSS is indicated as +1. The
5" UTR sequences downstream of the TSS are underlined. Core elements replaced
to create the synthetic hybrid promoter Py, are in red. (b) Library of
theophylline-dependent riboswitches tested in C. sporogenes in the presence and
absence of 2 mM theophylline. Induction took placed at 4 hours, when cells had
reached the early exponential growth phase (ODggo~ 0.5) and CAT activity was
determined on cell lysates derived from stationary cultures. The reporter
plasmids pMTL-IC201 (Pgu-catP), pMTL-IC101 (Pjy-catP) and pMTL-IC001
(promoterless catP) were used as controls. Error bars represent standard
deviations of three biological replicates. Asterisks indicate statistically significant
induction values (paired two-tailed Student’s ¢-test).
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Prax_Riboswitch X
5[
TACAGTTATATAAAAATTACTTTAAAAATTAATAAAAACATGGTAAAAT

+1
ATAAATCGGTACCAATACGACTCACTATAGGTTCCGGTGATACCAGCA

TCGTCTTGATGCCCTTGGCAGCACCCTGCTAAGGAGGXXXXXXXATG

3[
Prax*_Riboswitch X
5'
TACAGTTATATAAAAATTACTTTAAAAATTAATAAAAACATGGTAAAAT

+1
ATAAATCGTATAAAGTTGTGTAATTTTTCAATACGACTCACTATAGGTG

ATACCAGCATCGTCTTGATGCCCTTGGCAGCACCCTGCTAAGGAGGX

XXXXXXATG
3I

Figure 4.7 Nucleotide sequences of the theophylline responsive riboswitch
located downstream of Py and Py *. The putative promoter -35 and -10
sequences are shaded in grey. The TSS is indicated with +1. The linker sequence
is underlined. The aptamer sequence and the RBS are highlighted in red and blue
respectively. Xs represent riboswitch-specific nucleotides. The translational start
site is in bold and italicized. The linker sequences from Py, and Pp* were
obtained from'"" and'®, respectively.

As shown in Figure 4.6b, the combination of different riboswitches with
various promoters and two different 5 UTRs allowed the expansion of the
regulatory range, providing a library of theophylline-inducible switches suitable
for applications where protein yield is crucial as well as for the expression of
detrimental or toxic proteins. The combination of any riboswitch with the weak
promoter Py, led to the lowest expression levels. This was also the case when
the native 5 UTR sequence was retained, establishing a direct correlation

between detected CAT activity and promoter strength (P> Prxs). However,
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basal expression appears to be compromised when high expression levels are
achieved, resulting in increased leakiness in those constructs that exhibited
higher expression levels (i.e., with Pz, *-G). Expression of catP was always
higher when the native sequence downstream of the TSS was maintained. Since
riboswitch-G showed the highest induction level of the analysed riboregulators,

it was subjected to further characterization.

4.3.3 Further characterization of the theophylline responsive
riboswitches

Although the primary aim of this study was to determine whether the
theophylline responsive riboswitch works in clostridia, it was also decided to
further characterize certain aspects of riboregulator function. It is well known
that the RNA structure plays an important role in controlling both mRNA
transcriptionlg1 and protein synthesism’lgg. It follows that the response of the
theophylline responsive riboswitch can be altered, or even abolished, by
modifying the 5 UTR'®". This also implies that the performance of a given
riboswitch will inevitably be dependent on the genetic context. Therefore, it was
decided to determine whether the differences in inducible CAT expression
observed when using different 5" UTRs were solely due to the abundance of
mRNA transcripts. To this end, mRNA transcribed under the control of
riboswitch G located downstream of either Py, or Py, (P along with the native
5" UTR sequence) was quantified via RT-qPCR (see section 2.5.10). This
technique allows the comparative quantification of specific mRNA transcripts
relative to the levels of other mRNA, termed “reference genes”m. In this study,

the genes 16Srrn (the reference gene most commonly used in bacterial
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studies'”?

) and gyr4 were used as references because they had demonstrated to
be the most stable candidate reference genes in a study that evaluated various
reference genes for RT-qPCR analysis in the closely related organism
C. botulinum ATCC 3502'"°. Relative expression analyses using either single or
both reference genes resulted in the same expression pattern (considering mean
errors), suggesting that the selected reference genes were appropriate for gJPCR
studies in C. sporogenes, since they seem to be stably expressed and their
expression not affected by the experimental conditions'*” (Figure 4.8). However,
since the invariant expression of these reference genes under the experimental
conditions of this study was not determined per se, both reference genes were
considered for data analysis, providing a more robust normalization of the gene

198 Results showed a 2.5-fold increase in the mRNA

expression levels
transcribed from P, * compared with the mRNA transcribed from Py, in
cultures induced with 2 mM theophylline when they had reached early
exponential growth phase (ODgoo = 0.5) (Figure 4.8b). It should be noted that
this increase in mRNA levels was accompanied by a 2.6-fold increase in CAT
activity (Figure 4.6b), which suggests a direct link between the relative
abundance of catP transcripts and catP expression. For ease of comparison,
these data are further summarized in Table 4.2. The levels of mRNA when P,
is placed upstream of the riboswitch without its native 5" UTR were similar in
the presence or absence of the inducer. Interestingly, there was a significant
difference in the amount of transcript between the on/off state in the case of
P.*, abundance being higher when the inducer was added. These differences

suggest that the sequence downstream of the TSS plays an important role in

mRNA abundance, possibly as a result of a complex interplay between the
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processes of transcription, translation and mRNA degradation. Plausible
explanations for these findings could be that the additional nucleotides
downstream of the TSS create an RNA conformation that is less susceptible to
degradation or that the amount of transcript is indirectly influenced by the
conformation of the mRNA (i.e., with or without theophylline) and its associated
translation efﬁciencylgz. No published information regarding riboswitch

function and mRNA levels could be found in the literature.
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Figure 4.8 RT-qPCR results. catP transcript abundance under the control of
either Py,-riboswitch-G or Py, *-riboswitch-G relative to (a) single reference
genes 16Srrn or gyrA; and (b) both reference genes 16Srrn and gyrA. Total RNA
was isolated from late exponential cultures grown in the presence and absence of
2 mM theophylline. Error bars represent standard deviations of three biological
replicates. Statistically significant differences are indicated with asterisks
(paired/unpaired two-tailed Student’s #-test).
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Table 4.2 Comparison of CAT activity results from cells carrying the different 5’ UTR
versions upstream of riboswitch G in the presence or absence of theophylline. The mean
values and standard deviations represent the CAT results from three biological
replicates 4 hours after induction. Py, */Ps ratio is calculated by dividing CAT activity
of cells harbouring Pz * by that of cells harbouring Py. The induction factor represents
CAT activity of induced cells to CAT activity of non-induced cells.

Uninduced Induced
CAT activity  Pgax*/Pax CAT activity Prax™/Pax Induction
(U/mg) ratio (U/mg) ratio factor
Pjax 7.733+1.35 109.927+13.03 14.21
2.159 2.623
Px*  16.69 +3.45 288.412+9.80 17.21

Finally, the riboswitches were analysed using the Riboswitch Calculator,
which applies a statistical thermodynamic model to predict riboswitch
function'®'. This model calculates the activation fold of the riboswitch by
considering both the free energy change from a folded mRNA in the absence of
the ligand and the ribosome and the ligand-bound mRNA in complex with the
ribosome. The model appeared to predict the main aspects of the observed
riboswitch performance, including the relative difference between Py * and Py,
and the low expression levels and tightness of Py -G (Figure 4.9). Altogether,
these data indicate that the studied riboswitch responds to theophylline
regardless of the genetic context and that the appropriate combination of a
riboswitch with a certain promoter and the characterized 5 UTRs would,

therefore, allow for the adjustment of a desired regulatory window.
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Riboswitch Calculator from the Salis Laboratory '*'. (b) Observed riboswitch
responses (same data as in Figure 4.6).

4.3.4 Functional characterization of the theophylline responsive
riboswitch in C. sporogenes NCIMB 10696

To assess the dose dependency of riboswitch regulation, strains
harbouring plasmids that carried the riboswitch-G downstream of Py, or Py *
were cultivated with increasing concentrations of theophylline, ranging from 0.1
to 10 mM (Figure 4.10a), and the optical density (ODgoo) of the cultures
monitored over time (Figure 4.10b). Increasing doses of theophylline would be
expected to result in higher levels of gene expression. Concentrations higher
than 5 mM, however, resulted in a reduction of growth, in agreement with
previously reported results in other Gram-positive and Gram-negative
bacteria'”’. The translational switches were also analysed for CAT expression
over time in the presence and absence of 2 mM theophylline. As shown in Figure
4.10c, CAT expression above the level of the uninduced culture was already
detectable 30 minutes after induction (4.5 hours of growth). The maximum level
of reporter gene expression was reached at 8 and 10 hours when using Py, and

P * respectively. Although both have a similar profile of induction, after 24
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hours, CAT expression was reduced by 75% in Py, whereas only by 40% in
P *. Given that in both cases the translated product is the same (CAT), these
results suggest that the reversal of induction is strongly dependent on the
abundance or stability of the mRNA.

As with lactose in Chapter 3, it was decided to establish whether
theophylline is metabolized by C. sporogenes. C. sporogenes cells were,
therefore, cultivated in TY G medium supplemented with 2 mM theophylline and
the concentration of theophylline was monitored by HPLC/MS analysis of cell-
free supernatant samples over time. Results showed that the concentration of
theophylline remained constant over the course of the experiment, with a slight
increase in the culture supernatant 20 hours after induction, possibly due to the

release of the inducer from the cells after lysis (Figure 4.10d).
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Figure 4.10 Dynamic and kinetic profiles of the theophylline responsive riboswitch
located downstream of Py, or Pg*. (a) Response to different concentrations of the
inducer theophylline. Cells containing the reporter plasmid with riboswitch G
downstream of either Py or Py, ™ were cultivated in TYG medium supplemented with
various concentrations of theophylline (0, 0.1, 0.5, 2, 5 and 10 mM) at early exponential
growth phase (4 hours of growth, ODgy =~ 0.5); CAT activity was measured in cell
lysates derived from stationary phase cultures. (b) Optical density (ODggo) of C.
sporogenes harbouring the same reporter plasmids in response to 0.1-10 mM of
theophylline supplemented at time zero. (¢) CAT expression profiles over time. Cells
harbouring the reporter plasmids were cultivated in TYG medium in the presence or
absence of 2 mM theophylline; CAT was measured on cell lysates from stationary phase
cultures. (d) Stability profile of theophylline in C. sporogenes cultures over time. In all
cases, error bars represent the standard deviations of three biological replicates.
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Altogether, these data demonstrate that the theophylline responsive
riboswitches function in C. sporogenes with a response that is dependent to
inducer concentration. In particular, the rationally designed riboswitch-G
outperformed previously published riboswitches'"', exhibiting very low basal
expression and the largest dynamic range. The regulatory window of the
theophylline responsive riboswitches could be adjusted by modifying the
5" UTR sequence located upstream of the riboswitch or by using promoters with
different strengths. However, the incorporation of any riboswitch in the 5" UTR
led to a strong reduction in reporter activity in all cases, with higher levels of
gene expression linked to increased leakiness in the absence of the inducer. This,
in fact, compromised the dynamic range of the riboregulators. In all cases, the
riboswitch was able to respond to the inducer theophylline, ensuring its
performance independent of the genetic context. Additionally, because
C. sporogenes does not degrade theophylline, this is confirmed, thus far, as an

appropriate inducer for further applications.
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4.4 Key outcomes

1.

First implementation of synthetic riboswitches in the genus Clostridium,
including the generation of a riboswitch (riboswitch-G) that outperforms
previously published riboswitches, showing very low basal expression
and a larger dynamic range.

Generation of a library of various promoter-riboswitch combinations that
exhibited several dynamic ranges, suitable for applications where a tight
control of gene expression is needed as well as for the expression of large
amount of protein products.

Further demonstration of the functioning of the theophylline responsive
riboswitch independent of the genetic context.

Characterization of the dynamics and kinetics of the theophylline

responsive riboswitch when placed downstream of different 5" UTRs.
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Chapterg
| A dual mechanism to tightly control
gene expression — RibolLac

“Progress in science depends on new techniques, new discoveries and new
ideas, probably in that order”
- Sydney Brenner
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5.1 Background

While there has been some progress in improving the dynamic range of
inducible systems by controlling a single gene expression process, only a
handful of studies have explored the idea of regulating multiple regulatory

processes to tightly control gene expressionw’%o’zoz.

Specifically, Liu and
colleagues described a method to convert regulators of translational initiation
into regulators of transcriptional elongation to achieve tight control of gene
expression by controlling both, transcription and translation’”. Morra ef al.,
combined the LAC promoter system from E. coli and the orthogonal
Pyrimido[4,5-d]pyrimidine-2,4-diamine (PPDA) riboswitch to achieve dual
transcriptional-translational control over both, T7 RNAP expression and the

recombinant gene of interest™

. With this system, termed RiboTite, more than
800-fold induction was achieved; however, maximum expression was reduced
by 40% in the presence of both inducers, IPTG (allolactose analogue) and
PPDA, if compared with the expression obtained when the reporter was
regulated by only the LAC system. Horbal and Luzhetsky also combined the
cumate inducible system with the theophylline responsive riboswitch to control

pamamycin production in Streptomyces albus™'

. However, reduction of leaky
expression in the OFF state was achieved by an increased control of the
expression of the target gene, which is regulated both at the level of transcription
and translation. As such, and similarly to the RiboTite, maximum expression
was reduced by 50% if compared to the same gene regulated by the cumate
system alone. Finally, Westbrook and Lucks used RNA-mediated transcriptional

regulators to regulate transcription and translation in E. coli*®. The dual control

improved expression from 10-fold to 923-fold due to both a higher ON level and
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a lower OFF level, demonstrating this to be one of the most tightly regulated
inducible systems thus far. In order to achieve such control, a transcriptional
antisense and a small transcription activating RNAs (STAR), which is designed
to contain an anti-terminator sequence complementary to the 5° half of the
terminator stem in the transcriptional antisense, are needed. Since the terminator
is placed in close proximity to the RBS, addition of a STAR prevents termination
and allows transcription and translation to proceed. The activity of the STAR is
therefore the key function of the system, which makes use of multiple plasmids
— one plasmid encoding the transcriptional antisense in combination (or not)
with a second plasmid encoding the STAR. A second alternative to regulate the
presence and absence of the STAR could be via an inducible system. However,
the functionality of the system would rely on the performance of the inducible
system and its associated leakiness, which can rarely result in the level of

regulation observed when using several plasmids.

5.2 Chapter overview

Having established the limitations of the existing transcriptional
inducible systems to tightly control gene expression in Clostridium, it was
decided to engineer a system with improved characteristics so that high levels
of gene expression do not compromise the dynamic range. By combining the
theophylline responsive riboswitch with the transcriptionally regulated LAC
system from C. perfringens strain 13, a dual translational-transcriptional ON
device that controls the expression of both, hgaR and the gene of interest, was
generated. In this system, termed RiboLac, optimal expression of the target gene

requires induction with both theophylline and lactose. Functionality of the
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system was also examined via the study of its kinetics and dynamics.
Additionally, to determine whether the degree of repression and dynamic range
would provide suitable levels of gene expression once integrated in the
chromosome, the system was further incorporated into the clostridial host
genome. The enhanced performance of the RiboLac, which regulates the
translation of bgaR, which, in turn, regulates the transcription of the target gene,
was further demonstrated by direct comparison with an engineered system

where the dual control is only exerted over the target gene.
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5.3 Results and Discussion

5.3.1 RibolLac, a dual mechanism with improved dynamic range

In Chapter 3, it was demonstrated that the LAC system requires BgaR to
activate gene expression. It was also shown that background expression was
reduced by 50% if the system lacks BgaR, providing a clue as to how leaky
expression could potentially be reduced in this inducible system. Additionally,
some of the riboswitches characterized in Chapter 4, in particular riboswitches
-E, -G and -H, demonstrated tight control of gene expression in the OFF state,
exhibiting diverse expression profiles upon activation. By combining these two
types of regulation, it was hypothesized that a system with translational control
over bgaR and transcriptional control over the target gene (catP) could be
generated, in which expression was subject to the addition of two inducers,
lactose and theophylline. Since the amount of BgaR required to activate gene
expression in the native inducible system was unknown, it was decided to
generate several systems that would lead to various levels of BgaR in both the
ON and OFF states. It was expected that one of the systems would allow an
adequate expression of BgaR in the presence and absence of the inducer,
successfully facilitating controlled activation of Ppe. Accordingly, three
riboswitch sequences, riboswitch-E, -G and -H, were genetically fused to the
core region (-35 and -10) of the bgaR promoter, Pygr, just downstream of the
TSS (determined in Chapter 3) and excluding the native 5'UTR, generating
vectors pMTL-ICE1, pMTL-ICG1 and pMTL-ICHI1. The rest of the system
remained as it was in the parent LAC reporter vector pMTL-HZ1. Additionally,
the same riboswitches were placed downstream of Pjg.z*, which retains the

nucleotides downstream of the TSS but excludes the native SD sequence, as

118



described in Chapter 4, generating the vectors pMTL-ICE1*, pMTL-ICG1* and
pMTL-ICHI1*. Constructs, which contained the reporter gene catP, were
conjugated into C. sporogenes and growing cultures of the transconjugants
obtained were exposed to either one of the inducers — theophylline or lactose —

to both inducers, or grown without induction.
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Figure 5.1 Response of the dual theophylline-LAC systems (RiboLacs) in
C. sporogenes to different concentrations of theophylline and lactose. (a) CAT
results of the dual systems when the riboswitches are placed downstream of Pjg.z
and nucleotide sequence of Pyg.z. (b) CAT results of the dual systems when the
riboswitches are placed downstream of Py,.* and nucleotide sequence of Pjg.r*.
In both cases, cells harbouring the different plasmids were cultivated in TYG
medium supplemented with either 2 mM theophylline (T) or 10 mM lactose (L),
with both 2 mM theophylline and 10 mM lactose (T&L) or in the absence of
inducers (NI). The vector bearing the LAC system, pMTL-HZI1, and the
promoter-less vector, pMTL-IC001, were used as positive and negative controls,
respectively. Induction took place at 4 hours, when cells had reached the early
exponential growth phase (ODgg = 0.5); CAT activity was determined on cell
lysates derived from stationary cultures. Error bars represent the standard
deviation of three biological replicates. Asterisks indicate statistically significant
induction values for *p<0.0332, **p<0.0021, ***p<0.0002, ****p<(.0001
(paired two-tailed Student’s #-test). RbX refers to any of the three riboswitches -
E, -G and -H.
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The CAT data shown in Figure 5.1 demonstrates that the dual
theophylline-lactose system, termed RiboLac, responds to both inducers and
generates a response that is dependent on BgaR expression. In RiboLacs
containing the riboswitch downstream of Ppep statistically significant
expression of catP above the level of the uninduced culture was achieved only
in the presence of both inducers, indicating that these dual systems act as
Boolean AND logic gates (Figure 5.1a). Specifically, the RiboLac harbouring
riboswitch-E (pMTL-ICE1) showed the highest dynamic range (approximately
13-fold), out of the three systems containing Pjg,r. In all three cases, expression
after induction was severely reduced if compared with the native system, which
despite exhibiting considerable background expression, still afforded a higher
dynamic range (approximately 15-fold). Conversely, significantly increased
expression of catP was observed in RiboLacs with riboswitches located
downstream of Pyg.z* when cultures were supplemented with only one of the
inducers (Figure 5.1b, asterisks not shown). However, expression after induction
with one inducer was lower than that of the LAC system in the presence of
lactose, indicating that the system is capable of the dual regulation of Pjg.z and
Pyear at the translational and transcriptional levels, respectively. Interestingly,
the system containing riboswitch-G downstream of Pp..z* exhibited very low
basal expression in relation to the native system, and maximum expression was
not compromised after induction with both inducers. As a consequence, the
dynamic range increased from approximately 15-fold in the native system to
approximately 41-fold in this specific RiboLac. As expected, theophylline did
not have any effect on the expression of the LAC system. Data from this study

indicate that expression of BgaR under the control of a riboswitch located
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downstream of Py, 1s lower than the expression of the same protein when the
riboswitch is placed downstream of P,g.z*, both in the presence and absence of
the inducer. Repression of the transcriptional activator in the OFF state is very
tight in systems containing Ppe.r; induction, however, did not result in the high
level of expression observed in the native system. By contrast, systems
containing Pp..r* achieve the same levels of expression as the native system in
the presence of inducers, subject to higher basal levels of gene expression. These
results also agree with the data obtained when characterizing the theophylline
responsive riboswitches in Chapter 4, where the same pattern of expression
between Py, and Py * (or Prny and Pr4*) was observed. Unexpectedly,
expression of catP under the control of Pye.z*-based RiboLacs in the presence
of only theophylline was higher than that of the native inducible system in the
absence of lactose (i.e., background expression level). This suggests that
expression of the transcriptional activator when located downstream of the
riboswitch could be higher than the expression obtained when regulated by its
native promoter. One plausible explanation could be that the introduction of the
riboswitch downstream of Pjg.z* renders a 5'UTR less susceptible to RNA
degradation, and hence, to a higher translation of BgaR (subjected to the addition
of theophylline). Since the dual system containing P *-G showed the highest
induction level out of the analysed systems, it was decided to characterize it
further. Henceforth, the term RiboLac will be used to refer to this particular

system in this and subsequent chapters.
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5.3.2 Functional characterization of the RibolLac

Having established the functionality of the RiboLac, further experiments
were undertaken to determine the dynamics of induction; specifically, the
activation of P,g,; when bgaR expression is induced with various concentrations
of theophylline. Accordingly, strains harbouring the plasmids pMTL-HZ1 and
pMTL-ICG1* were cultivated with increasing concentrations of theophylline,
ranging from 0 to 2 mM, in the presence and absence of 10 mM lactose (Figure
5.2). Increasing doses of theophylline would be expected to result in higher
levels of BgaR, and therefore, increased levels of CAT upon Py, activation.
This was the case when the system was induced with theophylline alone.
Although little change in induction was observed between 0.5 and 1 mM
theophylline, addition of 2 mM resulted in a higher Pz, activation. In no case
did induction with one inducer achieve maximum expression levels.
Interestingly, the response of the RiboLac seemed to be peak when induced with
0.5 mM theophylline in the presence of lactose, with levels of gene expression
similar to those obtained at maximum induction (2 mM theophylline and 10 mM
lactose). The expression of RiboLac-dependent catP in the presence of lactose
alone, which is lower than that of the LAC system under the same conditions,
seems to be the result of P, activation when the levels of BgaR are below the

saturation capacity of the system.
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Figure 5.2 Dose-response comparison. Response of the RiboLac and LAC
system to various concentrations of theophylline in the presence and absence of
10 mM Ilactose. Cells containing plasmids pMTL-HZ1 and pMTL-ICG1* were
cultivated in TYG medium supplemented with various concentrations of the
inducers theophylline and lactose when they had reached early exponential
growth phase (ODgpo = 0.5). CAT activity was determined on cell lysates from
stationary cultures. Data represent the mean of three biological replicates.

Additionally, the RiboLac was also analysed for CAT expression over
time in the absence of inducers and at the highest concentrations of inducers
tested. In the previous theophylline-dependency assay, maximum induction was
obtained with 0.5 mM theophylline and 10 mM lactose. However, in Chapter 4,
maximum induction of the theophylline responsive riboswitches, without
affecting cell growth, was obtained with 2 mM theophylline. As a matter of
consistency, 2 mM theophylline was used to obtain maximum levels of
expression in the RiboLac as well. Accordingly, CAT expression of cultures
grown in the presence and absence of 2 mM theophylline and 10 mM lactose, as
well as their optical density (ODeg), were monitored over time (Figure 5.3a and

Figure 5.3b).
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Figure 5.3 Time-course induction assays. CAT expression profiles and growth
monitored over time of C. sporogenes harbouring (a) the LAC system (pMTL-
HZ1) and (b) the RiboLac (pMTL-ICG1*) in the presence and absence of
inducers. In both cases, cells were cultivated in TYG medium lacking lactose as
well as cultures to which 2 mM theophylline and 10 mM lactose were added when
they had reached early exponential growth phase (at 4 hours of growth, ODgy =
0.5). Samples at 4 hours were collected immediately after induction (time 0 post-
induction). CAT activity was determined on cell lysates derived from stationary
phase cultures. Error bars represent the standard deviation of three biological
replicates.

In both systems, expression of catP above the level of the uninduced
culture was detectable immediately upon addition of the inducers (at 4 hours),
indicating that expression of BgaR under the control of the riboswitch occurs
within a few minutes of theophylline being added. No significant differences in
CAT expression were observed between the LAC system and the RiboLac in the
presence of inducers. However, whilst CAT expression in the absence of inducer
slightly increased with time in cultures harbouring the LAC system, from six

hours onwards, it decreased in cultures harbouring the RiboLac. Maximum
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expression under the control of the theophylline responsive riboswitch studied
in Chapter 4 was reached between 4 and 6 hours post induction (8-10 hours of
growth), with expression after 20 hours reduced by 75% and 40% in Py, and
Pq*, respectively. Accordingly, reversal of background expression in the
RiboLac over time might be associated with the abundance or stability of the
mRNA encoding BgaR, which is strongly reduced between 4 and 6 hours after
induction. No differences in growth rates were observed between the cells grown

in the presence and absence of the inducers.

5.3.3 The RiboLac in the chromosome

The engineering of plasmid-free stable strains requires that the biological
parts conferring the desired functionality are integrated into the host genome.
To determine whether the degree of repression and dynamic range would
provide suitable levels of gene expression under these conditions, the RiboLac
was integrated into the clostridial host chromosome. When this study initiated,
chromosomal integration into clostridial genomes was achieved via
recombination-based allelic exchange125’203’204. Specifically, integration of a
particular cargo into the same strain of C. sporogenes used in this study had
previously been accomplished in this group via ACE, relying on the
interconversion of the pyrE locus between a functional and mutant allele'”. In
ACE, the coupling of a plasmid-specified allele with a chromosomal allele
during allelic exchange results in the formation of a new allele that has a
selectable phenotype. The pyrE gene encodes the enzyme orotate
phosphoribosyltransferase which is involved in de novo synthesis of the

pyrimidine base, uracil®®. Cells carrying a mutant, chromosomally located pyrE
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allele, lacking the 3" end of the gene, can no longer make uracil, and are unable
to grow in defined media without the addition of exogenous uracil. ACE
plasmids carrying a pyrE allele comprising all but the first 8 codons of the gene
can be used to restore the mutant, chromosomal allele to WT through selection
for uracil prototrophy. Moreover, cargo DNA inserted into the ACE plasmid
immediately downstream of the pyrE allele becomes integrated into the
chromosome concomitant with restoration of prototrophym.

To integrate RiboLac in the pyrE locus, the vector pMTL-J H29'*, which
contains two unequally sized regions of homology to the C. sporogenes
chromosome, was modified to include a double terminator immediately
downstream of the pyrE gene, intended to insulate the integrated expression unit.
The double terminator, composed of the E. coli rrnB T1 terminator and the
phage T7 early transcription terminator, was synthesised based on the existing
sequence in the registry of standard biological parts (BBa_BOOlS)QOG. The
terminator rrnM T1 from E. coli had been demonstrated to be functional in

207 which, combined with the phage T7 early transcription

C. acetobutylicum
terminator, is the most frequently used double terminator from the registry of
standard biological parts. The integration vector containing the double
terminator was renamed pMTL-JH29T. In this vector, one of the homologous
regions, corresponding to the longer 1200 bp region immediately downstream
of pyrE, directs the first recombination event resulting in single crossover
integration of the plasmid. Subsequent plasmid excision via the second, smaller
region of homology, corresponding to a pyrE allele lacking its 5 end, results in

the integration of the double terminator concomitant with restoration of uracil

prototrophy. The vector includes the restriction sites Notl and Xhol between the
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double terminator and the longer homologous region so that a specific cargo can
be easily inserted in the vector for its consequent integration. Accordingly, two
vectors, pMTL-JH29T-L and pMTL-JH29T-R, were created by inserting the
LAC system-catP and the RiboLac-catP coding sequences, respectively. These
sequences were directly taken from the reporter vectors pMTL-HZ1 and pMTL-
ICG1*, respectively. As such, the LAC and RiboLac coding sequences also
include the native terminator downstream of bgaR. The designated plasmid
constructs were transferred into C. sporogenes (in triplicates) from their
respective E. coli donor strains. Integrants were isolated by plating cultures of
the resultant transconjugants onto defined medium lacking uracil (see section
2.5.12). Integration of both the LAC system and the RiboLac reporter systems
into the pyrE locus were confirmed via PCR, using external primers targeting
the C. sporogenes chromosome (Figure 5.4), and subsequent DNA sequencing
of the amplified DNA fragments. A second PCR product was obtained in all
cases, including the WT strain, indicative of non-specific amplification using

the selected pair of primers.
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Figure 5.4 Agarose gel electrophoresis of PCR products of the pyrE locus
following integration of the Lac-catP and RiboLac-catP sequences. PCRs were
conducted using chromosomal external primers IC001-f and 1IC002-r. Three
separate clones, derived from three independent conjugations, were examined. S
lane shows PCR of insertion site in C. sporogenes pyrE " strain using both external
primers. Plasmid loss was verified in the same samples by PCR, using screening
primers IC007-f and IC008-r, which align to the integration vector (see
Appendix, Fig. S5). P lane shows PCR of the pMTL-JH29T-L and pMTL-JH29T-
R plasmids. L is 2-log ladder.

In order to assess expression, cultures of the integrants obtained, named
C. sporogenes::LAC and C. sporogenes::RiboLac, were cultivated in TYG
medium and induced with only one of the inducers, theophylline (2 mM) or
lactose (10 mM), or with both inducers (2 mM theophylline and 10 mM lactose)
as well as in the absence of inducers. Strains harbouring the reporter plasmids
pMTL-HZ1 and pMTL-ICG1* were used as positive controls as well as to
determine the differences in expression encountered between the plasmid-based

systems and the same systems integrated into the clostridial chromosome.
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Figure 5.5 CAT assay of systems integrated into the chromosome. (a) CAT
assay of C. sporogenes::LAC and C. sporogenes::RiboLac integrants in the
presence or absence of the inducers theophylline and lactose. The WT strain was
used as negative control. (b) CAT assay of cells harbouring the vectors pMTL-
HZ1 and pMTL-ICG1*. In both cases, cells were cultivated in TYG medium
lacking theophylline and lactose, as well as in the presence of either one of the
inducers or in the presence of both inducers. Induction took place when cultures
had reached the early exponential growth phase (ODggo= 0.5). CAT activity was
determined on cell lysates derived from stationary phase cultures. Error bars
represent the standard deviation of three biological replicates.

Expression of catP driven by the integrated RiboLac was only detectable
in the presence of both inducers, indicating that the dual mechanism is functional
also in the chromosome of C. sporogenes (Figure 5.5). Expression in the absence
of inducers as well as in the presence of only one inducer were comparable to
that of the WT strain. The level of CAT observed when C. sporogenes::RiboLac
was induced with both, theophylline and lactose, was similar to that of
C. sporogenes::LAC in the presence of lactose. As expected, maximum
expression was markedly reduced if compared with cells harbouring the
plasmids pMTL-HZ1 and pMTL-ICG1*, being reduced by approximately 10-
fold when the systems were integrated into the single copy clostridial
chromosome. No differences in background catP expression were shown
between C. sporogenes::LAC and C. sporogenes::RiboLac. Considering that
differences were observable when the systems were tested in a plasmid (Figure

5.2 and Figure 5.3), it might be possible that the CAT assay used in this study is
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not sensitive enough to detect the low levels of expression obtained from the
single copy chromosomal integration. It is expected, however, that the integrated
RiboLac is likely to be providing tighter control of gene expression than the

integrated native LAC system.

5.3.4 The Lactoswitch, dual control over the target gene

As mentioned in the introduction of this chapter, previously reported
dual systems were created to regulate the expression of the target gene, both at
the transcriptional and translational level2*-201, Although the dynamic range
was considerably improved, maximum expression was greatly reduced when the
riboswitch was placed upstream of the target gene. To further demonstrate the
outperformance of the RiboLac, where the transcriptional activator is regulated
at the translational level, it was decided to create a system where the expression
of the reporter gene, and not that of bgaR, was regulated at the translational
level. To facilitate comparisons, the system was termed Lactoswitch.
Accordingly, two theophylline responsive riboswitches, -G and -H, were placed
downstream of P, *, generating the vectors pMTL-ICLG1* and pMTL-
ICLH1*, respectively. According to previous results, riboswitches located
downstream of a promoter that retains the 5° UTR sequence (i.e., Py, ™) exhibit
higher levels of expression than those obtained when the same riboswitch is
placed immediately downstream of the TSS (i.e., Pw). Since the aim of
generating a dual system with improved regulation is to reduce background
expression while maintaining a large dynamic range, it was considered that

Ppoar™, and not Ppe.r, would be better suited to the purpose.
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Figure 5.6 Lactoswitch evaluation. Plasmid-based CAT assay of C. sporogenes
strains expressing catP under the control of the Lactoswitch (pMTL-ICLG1* if
contains riboswitch-G and pMTL-ICLH1* if contains riboswitch-H). Strains
harbouring the RiboLac (pMTL-ICG1%*) and the native LAC system (pMTL-
HZ1) were also included in the assay. Cells containing the designated plasmids
were cultivated in TYG medium lacking inducers as well as cultures to which
only one inducer (2 mM theophylline or 10 mM lactose) or both inducers (2 mM
theophylline and 2 mM lactose) have been added. Error bars represent the
standard deviation of three biological replicates.

The CAT data shown in Figure 5.6. illustrates the enhanced performance
of the RiboLac over a system where the target gene is dually regulated — the
Lactoswitch. In the Lactoswitch containing riboswitch-G, background
expression was not reduced in the absence of inducers and expression after
induction did not reach the levels of the native LAC system. The Lactoswitch
containing riboswitch-H, on the other hand, exhibited reduced background
expression in the absence of inducers, with expression higher than the
background of the LAC system only in those cases where theophylline had been
added. This indicates that riboswitch-H tightly represses Py, in the absence of
inducers, with expression being maximally compromised after induction with
both theophylline and lactose. Owing to the maximum levels of expression being
lower than those obtained with the native LAC system or with the RiboLac, the

Lactoswitch (referring to the one containing riboswitch-H) afforded a modest
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13-fold induction, which was slightly lower than the 14-fold dynamic range
observed here in the LAC system. Expression changes for both remained far
from the 40-fold activation obtained with the RiboLac.

Altogether, these data indicate that the dual system is functional in
C. sporogenes, both on a plasmid and after being integrated into the host
chromosome. Maximum expression levels were comparable to those obtained
with the native LAC system after induction, with an improvement of the
dynamic range from approximately 15-fold to approximately 40-fold. It is worth
noting that the levels of induction achieved are still far below from those
reported in other inducible systems. However, comparisons cannot be easily
made, since in other studies the predominant reporter systems employed are
based on fluorescent proteins, which cannot be used in anaerobic organisms such
as Clostridium. The differences in induction levels might be due to the
sensitivity of the assay rather than to the response of the systems themselves. A
reporter with higher sensitivity than CAT which may overcome this problem has
been increasingly used in clostridial organisms; this is the GUS reporter system,
which utilizes B-glucuronidase (E. coli gusA) determining activity via a
fluorometric assay in cell lysateslog’m. This reporter system benefits from the
commercially available range of fluorimetric and spectrophotometric substrates
and kits, which represents an improvement over the CAT assay84.
Characterization of the systems developed in this study with a different and more
sensitive reporter gene would support the data obtained, facilitating comparisons

with other systems reported in the literature.
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5.4 Key outcomes

1. Successful demonstration of the functionality of a dual system that regulates
translation of a transcriptional activator, which regulates the transcription of
a target gene.

2. Generation of a library of dual systems where expression of the
transcriptional activator is regulated by various riboswitches placed
downstream of different 5 UTRs. The best system, termed RiboLac,
improved the dynamic range from 15-fold to 40-fold, relative to the native
LAC system.

3. Characterization of the dynamics and kinetics of the dual system RiboLac.

4. Demonstration of the functionality of the RiboLac integrated into the
clostridial chromosome.

5. Demonstration of the enhanced performance of the RiboLac vs a dual system
controlling expression of the target gene both at the transcriptional and

translational level, the Lactoswitch.
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Chapter 6
| Development of a conditionally
sporulating C. sporogenes strain

“Any sufficient advanced technology is indistinguishable from magic ™
— Arthur C. Clarke
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6.1 Background

6.1.1 A conditionally sporulating strain

In the main introduction of this thesis, it was hypothesized that a
conditionally sporulating strain could be generated by tuning the sporulation
cascade, so that the pathway is activated/completed in the presence or absence
of a ligand. To do it, it was necessary to have systems capable of finely
regulating such pathway. In chapters 3, 4 and 5, a wide range of inducible
systems were generated, exhibiting various levels of repression, activation and
dynamic range. As such, it was expected that (at least) one of the characterized
systems allowed the construction of a conditionally sporulating strain. With such
range of inducible gene expression systems for Clostridium to hand, the next

step was to identify which gene/s should be regulated.

6.1.2 Controlling spoOA to regulate sporulation

As discussed in the Introduction of this thesis, one common aspect of
both Bacillus and Clostridium, is that activation of spore formation is governed
by the key master regulator Sp00A63. Although the full initiation pathway has
been identified only in Bacillus species, it seems that phosphorylation of this
master regulator by one or more histidine kinases leads to the initiation of spore
formation in both genera“’zog, In Clostridium, such phosphorylation seems to
involve a simple two-component system(s), in contrast to the complex
phosphorelay that regulates SpoOA in B. subtilis®. In Bacillus, phosphorylation
of SpoOA is further regulated via a positive feedback loop in which the
regulatory protein activates the transcription of the sigma factor 6", which, in

turn, leads to an augmented transcription of sp00A208. Once activated by
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phosphorylation, SpoOA binds to a specific DNA motif, termed the 0A box, and
initiates the sporulation process by turning on and off the transcription of spore
and vegetative cell-related genes, respectively.

In Bacillus, not only is phosphorylation necessary to initiate the process
of sporulation, but a gradual increase in the level of SpoOA is also required for
its successful activation®. This is supported by the fact that many genes in the
SpoOA regulon respond differentially to high and low levels of SpoOA, with
some genes repressed or activated at a low dose of the regulator whereas others
require a certain threshold to be turned on and of ' In B. subtillis, for
example, the Spo0OA regulon comprises approximately 120 genest; genes that
are involved in spore formation require higher doses of SpoOA than genes that
do play a direct role in sporulationm.

The mechanisms underlying the SpoOA regulon in Clostridium have yet
to be elucidated. Several lines of evidence suggest a more ancestral mechanism
of sporulation in Clostridium if compared to that of B. subtilis. These include a
less stringent temporal segregation of sigma factor activities””; the lack of
phosphorelay, and; a smaller core set of sporulation genes under the control of
cell type-specific sigma factors®'**'*, It seems very plausible, however, that a
transcriptional regulator that “makes” such an important decision — to sporulate
or not — is highly regulated in Clostridium as well, and that a certain threshold
of Spo0A might be required to initiate spore formation. In this sense, the few
publications regarding spo0A expression profiles in clostridial organisms are
subject to some contradictions. Diirre and coworkers showed that in contrast to
B. subtilis, spo0A is constitutively expressed in C. acetobutylicum ATCC 824,

215

and that expression remains constant throughout the growth cycle™ °. However,
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three transcription start points were identified upstream of spo04, from which
two o' -dependant promoters were deduced. In addition, no significant temporal
differences have been observed in the expression pattern of SpoOA in

C. perfringens2m.

On the other hand, the overexpression of spo0A4 in
C. acetobutylicum ATCC 824 resulted in a bimodal pattern of spo0A4
transcription, similar to that of B. subtilis*"". Variable SpoOA expression has
also been found during the growth cycle of C. botulinum ATCC 3502 and
some clinically relevant strains of C. diﬁ‘icile?‘lg. In these cases, a massive
decrease in the levels of spo0A transcripts occurred when cells entered stationary
phase. Overall, these data suggest that spo0A could represent a suitable
candidate to conditionally control sporulation. If a certain amount of Spo0A is
required to initiate sporulation, an inducible system could mimic the levels of
Spo0OA required to be “above” and “below” the threshold from which
sporulation is triggered by repressing or inducing the expression of spo0A4. On
the other hand, if spo0A is expressed in a constitutive manner, its absence and
presence would impose an external synthetic control over the sporulation
process. Additionally, controlling the sporulation process via Spo0OA would
allow regulation of spore formation before cells commit to sporulationzlg,
without compromising cell and/or spore viability. Such would be the case if the
gene to be regulated in an inducible manner is required at a point after which the
course of sporulation can no longer be reversed, and the physiological changes
that affect cell survival have already taken place.

While this work was being carried out, a study describing the inducible

expression of spo0A in C. difficile was published?‘zo. There, the inducible spo0A4

strain generated was able to form spores only in the presence of the inducer by
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placing spo0A under the control of a tetracycline responsive system. This
showed that a conditionally sporulating strain can be created by controlling the
expression of the master regulator SpoOA. It was also demonstrated that the
amount of spo0A transcript was directly related to the amount of spore forming
cells within the population, but evidence that a threshold level of SpoOA is
required for sporulation was not presented. Nevertheless, high doses of the
inducer anhydrotetracycline, a tetracycline-analogue, were necessary to produce
the same amount of spores as the WT strain. The levels required, however, have

significant inhibitory effects on cell growth104.

6.1.3 Other targets to generate conditionally sporulating strains

At least 60 genes within the B. subtilis genome are apparently essential
for sporulationm, which could all be potential targets to generate a conditionally
sporulating strain. However, understanding the genetic and molecular basis of
the Clostridium sporulation program, and specifically that of C. sporogenes,
seemed to be crucial to correctly choose the “best” target gene to generate a
strain with conditional control of spore formation. Several methods for direct

gene inactivation are now available'>22%2%3

, allowing reverse genetic studies,
in which the role of a gene with a putative function could have been
experimentally determined. Additionally, the generation of random mutant
libraries using transposon mutagenesis and high-throughput sequencing

methods***

could have served to identify genes involved in the sporulation
program of C. sporogenes. Nevertheless, this was impractical in the time

available, and was also the focus of other members of this research group.
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Although little was known about the sporulation program of
C. sporogenes by the time this work was being carried out, one gene, spollIR,
had already been identified by members within the group as being essential for
sporulation (data not shown). For this reason, and because this gene is involved
at the onset of sporulation (stages I-II), before cells commit to sporulate, it was
selected as another potential candidate to regulate the sporulation program in
C. sporogenes. The transcription of spollIR is initiated in the pre-spore
exclusively by RNA polymerase bound to 6" soon after the septum is formed
and it encodes a secretory protein that leads to the activation of the transcription
program directed by o" in the mother cell®%, Interestingly, and at least in
Bacillus, spollR is subject to “positional regulation”, meaning that its position

within the chromosome is important for its expression and function®®.

6.2 Chapter overview

In this section, the inducible systems described in previous chapters are
utilized to generate conditionally sporulating strains by controlling the
expression of the master regulator Spo0OA. After demonstrating that plasmid-
based conditionally sporulating strains could be created, stable strains with
inducible control of spore formation integrated into the bacterial chromosome
were generated. Specifically, by addition of the inducers lactose and
theophylline, the strain C. sporogenes::RiboLac-spo0A can be artificially
induced to sporulate, with a sporulation capacity similar to that of the WT strain.
This strain is completely asporogeneous in the absence of inducers.
Additionally, a similar strategy was applied to a second target gene, spollR;

however, inducible systems regulating spollR expression were directly
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evaluated in the chromosome. The reasoning behind this approach is further
discussed in the relevant section.
Insights into some aspects of the sporulation pathway in C. sporogenes

gained by this study are also discussed in this chapter.
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6.3 Results and Discussion

6.3.1 Generation of an asporogeneous host to test conditional
Sporulation systems

As discussed in the Introduction, spo0A represents one suitable target for
the creation of a conditionally sporulating strain. As such, a strategy wherein the
inducible systems from Chapters 3, 4 and 5 are used to regulate the expression
of spo0A was considered. Since the systems exhibited various dynamic ranges,
it was expected that one of them would result in a strain incapable of sporulating
in the absence of induction but able to restore spore formation — ideally to WT
levels — in the presence of inducer/s.

In order to generate a conditionally sporulating strain via tightly
regulating the expression of the spo0A gene, a strain deficient in this gene had
to be generated. Deletion of the spo0A4 gene (Clspo c18650) was achieved via
creating an in-frame deletion by pyrE-based allelic exchange%g. As with the
integrations by pyrE-based ACE carried out in Chapter 5, pyrE-based allelic
exchange also requires a pyrE-deficient background. With the PyrE enzyme
truncated, the organism is uracil auxotrophic and resistant to the compound
5-FOA. The selection of mutants is achieved by using a heterologous pyrE gene
as a negative counter-selection marker in the presence of 5-FOA. Additionally,
since the in-frame deletion is achieved in a pyrE-deficient background,
complemented strains can be easily obtained using ACE whilst the pyrE allele
is corrected.

The isolation of the single cross-over plasmid integrants is facilitated by
“pseudo-suicide” vectors®”. These are plasmids that carry a selection marker

(i.e., catP, encoding resistance to thiamphenicol) which are sufficiently
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defective in its replication so that cells carrying the non-integrated plasmid
exhibit a growth disadvantage relative to cells in which the vector, containing
the gene that confers resistance to the antibiotic (i.e., catP), has been integrated.
As such, clones with the plasmid integrated grow faster on agar medium
supplemented with thiamphenicol than cells carrying catP on a non-integrated,
replication defective plasmid because if integrated growth is not limited by the
rate at which the plasmid is segregated among the progeny. A vector derived
from the construct pMTL-CH14, which had been previously generated by a
member of this group, was used to delete the spo0A4 gene from the C. sporogenes
pyrE” strain. The plasmid pMTL-CH14 incorporates a heterologous, functional
pyrE gene from C. acetobutylicum and the C. difficile pCD6 replicon. Since the
origin of replication from the Bacillus plasmid pIM13226 was shown to be more
appropriate for the isolation of faster-growing single-colonies in the same strain

of C. sporogenes123

, the pCD6 replicon was replaced by the pIM13 replicon in
pMTL-CH14, generating the deletion vector pMTL-ICD. The spo0A knockout
cluster, comprising two equal 1000 bp homologous regions upstream and
downstream of spo0A, respectively, was generated by SOEing PCR and inserted
into the deletion vector. The deletion vector, termed pMTL-ICD-spo0A, was
transferred into C. sporogenes (in triplicates) from its respective E. coli donor
by conjugative plasmid transfer; transconjugant cells were screened for plasmid
integration by colony PCR (section 2.5.11) (Figure 6.1).

Successful single-cross mutants derived from three independent
conjugations — all obtained by homologous recombination through the left

homologous regions (LHR) — were streaked onto TYG medium supplemented

with 5-FOA; deletion of the spo0A gene was confirmed via colony PCR from
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5-FOA-resistant colonies, using primers aligning outside of the crossover region
(Figure 6.2), and subsequent Sanger sequencing. The mutant strain, named
C. sporogenes Aspo0OA pyrE ", was subject to complementation and pyrE

restoration for its appropriate characterization.

a oA RH
] 7/ / . & chromosome
pyrE
PMTL-ICD-spo0A
C. acetobutylicum pyrE
via LHR / via RHR
L d «
chromosome chromosome
LHR RHR LHR RHR

C. acetobutylicum pyrE C. acetobutylicum pyrE

L

3kbp—! T
—
=

Integrated: 2.7 kbp
Non-integrated: no amplification

Figure 6.1 Allelic exchange single crossovers (a) Schematic illustration of
single-cross events via left (LHR) and right homologous regions (RHR). (b)
Agarose gel electrophoresis of PCR products of single-crossover spo04 mutants.
Colonies from three independent conjugations (C1, C2 and C3) were analysed by
colony PCR using the pairs of primers IC003-f/IC006-r and IC005-f/1C004-r, to
detect plasmid integration within the chromosome of C. sporogenes through the
LHR and RHR, respectively. The pairs of primers are specific combinations of
one primer aligning to the chromosome and a second primer aligning to the
deletion vector (see Appendix, Fig S4). L is 2-log ladder. The gel only shows
PCR products from amplifications via the LHR, since no plasmid integrations
were detected through the RHR.
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spo0A locus PMTL-ICD-spo0A

1 2 3 S emiEemass3 P

3 kbp+

Aspo0A : 2.7 kbp
spo0A: 3.5 kbp

Figure 6.2 Allelic exchange double crossovers. Agarose gel electrophoresis of
PCR products of the spo0A4 locus following deletion of the spo0A4 gene from the
C. sporogenes pyrE " strain. PCRs were conducted using chromosomal external
primers IC003-f and ICO004-r. Three separate clones, derived from three
independent single-cross mutants were examined. Loss of the plasmid was
verified in the same samples by colony PCR, using screening primers 1C005-
f/IC006-1. L is 2-log ladder. S is C. sporogenes pyrE strain. P lane shows PCR
of the pMTL-ICD-spo0A4 plasmid.

6.3.2 spoOA complementation and pyrE repair

In order to confirm that the phenotype observed in the mutant strain is
directly attributable to the deletion of spo0A4, a spo0A complemented strain was
generated via ACE, incorporating spo(A4 under the control of its own promoter
downstream of the repaired pyrE locus. The integration plasmid pMTL-JH29-
spo0A, carrying spo0A flanked by its native promoter and terminator, was
conjugated into C. sporogenes AspoOA pyrE ™ and integrants were isolated by
plating cultures of the resultant transconjugants onto defined medium lacking
uracil (see section 2.5.12). The complemented strain was named C. sporogenes
Aspo0A“°M". Additionally, in order to fairly compare the spo04 mutant with the
complemented strain, which contains a functional pyrE gene after being
complemented with spo0A in the pyrE locus, a strain lacking spo0A4 but with a

functional pyrE gene was also created. Accordingly, the “empty” pMTL-JH29
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vector (with no integration cargo) was used in a similar fashion to restore the

full-length of the pyrE gene, generating C. sporogenes Aspo0A.

C. sporogenes AspoOA©MP C. sporogenes AspoOA
spo0A locus pyrE locus PMTL-JH29-spo0A spo0A locus pyrE locus pPMTL-JH29
@1 238175 28NS 0o g roip L 1 2 3 s 1 2 3 s 12 3 P
-
N~ ~
v -
3 kbp+
Zkbp N T - COPTN -
P — 2 kbp+ L A ™
- =
—
- -
- -
Aspo0A =2.7 kbp  spo0A®MF, pyrE* = 3 kbp Aspo0A : 2.7 kbp  pyrE*=2.3 kbp
W SpoOA=35kbp pyrE =2 kbp spo0A: 3.5 kbp  pyrE~=2 kbp

Figure 6.3 ACE double crossovers. Agarose gel electrophoresis of PCR
products of the spo0A locus, the insertion site in the pyrE locus and the integration
plasmids pMTL-JH29-sp0o0A4 and pMTL-JH29 for spo0A complementation and
repair of pyrE, respectively. Three independent clones, derived from three
independent conjugations, were examined. PCRs were conducted using
chromosomal external primers IC003-f/IC004-r, IC001-f/IC002-r for and IC007-
f/IC008-r for the spo0A locus, the pyrE locus and the integration plasmids,
respectively. PCR products were further verified by DNA sequencing. L is 2-log
ladder; S is C. sporogenes pyrE parent strain; P is pMTL-JH29-spo0A4 or pMTL-
JH29 vectors for spo0A complementation and pyrE repair, respectively.

6.3.3 Characterization of C. sporogenes AspoOA pyrE~

C. sporogenes Aspo0A pyrE", the strain which would serve as a host to
create a conditionally sporulating strain, was characterized for both its
sporulation capacity and growth profile. Accordingly, the spo0A4 complemented

0A4°°M? was used to evaluate if the deletion of spo0A4

strain, C. sporogenes Aspo
is the cause of the expected asporogeneous phenotype. The spo0A4 mutant with
regained uracil autotrophy, C. sporogenes Aspo0A, was included in the assay to
account for any effect pyrE could have on spore formation and growth.
C. sporogenes WT and C. sporogenes pyrE were used as positive controls.

Detection of heat resistant spores follows a simple procedure of heat-shocking

cell suspensions at 80°C for 20 minutes; CFUs are obtained from plating serial-
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dilutions of such suspensions on appropriate nutrient agar plates (see section
2.7.3). Accordingly, synchronized cultures of the designated strains were
cultivated in TYG medium and total and heat-resistant CFU were enumerated at
24 hour intervals for five days (Figure 6.4a). To assess growth of the different
strains, the optical density (ODggo) of the same cultures was monitored during

the first 24 hours of cultivation (Figure 6.4b).
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Figure 6.4 (a) Sporulation and (b) growth profiles of C. sporogenes Aspo0A
pyrE", C. sporogenes Aspo0A ™, C. sporogenes Aspo0A, C. sporogenes WT and
C. sporogenes pyrE". After culture synchronization (see section 2.7.3), samples
were removed at the indicated times points, serially diluted in and spotted onto
TYG agar. For spore counting, samples were heat-treated for 20 minutes at 80°C
prior to serial dilution. The optical density of the cultures (ODgo9) was monitored
over the first 24 hours of growth. Error bars represent the standard deviation of
three biological replicates from two independent assays. Y axis set at the limit of
detection (50 spores/mL).
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As anticipated, none of the spo0A4 mutants, pyrE ™ and pyrE-repaired,
were able to form spores over the course of the experiment; in both cases, total
CFU was significantly lower than in the strains containing spo0A4
(approximately 10-fold) (unpaired two-tailed Student’s t-test; *p<0.0332 in both
cases), indicative of the role SpoOA plays in cell viability. Moreover, a slight
decrease in cell density was observed after 24 hours of growth in strains lacking
spo0A. This would be in line with the notion that a mechanism (i.e.,
phosphorelay in B. subtilis), at the centre of which is SpoOA, integrates
nutritional, cell density and other signals to initiate the sporulation process .

The complemented strain, C. sporogenes Aspo0A“°™M*

, was able to sporulate;
however, its sporulation capacity was reduced by approximately 10-fold at all
time points when compared to the spo(A4-positive strains. Spore formation after
24 hours in spo(A-positive strains was comparable to that of the complemented
strain only after 72 hours of growth, indicating a delay in spore formation. Since
sporulation might be triggered by a certain threshold of SpoOA-PQlO, it is
possible that spo0A expression in the pyrE locus, despite being driven by its own
promoter, is lower than in its native site. This would have limited the amount of
Spo0A that could have been phosphorylated, and hence, restricted the entry into
the sporulation program. Conversely, the reduced sporulation capacity of the
complemented strain could be the result of the accelerated accumulation of
SpoOA in the cell, which has been demonstrated to have detrimental effects in
B. subtilis sporulationm. In line with this hypothesis is the fact that spo0A4 is
natively located near the terminus of the chromosomal replication, whereas pyrE

— where spo0A was complemented — is placed near the origin of replication; in

bacterial chromosomes, highly expressed genes are generally located close to
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the originz%. The optical density of C. sporogenes Aspo0A“°™" cultures was
slightly lower than that of the WT and pyrE™ strains after 24 hours of growth,
reinforcing the link between spo0A4 levels, cell density and sporulation.

In order to assess if the lack of heat-resistant CFUs was due to the
inability of the spo0A-deficient strain to form spores or rather to other
underlying processes (i.e., inability to germinate), C. sporogenes Aspo0OA
cultures were examined with a phase-contrast microscope (see section 2.7.5).
No spores were observed in three biological replicates of C. sporogenes Aspo0A
cultures under the microscope (Figure 6.5), which, regardless of any limit of
detection associated with this technique, strongly suggests that the lack of CFU

after heat-treatment is linked to a deficiency in spore formation.

/

Figure 6.5 Microscopic view of (a) C. sporogenes Aspo0A and (b)

C. sporogenes WT cultures after 120 hours. Spores appear phase bright (arrows)
and vegetative cells and debris as purple phase dark elements.

6.3.4 Plasmid-based conditionally sporulating strains

Having generated the strain of C. sporogenes required to test if the
inducible expression of spo0A would result in the conditional control of spore
formation, it was decided, initially, to evaluate the sporulation capacity of

C. sporogenes Aspo0A strains harbouring plasmids where spo0A4 expression was
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regulated by the inducible systems developed in the previous chapters; these are:
theophylline responsive riboswitches, the LAC system from C. perfringens
strain 13 and the RiboLac.

To facilitate comparisons of the results obtained in the sporulation assays
and to estimate how the reported strengths and dynamic ranges of the inducible
systems relate to spore formation when controlling spo0A expression, CAT
assays to monitor inducible promoter activities using all the systems generated
in the previous chapters were carried out (Figure 6.6a). Considering that the
incorporation of any riboswitch in the 5" UTR downstream of a promoter led to
a strong reduction of gene expression (Figure 4.6, Chapter 4), and that
expression would be further reduced when generating stable strains with spo0A4
incorporated into the single copy bacterial chromosome, the very strong
constitutive promoter of the Clostridium acetobutylicum araE gene (P,
associated with the protein coding gene Ca 1339) was included in the repertoire
of theophylline responsive riboswitches. Since gene expression levels are higher
when the native 5" UTR is retained upstream of the riboswitch, and due to the
easy construction of riboswitches located downstream of a SD-deficient
promoter, only P,.z* (see Appendix, Fig. S7), and not P,,,z, was considered as
a candidate to generate a conditionally sporulating strain. The reporter vectors
containing P,,,z* upstream of riboswitches -E, -G and -H were created similarly
to the constructs described in Chapter 4, generating vectors pMTL-IC321-E, -G
and -H (see section 2.6.4) and strains harbouring these plasmids were included
in the CAT assay.

1126

For assessing sporulation, the backbone pMTL8225 used in the

previous chapters was also considered as a backbone for all the spo0A4
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expressing plasmids. All vectors were assembled in an identical fashion to the
CAT reporter plasmids, but with spo0A as the target gene instead of catP
(section 2.6.4). The series of spo0A expressing plasmids, termed pMTL-ICSPO
followed by the name of the regulatory system (e.g., pMTL-ICSPO-P;4-E for
the vector expressing spo04 under the control of Py located upstream of
riboswitch-E), were conjugated into C. sporogenes Aspo0A from their respective
E. coli donors. Cultures of the resultant transconjugants were analysed for heat-
resistant spore production after 120 hours of nutrient starvation in liquid culture,
in the presence and absence of the inducer/s. This is normally considered as the
time after which the sporulation process in most of the cells of a C. sporogenes
culture has been completed229. C. sporogenes WT and C. sporogenes Aspo0OA
were used as positive and negative controls, respectively.

Results from Figure 6.6b demonstrate that sporulation can be regulated
in an inducible manner in C. sporogenes. However, only strains harbouring
plasmids with spo0A4 driven by Py and Pg™, both located upstream of
riboswitch-E, produced no spores in the absence of theophylline. Nevertheless,
the spore count in the presence of the inducer was reduced by approximately
10°-fold and 10°-fold in P/u4-E and Pys*-E, respectively, when compared to the
WT strain. As Pg4-E and Pj;,*-E are among the systems that exhibited lower
levels of catP expression in the uninduced state (see Figure 6.6a), these results
indicate that a tight control of spo0A4 expression is required to abolish spore
formation. Sporulation under the control of any other riboswitch downstream of
P/ucs and P4 resulted in spore counts close to the detection limit. This agreed
with the low expression levels of CAT observed when these promoters,

combined with any riboswitch, regulate catP expression. Figure 6.7 shows the
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plates onto which heat-treated cultures of the conditionally sporulating strain
carrying Pys*-E were plated, and how growth compares to the WT strain both,
in the presence and absence of induction. Strains harbouring any other system
were capable of sporulating in the absence of inducer, with the amount of spores
higher in those systems exhibiting higher CAT background expression levels.
Strains containing spo0A regulated by any riboswitch located downstream of
P/uc or Pric*, as well as in the cases of the LAC system and the RiboLac, resulted
in spore counts after induction comparable to those of the WT strain.
Considering that the expression of catP under the control of riboswitches located
downstream of Py, in the presence of the inducer is, for example, 10-fold lower
than that under the control of the induced LAC system, these data indicate that
at a certain level of SpoOA sporulation efficiency reaches saturation. Higher
expression of spo04 (i.e., Pu*-, Pyar®-, LAC and RiboLac) did not further
increase spore counts after 120 hours, although more experiments would be

needed in order to further examine the sporulation profile at early data points.
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Figure 6.6 Assay of plasmid-based conditionally sporulating strains (a) Plasmid-
based CAT assays of C. sporogenes strains expressing catP under the control of
various inducible systems generated in this study. Cell cultivations and assay
were performed as described in previous chapters. Error bars represent the
standard deviation of three biological replicates. (b) Sporulation profile of
C. sporogenes Aspo0A strains harbouring the different pMTL-ICSPO plasmids.
Cultures were grown synchronized (see section 2.7.3) and used to inoculate the
starting culture of the assay. Samples were removed at time 0 to verify the lack
of spores in the starting cultures (data not shown). At early exponential phase
(ODggo = 0.5) cultures were split into two equal volumes and the following
inducers added to one of them: 2 mM theophylline (if regulated by riboswitches),
10 mM lactose (if regulated by the LAC system) and 2 mM theophylline and 10
mM lactose (if regulated by the RiboLac). After 120 hours, cell suspensions were
heat-treated, serially diluted and spotted onto TYG agar. Colonies were
enumerated after 48 hours of incubation under anaerobic conditions. Error bars
represent the standard deviation of three biological replicates from two
independent assays. Dotted line represents the limit of detection (50 spores/mL).

152



C. sporogenes Aspo0A — pMTL-ICSPO-Pyy,*-G C. sporogenes WT

Non-induced

Figure 6.7 Plates of heat-treated plasmid-based conditionally sporulating
strain. Agar plates of serially diluted heat-treated induced and non-induced
cultures of the plasmid-based conditionally sporulating strain C. sporogenes
harbouring the spo0A expressing plasmid with spo0A4 driven by P/;.,*-G and
C. sporogenes WT. Numbers indicate 10* dilution. Plates were examined
after 48 hours of incubation under anaerobic conditions.

6.3.5 Chromosomally stable conditionally sporulating strains

Progression towards a stable strain capable of conditionally forming
spores required the integration of spo0A, driven by an inducible system, into the
chromosome of the clostridial host. Given that the level of repression and
dynamic range of the different inducible systems regulating spo0OA once
integrated into the chromosome was unknown, it was decided to integrate
several systems so that a wide range of expression profiles was covered. These
included the two systems that were able to repress spore formation in the
plasmid-based sporulating strains (i.e., Prs-E and P, *-E); the promoters Py,
Pi* and P,..c* located upstream of the riboswitches -E and -G; the LAC
system, and; the RiboLac. Although riboswitches -E and -G resulted in similar
levels of plasmid-based spore counts in the presence and absence of the inducer,

it was expected that expression from the single copy chromosome would result
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in observable differences, which could translate into a different profile of spore
formation.

All inducible system-spo0A sequences were ligated into pMTL-JH29T
and integrated into the genome of C. sporogenes at the pyrE locus, as previously
described (see section 2.5.12), and the sporulation capacity of the resultant
mutants analysed. Accordingly, synchronized cultures of the designated strains
were cultivated in TGY medium, in the presence and absence of induction, and
total and heat-resistant CFU were enumerated after 120 hours of growth (Figure

6.9).
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Figure 6.8 Sporulation capacity of stable conditionally sporulating strains. Error

bars represent the standard deviation of three biological replicates from two
independent assays. Dotted line represents the limit of detection (50 spores/mL).
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Analysis of the sporulation capacity of strains containing spo0A driven
by an inducible system integrated into the chromosome revealed one
conditionally sporulating strain with a tight regulation of spore formation,
resulting in no spores in the absence of the inducer and spore counts comparable
to those of the WT strain after induction. This system was the RiboLac.
Surprisingly, only the strong P,.z* promoter, out of all the integrated
theophylline responsive riboswitches, was able to express spo0A, after
induction, to an extent that cells were capable of activating the sporulation
program; however, sporulation capacity was reduced by 10*-fold and 10°-fold
relative to the WT strain, when regulated by riboswitches -E and -G,
respectively. The rest of the strains with spo0A controlled by a riboswitch did
not sporulate, either in the absence or in the presence of induction. Since these
systems exhibited various levels of catP expression and induction profiles in
previous assays (Figure 6.6), these data support the idea that a certain threshold
of SpoOA might be needed to activate the sporulation programme in C.
sporogenes, and that this level is not reached when some of these systems are
integrated into the chromosome. Both, the LAC system and the RiboLac
restored sporulation capacity of the respective strains to WT levels after
induction; however, background spo0A expression from the LAC system was
enough to trigger the formation of spores, indicating the superior ability of the
dual system RiboLac to tightly regulate gene expression (Figure 6.9 and Figure
6.8). In all cases, total CFU was higher in the presence of induction, reaching

comparable counts to WT in ::LAC-spo0A and ::RiboLac-spo0A strains.
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Figure 6.9 Plates of heat-treated stable conditionally sporulating strains. Agar
plates of serially diluted heat-treated cultures of C. sporogenes::RiboLac-spo0A4, C.
sporogenes.::.LAC-spo0A and C. sporogenes WT in the presence and absence of
induction. Numbers indicate 10" dilutions. Plates were examined after 48 hours of
incubation under anaerobic conditions.

6.3.6 Characterization of the stable conditionally sporulating
C. sporogenes:RiboLac-spo0A strain

The data obtained had demonstrated that the RiboLac is sufficiently
tightly regulated to generate, after 120 hours, an asporogeneous strain when
grown in the absence of inducers, and capable of forming spores in a WT fashion
when cultivated at maximum induction (2 mM theophylline and 10 mM lactose).
It was, therefore, of interest to investigate how changes in SpoOA levels,
obtained via induction with various concentrations of inducers, would affect the
overall sporulation efficiency (Figure 6.10). As expected, a minimum

concentration of inducers was required to activate the sporulation program.
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Above that level, increasing concentrations of theophylline and lactose showed
a dose-dependent increase in heat-resistant CFUs, reaching the maximum levels
(>10” CFU/mL) from 0.5 mM theophylline and 10 mM lactose. In agreement
with previous experiments, cell viability was slightly reduced in the absence of,
or at very low concentrations of inducers, and increased with higher

concentrations and therefore with increased expressions of spo0A.
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Figure 6.10 Dose-dependent increase in sporulation efficiency in
C. sporogenes::RiboLac-spo0A, represented as expression matrices and
numerically. Starting cultures were split into 20 equal volumes and each of them
cultured under different inducer concentrations; total and heat-resistant CFU
were enumerated after 120 hours of growth. The mean values and standard
deviations represent the CFUs/mL of biological triplicates in two independent
assays. Dotted line in the matrices represents the limit of detection (50
spores/mL).

Once the dose-dependent sporulation profile of C. sporogenes

::RiboLac-spo0A was determined, it was decided to investigate if the induction
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of spo0A had any effect on the dynamics of the sporulation process.
Accordingly, spore production was monitored over time with three different
concentrations of inducers, chosen on the basis of the range of spore counts
obtained in the dose-dependency assay: 0 mM theophylline and 0 mM lactose
(no sporulation); 0.1 mM theophylline and 10 mM lactose (medium induction),
and; 2 mM theophylline and 10 mM lactose (maximum induction) (Figure
6.11a). In agreement with previous assays, no spores could be detected based
on heat-resistant CFU counts in the absence of inducers. Maximum spore titres
were observed at 120 and 72 hours, corresponding to 6.7 x 10° + 3.17 x 10°
CFU/mL and 4.8 x 10" +9.5 x 10° CFU/mL in cultures supplemented to generate
medium and maximum induction, respectively. Taking into account the total
CFU observed at time 0, which is similar in all conditions, these values
correspond to a sporulation efficiency of 0.19% (0.1 mM theophylline and 10
mM lactose) and 13.9% (2 mM theophylline and 10 mM lactose). This indicates
areduced activation of the sporulation process, independent of cell viability (see
total CFU at 24 and 48 hours in both cases), which correlates with the level of
expression of spo0A and which had been previously observed when analyzing
the sporulation efficiency of the complemented strain, C. sporogenes

Aspo0A COMP

(Figure 6.4). The reduction in spore formation between WT and the
conditionally sporulating strain was only significant during the first 48 hours of
cultivation (Figure 6.11c). After 120 hours, total CFU was comparable to the
WT strain only if the ::RiboLac-spo0A strain had been exposed to maximum
induction. The inducing agents neither had an effect on the final spore counts

observed in WT cultures nor changed the dynamics on the sporulation process

(Figure 6.11b). The optical density of the cultures (ODggo), which had been
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monitored over the first 24 hours of growth (Figure 6.11d), showed a slight
decrease in cell density during the first 12 hours; from this time onwards, it
reached optical density values comparable to the WT strain and remained
constant over the remainder of the experiment. An explanation of why this is the
case can only be speculative without further information about the spo0A
regulon in C. sporogenes; it may be possible that both, high and low levels of
spo0A affect growth. In B. subtillis, the phosphorelay regulates the gradual
build-up of SpoOAle, implying differential gene regulation when Spo0OA is
present at low and high levels; differences in the gradual accumulation of SpoOA
could be the reason for the small differences observed both in spore formation
and growth. The reduction of the sporulation capacity of B. subtilis upon
artificial induction of SpoOA has been proposed to be related to the premature
expression of DivVA, a protein involved in chromosome segregation that is
downregulated by SpoOA in the later stages of spore formation®''. The results
of this study, however, contrast with studies performed in C. difficile, where
accelerated accumulation of SpoOA resulted in more rapid sporulationzzo,
indicating that a gradual build-up of the master regulator is not important to the
sporulation process itself. Based on these studies, it is hypothesized that a

gradual build-up of Spo0A seems to be important in C. sporogenes.
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Figure 6.11 Sporulation profiles of (a) C. sporogenes::RiboLac-spo0A4 and (b)
C. sporogenes WT with various concentrations of inducers. (¢) Comparison of the
sporulation profiles of both strains. Asterisks indicate statistically significant
induction values for *p<0.0332, **p<0.0021, ***p<0.0002, ****p<0.0001
(unpaired two-tailed Student’s #-test). Y axis set at the limit of detection (50
spores/mL). (d) Optical density (ODgy) of C. sporogenes::RiboLac-spo0A and
C. sporogenes WT in response to various concentrations of theophylline and
lactose. Error bars represent the standard deviation of three biological replicates
from two independent assays.

6.3.7 Other targets to conditionally sporulate — spollR

The second target gene to generate a conditionally sporulating strain
considered in this study was spolIR. As with spo0A, a strain deficient in spolIR
(Clspo_c01510) had to be generated. However, this work was performed after

the development of a novel CRISPR tool for the genus Clostridium, which is the
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focus of the next chapter of this thesis. The generation of the spolIR mutant,
hence, was achieved via this method, whose specific details are discussed in
Chapter 7. Due to the easy complementation of mutants in a pyrE~ background
(via ACE), spolIR mutants using the CRISPR method were generated in both
C. sporogenes WT and C. sporogenes pyrE".

The spollIR complemented strain was generated via ACE, as previously
described, incorporating spollR under the control of its own promoter
downstream of the repaired pyrE locus. The integration plasmid pMTL-JH29-
spollR, carrying spollR flanked by its native promoter and terminator, was used
to generate C. sporogenes AspoI[RCOMP .

As expected, the C. sporogenes spollR mutant strain showed an
asporogeneous phenotype (Figure 6.12). The complemented strain, C.
sporogenes AspolIR““™", however, formed spores but its sporulation capacity
was reduced to 0.1% of the level obtained when spolIR was located at its original
location (WT). In line with the work done in B. subtilis, whose sporulation
capacity was impaired when spollR was moved away from the origin of
replication, this data indicate a possible “positional regulation” of spolIR also
occurs in C. sporogenes62. The spolIR locus in C. sporogenes is located at 346°
near the origin of replication (0/360°). The pyrE locus, where the
complementation took place, is located at 42°. In B. subtilis, however, the
movement of spollR to regions in the proximity of the origin of replication of
the chromosome (i.e., from 324° to 28°) had little effect on sporulation, but

sporulation was reduced by 90% if spolIR was moved to 190°.
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Figure 6.12 Sporulation capacity of C. sporogenes AspolIR and C. sporogenes
AspolIR“°" at 120 hours. Error bars represent the standard deviation of three
biological replicates from two independent assays. Dotted line represents the
limit of detection (50 spores/mL).

Considering the possibility of the “positional regulation” of spolIR in
C. sporogenes, it was decided to evaluate if a spollR-inducible strain would
sporulate in a conditional fashion by integrating the system directly into the
clostridial chromosome, and specifically, in the spollIR locus. Due to spollR
transcription is only o -dependent, the spolIR promoter — or the elements
responsive to the specific sigma factor o' — should remain in the regulatory
system employed to generate the conditionally sporulating strain. This implies
that systems such as the LAC system or the RiboLac were not suitable for this
purpose unless they were further engineered (i.e., by modifying Py, to contain
o' -responsive elements). Riboswitches, on the other hand, could be easily
included into the spolIR promoter, especially if the promoter retains the native
5" UTR (Pgonr™, see Appendix, Fig. S7). Riboswitch G, which had demonstrated
the highest dynamic range when expressing catP (Chapter 4), was chosen to

regulate the expression of spollR.
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Integration of the regulatory system was achieved in a similar fashion to
the deletion of spo0A4 but introducing a cargo; this is, via “insertion” by pyrE-
based allelic exchange. C. sporogenes AspollR pyrE", and not the spollR-
positive strain, was selected as the target host to facilitate screening, since the
size of the inserted riboswitch is only 74 nucleotides. Accordingly, the sequence
Pponr®-G-spolIR was ligated into the pMTL-ICD deletion vector (now use for
integration) and integrated into the spolIR locus of C. sporogenes generating the

strain C. sporogenes::Pgyoir-G-spollR.
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Figure 6.13 Sporulation capacity of C. sporogenes::Py,ur-G-spolIR. Cultures
were grown to late exponential phase (ODgg = 2; 6 hours of growth) and sub-
cultured 1:100 in fresh TYG medium. Samples were removed at time 0 to verify
the lack of spores in the starting cultures (data not shown). At early exponential
phase (ODggo= 0.5) cultures were split into two equal volumes, with one of them
induced with 2 mM theophylline. Total and heat-resistant CFU were enumerated
after 120 hours of growth. C. sporogenes AspolIR and C. sporogenes WT were
used as negative and positive control, respectively. Error bars represent the
standard deviation of three biological replicates from two independent assays.
Dotted line represents the limit of detection (50 spores/mL).

Regulation of spolIR with a riboswitch resulted in a strain capable of

sporulating in the absence of theophylline (Figure 6.13). In addition, its
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sporulation capacity in the presence of induction was reduced by approximately
10-fold, relative to WT. This is perhaps indicative of the ultrasensitive
regulation of spolIR in the cell, with slight variations in its level of expression
markedly affecting spore production. It could be possible as well that the
combination Riboswitch-G-spolIR, although inducible (differences between the
induced and uninduced states were observed), does not repress spollR
translation very efficiently. However, since sporulation was not fully restored
after induction, independently of a tight or leaky repression, spolIR regulation
is less permissive than that of spo0A, in the sense of regulating spore formation.
Considering that expression of spollR is probably highly reduced when it is
placed downstream of a riboswitch, and that sporulation occurs even in the
absence of the inducer, it seems very likely that the amount of SpolIR needed to
successfully sporulate is independent of a certain threshold, as it seems to be the
case with Spo0OA. However, further experiments will be necessary to confirm
such assumptions. One simple solution could be to determine transcript levels,
via RT-qPCR, at different concentrations of inducers and determine how they

correlate with spore formation.
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6.4 Key outcomes

1. Generation and characterization of C. sporogenes Aspo0OA and C. sporogenes
AspollR strains, useful backgrounds for generating conditionally sporulating
strains.

2. Demonstration that induction of SpoOA drives sporulation in C. sporogenes
via generating plasmid-based conditionally sporulating strains.

3. Generation of stable conditionally sporulating strains by means of regulating
the master regulator SpoOA. Specifically, the strain C. sporogenes::RiboLac-
spo0A can be artificially induced to sporulate in a WT manner by addition of
the inducers lactose and theophylline. This strain is completely
asporogeneous in the absence of inducers. The inducible regulation of SpoOA
with systems that had exhibited different levels of CAT expression indicate
that a certain threshold of SpoOA might be needed to activate the sporulation
program in C. sporogenes.

4. Characterization of C. sporogenes::RiboLac-spo(0A through the analysis of
the dose-dependent sporulation profile and the dynamics of spore formation
over time.

5. Generation of a strain where the gene encoding the stage II sporulation
protein, SpolIR, was missing and its subsequent complementation revealed

that spolIR might have a “positional regulation” in C. sporogenes.
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Chapter 7
[ A universal Cas9-based editing tool
for the genus Clostridium: RiboCas

Nothing in life is to be feared, it is only to be understood.
Now is time to understand more, so that we may fear less.

—Maria Sktodowska-Curie
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7.1 Background

One important limitation encountered in the application of synthetic
biology to Clostridium spp. is the lack of rapid and reliable methods for genome
editing. Traditionally, chromosomal modifications have been primarily

22230 o via recombination-based

achieved via intron retargeting using ClosTron
allelic exchangem’m?”z%. Both approaches are far from ideal. The ClosTron, for
example, is an insertional mutagen based on a group II intron, the insertion of
which into the target gene can lead to polar effects on downstream genes.
Procedures based on allelic exchange, such as those described in Chapters 5 and
6, allow more precise modification of the genome, but are reliant on the
availability of counter selection markers (i.e., pyrE or codA) and invariably
involve several time-consuming steps.

Even though CRISPR/Cas9-based systems have been previously used in
several  Clostridium  species, including C. pasteurianungl’zgz,
C. acetobulylicung1‘233‘234, C. beijerinkiiz?’ék236 and C. diﬁicilezm’z%, this
technology is still hindered by low transformation efficiencies, possibly related
to the large size of the plasmids used, and the inherent lethality of Cas9 activity.
The use of a Cas9 nickase (nCas9), a Cas9 mutant that introduces a breakage on
only one strand of the chromosome®’, has been also demonstrated in

Clostridium spp.)‘%%o; however, because nCas9 has a less powerful selection

capacity than Cas9, the isolation of mutants becomes more time consuming,
requiring several passages onto fresh medium?*.
Inducible control of CRISPR-associated components offers tailored

solutions to increase the efficiency of Cas9-based genome editing. In particular,

the transient expression of the CRISPR components could circumvent the
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problem associated with the low transformation efficiency of cas9-carrying
plasmids, providing, additionally, the time required for homologous
recombination events to occur before the nuclease mediates the site specific
DSB. The few inducible systems employed in bacteria for CRISPR applications,
all regulating cas9 or sgRNA expression at the level of transcription, seem to
function more efficiently than those that constitutively express the heterologous

Cas9 nuclease®>

. However, these strategies are limited by the cargo capacity of
the plasmid, which already harbours the 4.1-kbp cas9 gene. One way of
circumventing this problem is to use a two-plasmid systemz?’?’; a disadvantage of
this strategy, however, is that two transformation steps are required to
temporarily regulate Cas9 or sgRNA expression. Inducible strategies that

control Cas9 expression at the level of translation have not been, as yet,

considered, and this approach will be the focus of this section of the thesis.

7.2 Chapter overview

Synthetic biology applications in Clostridium spp. are still hampered by
the lack of reliable methods for genome editing. In this section, the development
of a novel CRISPR system, named RiboCas, which regulates the expression of
Cas9 at the level of translation, is discussed. RiboCas allows very low basal
expression of Cas9 in the absence of inducer and an adequate level of gene
expression after induction. As such, the tool results in both high transformation
efficiency and selection capacity, overcoming the previously reported obstacles
associated with CRISPR-based technologies in clostridial organisms. The
universality of RiboCas was further demonstrated by obtaining chromosomal

modifications in four different clostridial species.
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7.3 Results and Discussion

7.3.1 Riboswitches to create an efficient Cas9-based tool

With a tightly inducible gene expression system for Clostridium
available, the possibility of generating an efficient clostridial genome editing
tool based on CRISPR/Cas9 was explored. In this sense, it was hypothesized
that a riboswitch-based CRISPR/Cas9 editing tool (RiboCas) would circumvent
the obstacles previously seen for several reasons. Firstly, the theophylline
responsive riboswitch can be designed to have the desired regulatory window,
whereby there should be very low basal expression of Cas9 in the absence of
inducer, allowing homologous recombination to occur before Cas9 mediates the
site-specific DSB, and after induction, to be expressed at a level that is sufficient
for effective genome DNA cleavage but which minimizes toxicity that can be
associated with Cas9 overexpression. Secondly, riboswitches are smaller
structures compared to systems that require a TF; in a riboswitch-based system,
84 nucleotides are enough to tightly control the expression of Cas9, minimizing
the size of the plasmid employed and enabling higher transformation
efficiencies. Thirdly, because repression occurs at the level of translation, the
RiboCas system allows the use of high-copy origins of replication, avoiding the
undesired effects linked to read-through transcription on the plasmid backbone
and facilitating the processes of cloning, screening and sequencing. Finally, and
due to the aforementioned characteristics, RiboCas permits the confinement of
all the essential components of a functional genome editing tool to the same
plasmid. Figure 7.1 illustrates the assembly of the RiboCas vector series,

generically named pRXCasN vectors, where X and N refer to the riboswitch and
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the promoter driving the sgRNA respectively, and the general RiboCas-based

editing process.
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Figure 7.1 RiboCas (a) Schematic illustration of the RiboCas vector containing
unique restriction sites used for modular assembly. (-) is the Gram-negative origin
of replication that allows replication of the shuttle plasmid in E. coli. (1) is the
Gram-positive replicon. The application-specific module harbours the
components of the editing tool, including the gene encoding Cas9, the sgRNA
and the homologous DNA template needed for homologous recombination. The
terminators CD0164 (derived from C. difficile) and Ty, (derived from the C.
pasteurianum ferredoxin gene) are placed downstream of cas9 and the sgRNA,
respectively. The system was designed to be compatible with our previous
pMTL80000 vector series enabling rapid exchange of selection markers and

.. . . 109
origins of replication

. (b) Illustration of the RiboCas-mediated genome editing.
Transformed cells survive on selective medium in the absence of theophylline
due to the tight repression exerted by the riboswitch, which impedes the
translation of the nuclease Cas9. After induction, the translated Cas9 forms a
complex with the sgRNA (Cas9-sgRNA) inducing DSB on the target DNA. (i)
The Cas9-sgRNA complex kills the unedited cells. (ii) Cells are able to survive
only if homologous recombination occurs between the gene-targeting plasmid

and the genome.
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7.3.2 Construction of RiboCas

In order to have an appropriate control over cas9 expression, both in the
uninduced state and after induction, we selected two riboswitches, riboswitches
-E and -G, from the riboswitch library generated in Chapter 4, both located
downstream of the promoter Py,. Riboswitch-E had shown the tightest
repression in the non-induced state amongst all tested riboswitches (see Figure
4.4, Chapter 4); on the other hand, riboswitch-G showed higher background
levels but increased expression when the inducer was added. Two promoters,
the constitutive promoter of the C. acetobutylicum araE gene (P,.z) and the
synthetic promoter J23119, were chosen to bring about the expression of the
sgRNA. Both had been previously used for CRISPR strategies with Clostridium
speciesm’QM. In all cases, the editing template comprised two homology arms
composed of the regions of the chromosome needed to replace the target region.
In line with the wider aim of this project to develop a conditionally sporulating
strain, it was decided to target the spollR gene (Clspo c01510, encoding the
stage II sporulation protein R) as this gene had been previously disrupted in
C. sporogenes via insertional mutagenesis using ClosTron (data not shown). The
DNA modules encoding either riboswitch-E or -G, cas9, the sgRNA
downstream of either P,z or J23113 and the DNA editing template were
inserted into the pCB102-based modular vector pMTL83151109, yielding the
following pRXCasN vector series: pRECas1-IIR, pRECas2-IIR, pRGCasI-IIR
and pRGCas2-IIR (see section 2.6.5). The same vectors lacking the editing
homology arms were assembled to determine the killing capacity of Cas9, and
were named pRECas1G-IIR, pRECas2G-IIR, pRGCas1G-IIR and pRGCas2G-

IIR. Two vectors, pPRECasC and pRGCasC, lacking both the homology arms

171



and sgRNA, were also created as controls for conjugation efficiency

comparisons.

7.3.3 Analysis of RiboCas in C. sporogenes

Transfer of the resulting vectors into C. sporogenes was performed via
conjugative plasmid transfer from an E. coli donor, plating the conjugated
cultures onto media supplemented with thiamphenicol in the presence and
absence of 5 mM theophylline. As expected, the different plasmid constructs
were transferred with different conjugation efficiencies (Figure 7.2a). The
combination of riboswitch-E and the promoter P,z upstream of the sgRNA
(pRECas1) provided the highest conjugation efficiency (1.21 x 107 CFU/donor;
CFU: colony forming units), comparable to the 1.46 x 10”7 CFU/donor obtained
with pRECasC (non-targeting Cas9). Conjugative transfer of the control
plasmids, pRECasC and pRGCasC, resulted in similar colony counts on plates
with and without theophylline (Figure 7.2b), indicating a very low off-target
activity in the absence of the targeting module. In all cases the conjugation
efficiency was lower if riboswitch-G was used to regulate the expression of
Cas9, which implies a higher background expression level in the absence of the
inducer and agrees with the CAT results obtained in Chapter 4. No colonies were
observed on plates supplemented with theophylline if the sgRNA was expressed,
whether or not the editing template was included, indicating highly efficient
Cas9-mediating killing of host cells (Figure 7.2¢). These results also suggest
that it could be possible to select mutant cells just after transformation if the

homologous recombination event had occurred during the recovery time.
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Figure 7.2 Analysis of various RiboCas systems. (a) Conjugation efficiency of
different RiboCas plasmids involved in CRISPR-mediated gene editing. Error
bars represent standard deviations of three biological replicates on three
independent experiments. The data summarize the obtained editing results from
each RiboCas plasmid. (b) CFU obtained from conjugation of pRECaslC
(RiboCas vector lacking both homology arms and sgRNA) on selective media in
the presence and absence of the inducer theophylline. (¢) CFU obtained from
conjugation of pRECas1G-IIR (RiboCas vector lacking the homology arms) on
selective media in the presence and absence of theophylline. (d) Confirmation of
the gene deletion using colony PCR. L is 2-log ladder; lanes 1-8, colony PCR on
colonies from selective plates containing theophylline; lanes 9-16, colony PCR
on colonies from selective plates lacking theophylline; WT (wildtype).

Individual colonies harbouring the different CRISPR/Cas9 vectors and
the DNA editing template were picked and transferred to selective plates in the
presence of theophylline. In all cases, amplicons of ~2.2 kbp instead of ~2.9 kbp
size were detected after screening, implying the expected ~0.7 kbp deletion of
spolIR and an editing efficiency of 100% (Figure 7.2d). Desired deletions were
confirmed by sequencing the PCR products. Screening of uninduced colonies
generated the amplicon of the WT strain (2.9 kbp); sequencing of these PCR
products did not show insertions/deletions. These results suggest that the

dynamic range of riboswitch-E is appropriate for a Cas9-base editing system,
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providing both undetectable off-target activity and high selection capacity. The
consistency of these results was confirmed by three independent experiments,
verifying the robustness of the RiboCas system and its suitability for more
ambitious genome editing strategies.

Strain engineering usually requires sequential rounds of genome editing.
For this reason, the plasmid must be cured from the engineered host, which
might also prevent undesired off-target events associated with the presence of
Cas9 in the cell. Accordingly, successfully edited C. sporogenes cells
(C. sporogenes AspollIR) harbouring the RiboCas plasmid were cultured in non-
selective liquid TYG medium. After 24 hours of growth, individual colonies
were isolated from non-selective plates and screened for their ability to grow on
thiamphenicol by patch plating them onto plates in the presence and absence of
antibiotic supplementation. Cells susceptible to the antibiotic were PCR
screened using primers [C273-r and IC274-f. A plasmid curing efficiency of
60% was obtained (18/30 colonies screened), indicating that the replicon
pCB102, proven to be stable in C. sporogenes NCIMB 10696%*, is suitable for

genome editing purposes in such strain.

7.34 RiboCas for more ambitious genome editing strategies

To further illustrate the versatility of the RiboCas system it was
attempted to both delete and integrate larger fragments into the genome of
C. sporogenes. The 2.4 kbp spollE gene (Clspo ¢37040) was selected as the
target locus, on the basis of its large size and potential usefulness in the work
related to the conditionally sporulating strain. Two sets of homology arms were

designed to either delete the target sequence or to integrate a 3 kbp cassette
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(Figure 7.3a). The editing templates and the sgRNA sequences targeting spollE
were cloned into pRECas1 (the most efficient RiboCas system in C. sporogenes
in terms of conjugation efficiency) generating pRECas1-IIE (deletion vector)
and pRECasl IIEin (integration vector). Both vectors were successfully
conjugated into C. sporogenes. After conjugation, induction of cas9 expression
was performed by re-streaking individual colonies harbouring pRECas1-I1E and
pRECasl1-IIEin onto plates supplemented with thiamphenicol and 5mM
theophylline. PCR was performed on uninduced cultures and on colonies that
had grown for 24 hr in the presence of the inducer. All 100% of the screened
colonies were confirmed as positive mutants for spollE deletion and integration
of the cassette, respectively (Figure 7.3b). Generally, PCR products obtained
from colonies grown in the absence of the inducer were found to be from
unedited cells, demonstrating the tightness of RiboCas system in the absence of
the inducer. Only a few colonies (<10%) were composed of mixtures of mutant
and WT cells. A plasmid curing efficiency of approximately 70% was obtained

on this occasion.
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Figure 7.3 Deletion of spollE and integration of ARC. (a) Schematic
representation of the deletion of spollE (via pRECas1 _IIE) and the integration of
an ARC in the spollE locus (via pRECasl IIEin) in the chromosome of C.
sporogenes. The ARC comprises the ermB gene that confers resistance to the
antibiotic erythromycin and the sequence encoding the reporter enzyme B-
glucuronidase from E. coli. (b) PCR screening of the spollE deletion and
integration of the ARC. The 1.9, 7.2 and 4.3 kbp bands represent the spollE
deletion, ARC integration and WT genotypes, respectively. Lane L, 2-log DNA
marker with sizes (kbp) on the left; lanes 1-8 uninduced colonies; lanes 9-16
induced colonies.

7.3.5 Demonstration of the universality of RiboCas

To determine the applicability of the theophylline responsive
riboswitches and the RiboCas editing tool in other clostridial species it was
firstly sought to delete the same gene, spollE, in the solventogenic species
C. pasteurianum and in the pathogens C. difficile and C. botulinum. Previous

231,232,

5

work had enabled the use of Cas9 for editing purposes in C. pasteurianum
however, the strategies employed suffered from very low transformation
efficiencies that might compromise more ambitious applications. This is also the
case in C. diﬁ‘icile237’238, where the performance of CRISPR was shown to be
suboptimal. In particular, conjugation efficiencies of the CRISPR plasmid was

invariably very low. This is likely due to the high toxicity associated with the
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Cas9 endonuclease activity. The recent application of a CRISPR-Cpfl1 editing
tool enabled the deletion of various genes with high efﬁciencym. However,
because Cpfl nuclease recognizes a T-rich PAM sequence (5'-TTTN-3'), it is
hypothesised that off-target events across T-rich genomes (such as those from
species belonging to the genus Clostridium) are more likely to occur if compared
with Cas9, which recognises the PAM sequence 5'-GGN-3"**2.

Vectors pRECasl, containing the homology arms and the sgRNA to
target the spollE gene in each species were introduced into the host organisms
C. pasteurianum DSM 525-H1%, C. difficile 630 and the group I C. botulinum
strain ATCC 3502. C. pasteurianum was transformed via electroporation
whereas plasmids were introduced into C. difficile and C. botulinum by
conjugative plasmid transfer from an E. coli donor. Simultaneously, the control
plasmid pRECas1C (RiboCas vector lacking both homology arms and sgRNA),
was also introduced into the different hosts to determine the leakiness of the
system and its impact on the transformation/conjugation process. All
transformations were plated on appropriate media supplemented with
thiamphenicol, both in the presence and absence of theophylline. The
transformation frequency of the targeting RiboCas vector in C. pasteurianum
was only 20% lower than that of the control vector (5000 CFU/ug DNA in
pRECasl vs 6500 CFU/ug DNA in pRECas1C) (Figure 7.4). On average a
transformation efficiency of 75 CFU/ug DNA was obtained on plates containing
theophylline, demonstrating that the theophylline responsive riboregulator is
functional in C. pasteurianum. PCR screening of these colonies confirmed the
mutant genotype of the edited cells without the need for further re-streaking; the

unedited phenotype was maintained on plates lacking the inducer. Colonies from
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non-induced plates were individually streaked onto plates containing both
thiamphenicol and theophylline and colony PCR used to confirm their identity
as deletion mutants in 24 out of the 24 colonies screened (100% efficiency)
(Table 7.1). A similar transformation pattern was found when conjugating the
RiboCas vectors into C. difficile and C. botulinum (data not shown), validating
the induction ability of riboswitches and the efficiency of the RiboCas tool in
both organisms. Screening of C. difficile colonies after induction confirmed a
mutation efficiency of 100% while maintaining the WT phenotype on colonies
not exposed to theophylline (Table 7.1). Interestingly, and in contrast to the
results observed in other clostridial species, C. botulinum colonies on plates
lacking theophylline were composed of either mutants or a mixture of mutant
and WT populations. This may suggest that although inducible, riboswitches
exhibit a higher background expression in C. botulinum but that the selective
capacity of Cas9 still allows the selection of only edited cells. The efficiency of
plasmid curing in C. pasterurianum, C. difficile and C. botulinum was
approximately of 80, 5 and 60%, respectively. Whilst the efficiencies observed
in C. pasteurianum and C. botulinum are sufficient for genome editing purposes,
the low efficiency obtained in C. difficile indicates that a more appropriate

replicon is needed to favour plasmid loss in this strain.
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Figure 7.4 Transformation efficiencies of RiboCas plasmids in
C. pasteurianum, without (pRECasC) or with (pRECas_IIE) the spollE-targeting
sgRNA and the DNA editing template, when plated on selective media in the
absence and presence of the inducer theophylline.

A summary of all gene editing attempts carried out for the validation of
the RiboCas system in Clostridium, including insertions, deletions and
nucleotide substitutions are summarized in Table 7.1. This work was done in
collaboration with two other PhD students of the group, Maria Zygouropoulou,
who worked on C. sporogenes and Daphne Groothuis, who carried out all
C. botulinum work. It is worth noting that, despite pPRECas1 being the most
efficient in this study (in terms of conjugation efficiency), vectors incorporating
the promoter J23119 might be suitable for organisms where P,z is expected to
be natively repressed (i.e., in C. acetobutylicum).

Finally, to validate the efficiency and detect off-target events that could
have been caused by this tool, the genome of six independent mutants of
C. sporogenes (C. sporogenes AclosA-1 and C. sporogenes AclosA-I-NH (Table
7.1); three replicas of each) were sequenced. In all of them, no modifications
(apart from the intended editions) were detected when compared to the re-

sequenced C. sporogenes parent strain. This work was done in collaboration
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with another PhD student of the group, Maria Zygourupoulou, who had carried
out the genome editing process in these strains.

In summary, a novel CRISPR Cas9-based system — RiboCas — that
successfully works in several clostridial species, including the non-pathogen
C. sporogenes, the solventogenic C. pasteurianum and the pathogens C. difficile
and C. botulinum has been generated in this study. This novel system overcomes
the main obstacles associated with Cas9 editing tools, including the very low
transformation efficiencies and the inability to select only edited cells as a result
of excessive Cas9 toxicity243’244. For this reason, it is suggested that temporal
and minimum exposure of the cells to Cas9 has three main benefits: (i) it
provides time for the homologous recombination event to occur before Cas9 is
expressed; (i1) it reduces the likelihood of potential off target effects, and; (iii) it
diminishes the possibility of mutations that inactivate Cas9 or the sgRNA, which
result in “escaper” colonies that cannot be distinguished from the edited cells.
Because riboswitches can be adjusted to the desired regulatory window, a
riboswitch-based CRISPR system allows very low basal expression of Cas9 in
the absence of inducer and an adequate level of gene expression after induction,

fulfilling the benefits of an inducible Cas9-based system.
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Table 7.1 Summary of genome editing results in different Clostridium species

Strain Target Modification Protospacer sequence aefficiency (%)
Deletion Insertion
(kpb) (kbp)
C.pasteurianum DSM 525 spollE 24 - ggaaactcctaaatatcacg 100
C.difficile 630 spollE 24 - ggaattttagatttaaaacg 100
C.botulinum ATCC 3502 spollE 24 ttttataaagcgaggaactg 100
C.sporogenes NCBI 10696 spollE 24 ttaattataggatatgtaaa 100
spollE - 29 ttaattataggatatgtaaa 100
spolIR 0.7 - ggtaatataacattgccaca 100
c16380 0.63 - acagttttttcaattttcgg 100
c03700 mzil::i:)n mi’lc:::n ttacaactactatccaaaga 94
c01750 14 - aagtactccgattaaaacag 84
c04580 1 1 ggtttagaagaaatageggg 83
c14540 - 0.8 gacaaaacaagtcaaataga 67
c05250* 8.5 - ggactcttaaccccaactaa 57
c14780 0.6 - ccaaatatagtccaacctaa 56
closC749::CT** 10 tggatattcaccgaacacta 43
pyrE 04 0.8 atagtaggaccagctatggg 42
31080 0.24 - gttgttttaattgatcacaa 38
29800 13 - acttgtagcggcagaagcac 36

3(Number of correctly edited transformants/total number of transformants screened) x 100

Resultant strains * C. sporogenes AclosA-1 ** C. sporogenes AclosA-I-NH
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7.4 Key outcomes

1.

Generation of RiboCas, a highly efficient, riboswitch-Cas9-based
editing tool that regulates the expression of Cas9 at the level of
translation. The tool allows high transformation efficiency and selection
capacity in the absence and presence of induction, respectively.
Demonstration of the functionality of RiboCas for large gene deletion
and insertion in C. sporogenes.

Demonstration of the universality of RiboCas by obtaining chromosomal
modifications in four different clostridial species: C. sporogenes,

C. pasteurianum, C. difficile and C. botulinum.
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Chapter 8
| General Discussion

As a scientist, [ clearly see the potential for harnessing the power of nature

— Craig Venter
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8.1 Context

Through the application of engineering principles, synthetic biology
provides the means to harness the power of living things for the good of
humankind. Central to synthetic biology is the ability to assemble standardized
biological modules to create systems with useful applicationsMS. For this reason,
one of the main efforts of synthetic biologists in the last few years has been to
characterize and standardize biological parts75_79. However, these parts have
been largely created for model organisms (i.e., E. coli, B. subtilis, S. cerevisiae),
with only a very limited selection available for non-model hosts, such as
Clostridium spp.

Why Clostridium? Clostridial strains have been important to
biotechnology for years. One such example is the solvent-producing clostridial
species C. acetobutylicum, which since the beginning of the 20" century has
been exploited for its ability to convert sugars into acids and solvents via the
well-known acetone-butanol-ethanol (ABE) fermentation®*°. Today, genetic
engineering techniques not only allow manipulation of the genome of
C. acetobutylicum to optimize solvent production, but also to introduce genes
and pathways from diverse organisms to produce all manner of things, including
drugs, foods or fuels. This also applies to the large variety of clostridial
organisms that can be used as “production chassis”. The exploitation of their
natural abilities (e.g., carbon fixation, tumour colonization, cellulosic and
hemicellulosic biomass degradationM), can serve, for instance, to produce
valuable chemicals whilst reducing the amount of CO, present in the atmosphere

or allow them to be utilized as anticancer agents. Synthetic biology tools for
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manipulating clostridial hosts can facilitate these uses. Consequently, biological
parts and systems that are functional in Clostridium are needed.

Besides the aforementioned attributes, clostridia cells also have the
ability to sporulate. Interestingly, the resilient properties of spores make them
attractive for use in a wide range of biotechnological applications. Nevertheless,
from a safety perspective, spores enable the organism to survive for prolonged
periods of times if release into the environment. As such, there is need for
biological containment.

A number of bio-strategies exist to minimize the “escape” of GMOs into
the environment*'. Thus far, none of the individual strategies have been proven
to be completely successful as containment measurements and it seems that the
combination of more than one “containment layer” is necessary to completely
contain GMOs. Nevertheless, the potential risk of recombinant spores shed into
the environment has not been, as yet, addressed. In this work, it is proposed that
a conditionally sporulating strain, meaning a strain capable of sporulating only
under certain growth conditions, could prevent the bacterial spores of a GMO
from being formed and subsequently released into the environment.

Controlling the flow of information in a genetic network is probably one
of the main obstacles in genetic engineering projects. For example, in order to
construct a molecular machine or a genetic circuit, the expression of proteins or
RNA molecules that control each other’s levels within the circuit needs to be
balanced so that it performs the predicted logical function. Balancing expression
can be achieved through a variety of genetic parts, of which the most precious
are those that can be regulated through the agency of an external stimulus. These

parts (i.e., inducible systems) allow, for instance, re-wiring of a specific genetic
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network so that a certain process is temporarily regulated (i.e., sporulation).
Additionally, inducible systems can be useful to temporarily regulate the
expression of detrimental or toxic proteins (i.e., Cas9 in CRISPR editing
approaches) or to fine-tune the amount of each component in a genetic circuit or
pathway so that it behaves optimally.

Therefore, the projects presented in this thesis have attempted to: (i)
provide novel genetic tools (and biological parts) to make Clostridium a more
amenable microbial chassis for synthetic biology applications, and; (ii) provide
biological containment of clostridial spores to facilitate their future

implementation in biotechnology applications.

8.2 Original contributions

The design of novel and synthetic “devices” capable of tightly regulating
gene expression requires, at the very least, the pre-characterization of the
individual composite parts. For this reason, here it was decided to characterize
one of the most effective and widely used clostridial inducible sytem, the LAC
system from C. perfringens strain 13 (Chapter 3). The host, which would be
used to test all the tools generated in this study, was C. sporogenes NCIMB
10696. This strain represents the most promising candidate for clostridial-based
cancer therapies and a focus of this research group (SBRC). Results
demonstrated that the LAC system from C. perfringens strain 13 is functional in
C. sporogenes. Substantial background expression, however, was observed in
the absence of inducer. This, in turn, compromised the dynamic range of the
system (this was approximately 15-fold). Characterization of the LAC system

provided information on its functionality that had not previously been reported.
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This included the identification of the transcriptional start site and the putative -
10 and -35 promoter elements of both, the transcriptional regulator (BgaR) and
the regulated gene, as well as the region to which BgaR binds.

In this thesis, it has also been demonstrated, for the first time, that
theophylline-dependent riboswitches function in a clostridial host, with a
response that is dependent on inducer concentration (Chapter 4). In particular,
the novel riboswitch-G, which was rationally designed to function in
Clostridium, outperformed previously published riboswitches, exhibiting a
dynamic range of approximately 15-fold and very tight repression. It was also
shown that by replacing the promoter and modifying the 5" UTR sequence
located upstream of the riboswitch, libraries of inducible switches with a broad
spectrum of dynamic ranges could be created. These can be suitable for
applications where high levels of gene expression are needed as well as for the
expression of detrimental proteins. In all cases, the riboswitch was able to
respond to the inducer theophylline, ensuring its performance independent of the
genetic context and consolidating the theophylline responsive riboswitch as a
novel device to regulate gene expression in clostridia.

The systems characterized in chapters 3 and 4, one regulating
transcription (LAC system) and the other translation (theophylline responsive
riboswitches) resulted in very similar dynamic ranges (approximately 15-fold).
However, whereas the LAC system exhibited high levels of gene expression and
substantial leakiness in the presence and absence of the inducer, respectively,
the theophylline responsive riboswitches were tightly repressed only if low
levels of expression were obtained after induction. Importantly, the synthetic

biology toolbox of a certain organism (or genus) requires inducible systems with
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different dynamic ranges so that they can be used in a wide range of applications,
but Clostridium was until now, lacking a system exhibiting both reduced
background expression and high levels of expression in the OFF and ON states,
respectively.

The clue as to how to achieve such a system was obtained when
characterizing the LAC system from C. perfringens strain 13. The deletion of
bgaR from the plasmid containing the LAC system resulted in reduced
background expression in the absence of inducer, as well as in the inability to
activate the expression of the reporter gene. If expression of the transcriptional
activator BgaR was tightly repressed, leakiness could be potentially reduced.
Accordingly, the theophylline responsive riboswitch was combined with the
transcriptionally regulated LAC system to generate a dual translational-
transcriptional ON device that controls the expression of both, bgaR and the
gene of interest (Chapter 5). In this system, termed RiboLac, optimal expression
of the target gene requires induction with both theophylline and lactose. Its
reduced basal expression resulted in the improvement of the dynamic range from
approximately 15-fold to 40-fold. Additionally, the enhanced performance of
the RiboLac was further demonstrated by direct comparison with an engineered
system where the dual control is only exerted over the target gene.

Additionally, and as one of the main aims of this thesis, a strain with
conditional control of spore formation was generated (Chapter 6). The
hypothesis was that the ability to sporulate could perhaps be regulated by placing
a gene that is essential for this process under the control of an inducible system.
As (by definition) a typical synthetic biology approach, the creation of an

adequate conditionally sporulating strain required several cycles of design,
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building and testing. This was mainly related to the fact that the appropriate
behaviour of the strain (no spores in the absence of the inducer and ability to
sporulate like WT after induction) needed a system that maintained the level of
expression of the selected key sporulation gene within a certain range. The gene
encoding the master regulator SpoOA was the first candidate considered, and as
such, a strain deficient in this gene — and host to test the different inducible
systems — was generated. Plasmid-based analysis involving the expression of
spo0A under the control of the systems developed in this study (i.e., LAC
system, theophylline responsive riboswitches and RibolLac) were initially
performed. Results showed that the systems that exhibited the tightest repression
when analysing reporter systems in Chapters 3, 4 and 5 (Ps+-E and Py, *-E)
were the only ones capable of preventing spore formation in the absence of
inducer. However, these strains were incapable of sporulating in a WT manner
after induction, indicating that a wider dynamic range was necessary to regulate
sporulation in C. sporogenes. Integration of the different systems in the
chromosome of C. sporogenes (specifically in the pyrE locus) resulted in one
strain, C. sporogenes::RiboLac-spo0A, exhibiting the desired sporulation
profile: no spores in the absence of inducers and a sporulation capacity
comparable to WT after induction. This further demonstrated the superior ability
of the dual system RiboLac to tightly regulate gene expression (the strain
containing spo0A under the control of the unmodified LAC system did sporulate
in the absence of inducer). Additionally, the inducible regulation of SpoOA with
systems that had exhibited different levels of CAT expression indicated that a
certain threshold of SpoOA might be necessary to activate the sporulation

program in C. sporogenes, in contrast to what had been recently observed in C.
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diﬁicilemo. The strain generated in this study, in addition to offering an ideal
means of biocontainment in spore-based applications, could be used to study
the spo0A regulon in C. sporogenes, since this species is also used by the food
industry as surrogate of the neurotoxin-producing C. botulinum group I
strains®"”. Spores play a crucial role in the food contamination and poisoning

18 and, for this reason, sporulation

processes associated with C. botulinum®
represents a critical intervention point to improve food safety. Additionally, the
transferability of this system to other Clostridium species could also serve to
analyse certain aspects linked to the spo0A regulon, including the regulation of
solvent productionMg.

As an alternative approach, generating a conditionally sporulating strain
of C. sporogenes was attempted via regulation of the expression of the spollIR
gene, encoding a stage II sporulation protein. In this case, and because spolIR is
transcribed in association with the sporulation specific sigma factor o', the
regulatory elements of the promoter to which this sigma factor binds had to be
maintained. For this reason, only the theophylline responsive riboswitch (in
particular, riboswitch-G) was considered, as riboswitches can be located
downstream of any promoter. The synthetic regulation of spolIR achieved by
placing the riboswitch downstream of its own promoter (Psy,;z*) could not
prevent spore formation in the absence of the inducer, indicating that an even
tighter repression of the gene was required in this case. Interestingly, generation
of the C. sporogenes AspollR strain and its subsequent complementation
revealed that spolIR might have a “positional regulation” in C. sporogenes.

Finally, and to further contribute to the clostridial synthetic biology

“toolkit”, the theophylline responsive riboswitches were used to generate a
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universal and highly efficient inducible Cas9-based system, termed RiboCas
(Chapter 7). This novel system overcome the main obstacles associated with
Cas9-based editing tools, including the very low transformation efficiencies and
the inability to select only edited cells as a result of excessive Cas9 toxicity. Its
universality in clostridia was demonstrated by generating mutants in three other
different Clostridium species: C. botulinum, C. difficile and C. pasteurianum.
Therefore, RiboCas will be possibly the method of choice for future genome
editing purposes in Clostridium.

It is important to note that since the riboswitches were functional in all
clostridial hosts tested thus far (exemplified through the RiboCas tool), we
anticipate that the RiboLac should be functional, at least, in those species where

the unmodified LAC system has been proven to work, including C. diﬁicile?‘“,

C. perfringenslog, C. ljungdahliilm, C. tyrobulyricuml%, Clostridium

SaccharoperbulylacetonicuszO, C. bei]'erickii236 and C. acetobulj/licum233.

8.3 Perspectives

At the onset of this project, there were only a limited number of genetic

tools available to engineer Clostridium. These included procedures for creating

224,251 222

random and directed mutagenesis™™“, methods for genome editing

(recently reviewed in**), and the formulation of standardized plasmid

systems'*

. Nevertheless, a wide range of inducible systems, indispensable for
the generation of novel genetic networks, was missing. Now, having been added
to the toolbox, there are some other basic parts that are still needed, including

appropriate insulators or a large library of RBSs, which are expected to be

developed in the near future. Furthermore, adoption of a single reporter system,
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which could be used to measure the activity of all different parts tested, has not
yet been implemented. This is necessary to facilitate the comparison of data
between different laboratories.

To my knowledge, this is the first time that a riboregulator has been used
to control the expression of Cas9 in CRISPR applications. Besides its genetic
engineering prospects in Clostridium, where it has proven to be extremely
efficient, the tandem riboswitch-cas9 could be readily transferred to other
genera or kingdoms. Riboswitches are not species-specific, so they could
potentially work on any organism.

The reason behind utilising C. sporogenes and not any other industrially
relevant clostridial strain to generate a conditionally sporulating strain was the
direct involvement of this research group in clostridial-based cancer therapies.
Substantial efforts have been undertaken so far to bring such therapies to the
clinic, and biocontainment could now be a potentially surmountable obstacle. In
this context, it would be necessary to evaluate if the conditionally sporulating
strain behaves as such in animal models and remains asporogeneous in the
absence of inducers as well as the robustness and stability of conditionally
sporulating after long periods of time. Additionally, albeit beyond the scope of
this work, it is important to evaluate the potential effect that the engineered strain
could have in expressing the anticancer “cargo”. For instance, it could be
possible that the colonization capacity of the strain is affected by the synthetic
regulation of spo0A, in which case, new target genes would need to be evaluated,
built and tested.

Despite the successful development of a conditionally sporulating strain,

as a biocontainment measure, C. sporogenes::RiboLac-spo0A4 could only be
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used in applications where the germinated cell would not be in contact with
lactose or theophylline. For example, biocontainment obtained via conditionally
regulating sporulation in strains intended to be used as probiotics would (ideally)
require inducible systems that are not induced by molecules found in edible
products (i.e., lactose or theophylline). As a proof-of-concept, this work has
shown that a given inducible system can be engineered to improve its dynamic
range; however, other natural or synthetic inducible systems can also be

envisioned as potential regulators of the sporulation cascade.
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Table S1 Chemicals, kits and suppliers used in this study

Material Supplier

Acetyl-Coa, sodium salt Sigma-Aldrich (A2056)
Agar bacteriological (Agar no. 1) Oxoid (LP0011)

Agar bacteriological (Agar no. 2) Oxoid (LP0012)

Agarose

Antarctic Phosphatase

BHI Agar ready mix

BHI ready mix

BugBuster Master Mix
Chloramphenicol

cOmplete™, Protease Inhibitor Cocktail
DNA Ladder (2-Log, 100 bp)
DreamTaq Green PCR Master Mix
DTNB (5,5’ dithio(nitrobenzidene))
Erythromycin

Ethanol

Expand™ High Fidelity PCR System
Fluoroorotic acid

FastRNA PRO™ Blue Kit

Gel Loading Dye, Purple (6X)
GenElute™ Bacterial Genomic DNA Kit
Glucose

Glycerol

Glycine

High Pure PCR Product Purification Kit
High Pure RNA Isolation Kit
Kanamycin

KOD Hot Start Master Mix

L-Cysteine Hydrochloride Monohydrate
Lactose

LB ready mix

Lysozyme

Magnesium chloride

Monarch DNA Gel Extraction Kit

Fisher Scientific (BP1356)
New England Biolabs (M0289S)
Oxoid (CM1136)

Oxoid (CM1135)

Novagen (71456)

Alfa Aesar (B20841)

Roche (11836145001)

New England Biolabs

Thermo Fisher (K1081)
Sigma-Aldrich (D1830)
Sigma-Aldrich (E5389)

Fisher Scientific (G/0650DF/17)
Roche (11732641001)

Source Biosciences

MP Biomedicals (116025050)
New England Biolabs (B7024S)
Sigma-Aldrich (NA2120)
Sigma-Aldrich (G8270)
Sigma-Aldrich (G5516)
Sigma-Aldrich (G8898)

Roche (11732668001)

Roche (11828665001)
Sigma-Aldrich (K1377)
Novagen (71842)

Fisher Bioreagents (BP376)
Sigma-Aldrich (17814)

Fisher Bioreagents (BP1426)
Sigma-Aldrich (L6876)
Sigma-Aldrich (M8266)

New England Biolabs (T1020S)
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Table S1 Chemicals, kits and suppliers used in this study; continued from

previous page

Material

Supplier

Monarch PCR & DNA Cleanup Kit

Monarch Plasmid Miniprep Kit

MOPS (3-(N-morpholino)propanesulfonic acid)

Omniscript RT Kit
Peptone

Phosphate-buffered saline tablets

Phenol:Chloroform:Isoamyl alcohol

Pierce™ BCA Protein Assay Kit
Potassium phosphate dibasic
Potassium phosphate monobasic
Protector RNase inhibitor
Proteinase K

Random Primer 6

RCM agar ready mix
Restriction Enzymes
RNAprotect Bacteria Reagent
RQ1 RNase-Free DNase Kit
SYBR™ Green PCR Master Mix
SYBR™ Safe DNA gel stain
Sodium acetate

Sodium chloride

Sodium dodecyl sulfate

Sodium thioglycolate

Sucrose

TAE buffer (10 x)

T4 DNA ligase

T4 Polynucleotide Kinase
Theophylline

Thiamphenicol

Trizma base

Tryptone

Yeast extract

New England Biolabs (T1030S)
New England Biolabs (T1010S)
Sigma-Aldrich (M1254)
Qiagen (205111)

Novagen (71280)

Oxoid (BR0014G)
Sigma-Aldrich (P3803)
Thermo Fisher (23225)
Sigma-Aldrich (P3786)
Sigma-Aldrich (P0662)

Roche (3335399001)
Sigma-Aldrich (P6556)

New England Biolabs (S1230S)
Oxoid (CM0151)

New England Biolabs

Qiagen (76500)

Promega (M6101)

Thermo Fisher (4309155)
Invitrogen (S33102)
Sigma-Aldrich (W302406)
Sigma-Aldrich (746398)
Sigma-Aldrich (436143)
Sigma-Aldrich (BP376)
Sigma-Aldrich (S8501)

EMD Millipore (106023)
Promega (M1801)

New England Biolabs (M0201S)
Sigma-Aldrich (T1633)

MP Biomedicals (QR13918)
Sigma Aldrich (93352)

Bacto (211705)

Oxoid (LP0021)
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Table S2 Growth media composition

Medium Composition Amount (g/1)
Tryptone 20
Yeast Extract 5
NaCl 0.584
SOC KCl 0.186
MgCl, 0.952
MgSO, 1.204
Glucose 3.603
Tryptone 10
LB (lysogeny broth) Yeast Extract 5
NaCl 10
Tryptone 10
Yeast Extract 5
LB - agar NaCl 10
Bacteriological agar no. 3 15
Tryptone 30
TYG Yeast Extract 20
Sodium Thyoglycolate 1
Tryptone 30
Yeast Extract 20
TYG - agar Sodium Thyoglycolate 1
Bacteriological agar no. 2 15
Amino Acid Complete
and defined Medium [1
(MACCO)
Peptone 16
Yeast Extract 10
2xYPG NaCl 5
Glucose 6%
pH 6.2
Yeast extract 3
Lab-Lemco powder 10
Peptone 10
Glucose 5
RCM - agar Soluble starch 1
NaCl 5
Sodium acetate 3
Cysteine 0.5
Agar 0.5
Brain infusion solids 12.5
Beef heart infusion solids 5
Protease peptone 10
BHIS Glucose 2
NaCl 5
NazHPO4 2.5
Brain infusion solids 12.5
Beef heart infusion solids 5
Protease peptone 10
BHIS - agar Glucose 2
NaCl 5
NazHPO4 2.5
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Table S3 E. coli strains used in this study

Strain Characteristics Source
TOP10 F- merd A(mrr-hsdRMS-mcrBC) 80lacZAM15 Life
AlacX74 recAl araD139 A(ara-leu)7697 galU galK Technologies
rpsL endA1 nupG
CA434 As TOP10 but bearing R702 conjugative plasmid [2]
TOP10 As TOP10 but bearing pCR1 methylation plasmid [3]
pCR1
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Table S4 Clostridium strains used in this study

Strain Description/Properties® Source”
C. sporogenes NCIMB 10696 Wild type isolate CRG
C. sporogenes pyrE~ pyrE deficient mutant [4]

C. sporogenes::LAC C. sporogenes with supplied LAC-catP via ACE This study
C. sporogenes::RiboLac C. sporogenes with supplied RiboLac-catP via ACE This study
C. sporogenes pyrE~ Aspo0A pyrE deficient mutant with spo04 deletion via AE This study
C. sporogenes Aspo0A spo0A mutant with pyrE repaired via ACE This study
C. sporogenes Aspo0A°"" spo0A mutant with supplied spo04 via ACE This study
C. sporogenes Aspo0A::Py.+E-spo0A spo0A mutant with supplied P4-E-spo0A via ACE This study
C. sporogenes Aspo0A::Py.;*-E-spo0A spo0A mutant with supplied P, *-E-spo04 via ACE This study
C. sporogenes Aspo0A:: Pgy-E-spo0A spo0A mutant with supplied Ps.-E-spo04 via ACE This study
C. sporogenes Aspo0A::Pg,-G-spo0A spo0A mutant with supplied Ps,-G-spo0A via ACE This study
C. sporogenes Aspo0A:: Py *-E-spo0A spo0A mutant with supplied Py *-E-spo0A via ACE This study
C. sporogenes Aspo0A:: P *-G-spo0A spo0A mutant with supplied Py *-G-spo0A via ACE This study
C. sporogenes Aspo0A:: P, . *-E-spo0A spo0A mutant with supplied P,,.z*-E-spo0A4 via ACE This study
C. sporogenes Aspo0A::P .. *-G-spo0A spo0A mutant with supplied P,,z*-G-spo04 via ACE This study
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Table S4 Clostridium strains used in this study; continued from previous page

Strain Description/Properties® Source”
C. sporogenes Aspo0A::LAC-spo0A spo0A mutant with supplied LAC-spo04 via ACE This study
C. sporogenes Aspo0A::RiboLac-spo0A spo0A mutant with supplied RiboLac-spo0A4 via ACE This study
C. sporogenes AspollIR spolIR mutant via RiboCas This study
C. sporogenes pyrE~ AspolIR pyrE deficient mutant with spo/IR deletion via RiboCas This study
C. sporogenes AspolIR“°™" spolIR mutant with supplied spolIR via ACE This study
C. sporogenes::PspolIR-G-spollIR spolIR mutant with supplied P,,;z-G-spolIR via AE This study
C. sporogenes AspollE spollE mutant via RiboCas This study
C. sporogenes spollE"::ARC spollE deficient mutant with insertion of the ARC via RiboCas This study
C. pasterurianum DSM-525 H1 C. pasteurianum strain with increased transformation efficiency CRG

C. pasterurianum AspollE spollE mutant via RiboCas This study
C. difficile 630 Wild type isolate CRG

C. difficile 630 AspollE spollE mutant via RiboCas This study
C. botulinum ATCC 3502 Wild type isolate CRG

C. botulinum AspollE spollE mutant via RiboCas This study

“ACE (Allele-Coupled Exchange); AE (Allelic Exchange). "CRG (Clostridia Research Group)



Table S5 List of plasmids used in this study

Plasmid Relevant characteristics® Reference source**

Modular vectors
pMTLS82251/pMTL82254 Erm®; modular vector expression assays [5]
pMTL83151 Cm"; modular vector used as a chassis for RiboCas [5]

Chapter 3 / The LAC system from C. perfringens strain 13

(all vectors derived from pMTL82251 with sequences inserted via Notl and Xhol restriction sites)

pMTL-HZ1 Erm®; LAC-catP Wang, H. CRG
pMTL-IC001 Erm®; promoterless catP reporter vector This study
pMTL-IC1201 Erm®; Pjguz-catP This study
pMTL-ICMO1 Erm®; LAC-catP with O1 deleted This study
pMTL-ICMO2 Erm®; LAC-catP with O2 deleted This study
pMTL-ICMO102 Erm®; LAC-catP with O1 and 02 This study
pMTL-ICMB Erm®; LAC-catP lacking bgaR This study
pPMTL-ICT1 Erm®; LAC-caP with truncation 1 This study
pPMTL-ICT2 Erm"; LAC-catP with truncation 2 This study
pMTL-ICT3 Erm"; LAC-catP with truncation 3 This study
pMTL-ICT4 Erm®; LAC-catP with truncation 4 This study
pPMTL-ICTS Erm"; LAC-catP with truncation 5 This study
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Table S5 List of plasmids used in this study; continued from previous page

Plasmid

Relevant characteristics®

Reference source**

pMTL-ICT6
pMTL-ICT7
pMTL-ICTS
pMTL-ICT9
pMTL-ICT10
pMTL-ICT11
pMTL-ICM1
pMTL-ICM2
pMTL-ICM3
pMTL-ICM4
pMTL-ICM5
pMTL-ICM6
pMTL-ICM7
pMTL-ICMS$
pMTL-ICM9
pMTL-ICM10
pMTL-ICM11

ErmR; LAC-catP with truncation 6
ErmR; LAC-catP with truncation 7
ErmR; LAC-catP with truncation 8

ErmR; LAC-catP with truncation 9

ErmR; LAC-catP with truncation 10

ErmR; LAC-catP with truncation 11

ErmR; LAC-catP with mutation 1
ErmR; LAC-catP with mutation 2
ErmR; LAC-catP with mutation 3
ErmR; LAC-catP with mutation 4
ErmR; LAC-catP with mutation 5
ErmR; LAC-catP with mutation 6
ErmR; LAC-catP with mutation 7
ErmR; LAC-catP with mutation 8
ErmR; LAC-catP with mutation 9
ErmR; LAC-catP with mutation 10

ErmR; LAC-catP with mutation 11

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study




Table S5 List of plasmids used in this study; continued from previous page

Plasmid Relevant characteristics® Reference source**

Chapter 4 | Theophylline responsive riboswitches in C. sporogenes
(all vectors derived from pMTL82251 with sequences inserted via Notl and Xhol restriction sites)

91¢C

pMTL-IC101 Erm®; Pyy,-catP This study
pMTL-IC111-D Erm®; Piu-D-catP This study
pMTL-IC111-E Erm®; Py-E-catP This study
pMTL-IC111-E* Erm®; Pi-E*-catP This study
pMTL-IC111-F Erm®; P-F-catP This study
PMTL-IC111-G Erm®; Pyy,-G-catP This study
pMTL-IC111-H Erm®; Pi-H-catP This study
pMTL-IC111-1 Erm®; Piy-1-catP This study
pMTL-IC111-J Erm®; Py-J-catP This study
PMTL-IC121-E Erm®; Py, *-E-catP This study
PMTL-IC121-G Erm®; Py *-G-catP This study
PMTL-IC121-H Erm®; Py *-H-catP This study
pMTL-IC201 Erm®; Pyyys -catP This study
PMTL-IC211-E Erm®; Pyys-E-catP This study
PMTL-IC211-G Erm®; Pyys-G-catP This study
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Table S5 List of plasmids used in this study; continued from previous page

Plasmid Relevant characteristics* Reference source**
PMTL-IC211-H Erm®; Pyys-H-catP This study
PMTL-IC221-E Erm®; Pyys*-E-catP This study
PMTL-IC221-G Erm®; Pyys*-G-catP This study
PMTL-IC221-H Erm®; Pyys*-H-catP This study

Chapter 5/ A dual mechanism to tightly control gene expression - the RiboLac
(all expression vectors derived from pMTL82251 with sequences inserted via Notl and Xhol restriction sites)

pMTL-ICE1 ErmR; RiboLac with riboswitch E downstream of Pyg,z This study
pMTL-ICG1 ErmR; RiboLac with riboswitch G downstream of Pyg,z This study
pMTL-ICH1 ErmR; RiboLac with riboswitch H downstream of Pyg,z This study
pMTL-ICE1* ErmR; RiboLac with riboswitch E downstream of Pyg,z* This study
pPMTL-ICG1* ErmR; RiboLac with riboswitch G downstream of Ppg.z* This study
pMTL-ICH1* ErmR; RiboLac with riboswitch H downstream of Ppg.z* This study
pMTL-JH29 Cm"; integration vector for ACE in C. sporogenes [4]

pMTL-JH29T Cm"; integration vector including a terminator downstream of pyrE This study
pMTL-JH29T-L Cm"; integration vector for the integration of LAC-catP via ACE This study
pMTL-JH29T-R Cm"; integration vector for the integration of RiboLac-catP via ACE This study
pMTL-ICLG1* ErmR; Lactoswitch with riboswitch G downstream of Ppg,; * This study
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Table S5 List of plasmids used in this study; continued from previous page

Plasmid

Relevant characteristics®

Reference source**

pMTL-ICLH1*

pMTL-CH14
pMTL-ICD
pPMTI-ICD-spo0A
pMTL-JH29-spo0A
pMTL-JH29
pPMTL-IC321-E
pMTL-IC321-G
pMTL-IC321-H

pMTL-ICSPO-Ps;+-E
pMTL-ICSPO-P; -G
pMTL-ICSPO-P;,-H
pMTL-ICSPO-P;. *-E
pMTL-ICSPO-Psy s *-G
pMTL-ICSPO-Ps;.,*-H

ErmR; Lactoswitch with riboswitch H downstream of Ppg,; *

This study

Chapter 6 | Development of a C. sporogenes conditionally sporulating strain

Cm"; deletion vector harbouring pyrE from C. acetobutylicum and pCD6 replicon
Cm"; deletion vector harbouring pyrE from C. acetobutylicum and pIM13 replicon
Cm"; deletion vector to delete spo0A4 via AE

Cm"; integration vector to complement spo0A4 via ACE

Cm"; integration vector to repair pyrE via ACE

ErmR; Pue*-E-catP
ErmR; Pue*-G-catP
ErmR; P .e*-H-catP
ErmR; Pjs-E-spo0A
ErmR; Pixs-G-spo04
ErmR; Pxs-H-spo04
ErmR; Pjicq*-E-spo04
ErmR; Py *-G-spo04
ErmR; Ps*-H-spo04

(all expression vectors derived from pMTL82251 with sequences inserted via Notl and Xhol restriction sites)

Humphreys, C. CRG
This study
This study
This study

[4]
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Table S5 List of plasmids used in this study; continued from previous page

Plasmid

Relevant characteristics®

Reference source**

pMTL-ICSPO-Pg-E
PMTL-ICSPO-Pg-G
pMTL-ICSPO-Pg-H
pMTL-ICSPO-Py, *-E
PMTL-ICSPO-P. *-G
pMTL-ICSPO-Pg,*-H
pMTL-ICSPO-L
pMTL-ICSPO-R
pMTL-JH29T-Psys-E-spo0A
pPMTL-JH29T-Ps*-E-spo0A
PMTL-JH29T-P-E-spo0A
pMTL-JH29T-P;-G-spo0A
pMTL-JH29T-Psy,*-E-spo0A
pMTL-JH29T-P; *-G-spo0A
pMTL-JH29T-P,,,c*-E-spo0A
pMTL-JH29T-P,,,r*-G-spo0A
PMTL-JH29T-L-spo0A

ErmR; Pu-E-spo0A

ErmR; P -G-spo0A

ErmR; P -H-spo0A

ErmR; P *-E-spo0A

ErmR; P *-G-spo0A

ErmR; P *-H-spo0A4

Erm®; LAC-spo0A4

ErmR; Ribolac-spo0A (RiboLac with riboswitch G downstream of Ppgqz*)
CmR; integration vector for Pgs-E-spo0A4 via ACE
CmR; integration vector for Py, *-E-spo0A via ACE
CmR; integration vector for Py,-E-spo04 via ACE
CmR; integration vector for Py;,-G-spo04 via ACE
CmR; integration vector for Py, *-E-spo04 via ACE
CmR; integration vector for Py,*-G-spo0A via ACE
CmR; integration vector for P,,,z*-E-spo0A4 via ACE
CmR; integration vector for P,,,z*-G-spo0A via ACE

Cm"; integration vector for LAC-spo0A via ACE

This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study




Table S5 List of plasmids used in this study; continued from previous page

Plasmid Relevant characteristics* Reference source**
pPMTL-JH29T-R-spo0A Cm"; integration vector for RiboLac-spo0A via ACE This study
pMTL-JH29-spollIR Cm"; integration vector to complement spolIR via ACE This study
PMTL-ICD-Py,y iz *-G-spolIR CmR; integration vector to integrate Py,o;z-G-spolIR in the spolIR locus via AE This study

Chapter 7 / A universal Cas9-based editing tools for the genus Clostridium: RiboCas

1144

pRECasC Cm"; P/ *-E-cas9 This study
pPRECas1G-IIR CmR; P/ *-E-cas9-Pqae-sgRNA (spolIR) This study
pRECas1-IIR Cm"; P *-E-cas9-P,..e-sgRNA-editing template (spollR) This study
pRECas2-IIR Cm"; P/ *-E-cas9-J23119-sgRNA-editing template (spolIR) This study
pRGCasC Cm"; Py *-G-cas9 This study
pPRGCas1G-IIR CmR; P *-G-cas9-P rar-sgRNA (spolIR) This study
pPRGCas1-IIR Cm"; P/ *-G-cas9-P ar-sgRNA-editing template (spolIR) This study
pPRGCas2-IIR Cm"; P/ *-G-cas9-J23119-sgRNA-editing template (spollR) This study
pPRECas1G-IIE CmR; P/ *-E-cas9-P.qag-sgRNA (spollE) This study
pRECasl1-IIE Cm"; P/ *-E-cas9-P,..z-sgRNA-editing template (spollE) This study
pRECas1-IIEin Cm"; P/ *-E-cas9-P..e-sgRNA (spollE)-editing template (ARC) This study
pPRECas1G-IIE-Cpas Cm"; P *-E-cas9-P..e-sgRNA (spollE) — C. pasteurianum This study
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Table S5 List of plasmids used in this study; continued from previous page

Plasmid Relevant characteristics® Reference source**
pRECas1-1IE-Cpas Cm"; P/ *-E-cas9-P..z-sgRNA-editing template (spollE) — C. pasteurianum This study
pRECas1G-IIE-Cdif Cm"; P/ *-E-cas9-P.q.e-sgRNA (spollE) — C. difficile This study
pRECas1-1IE-Cdif Cm"; P/ *-E-cas9-P,..e-sgRNA-editing template (spollE) — C. difficile This study
PRECas1G-IIE-Chot CmR; P/ *-E-cas9-P.qaz-sgRNA (spollE) — C. botulinum This study
pRECas1-1IE-Chot Cm"; P *-E-cas9-P,..e-sgRNA-editing template (spollE) — C. botulinum This study

*ACE (Allele-Coupled Exchange); AE (Allelic Exchange); Erm" (Erythromycin resistance); Cm" (Chloramphenicol resistance)
**CRG (Clostridia Research Group)
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Table S6 List of primers used in this study

Primer Sequence Comment

Chapter 3 The LAC system from C. perfringens strain 13

IC103-f TATAGGTCTCAATGGTATTTGAAAAAAT

IC104-r TATACTCGAGTTAACTATTTATCAATTCCTG

IC105-f CAGCGGCCGCATGGTATTTGAAAAAATTGATAAAAA

IC301-f TATAGCGGCCGCAAATATTCTTATATTTAGA

1C302-r TATAGGTCTCACCATTTCTACCTCCTA

IC303-f AAAGCAGTTTATTTAAAATAAATTCTTCTAAATATAAGAATATTTTAAAGAAATATCTTT

1C304-r TATTTTAAATAAACTGCTTTGCAAAGCTCTCATGT

IC305-f TTATAAGATTATATAGAACTTTTTAACTATTCTAAAAGATTAATTTACATA

IC306-r AAAAGTTCTATATAATCTTATAAATTTTAATAACTAATATATAAAGATA

I1C307-f CACAGCGGCCGCTTCTACCTCCTAACCTATAAAATTAGCC

IC308-r CACACATATGACCCTCCCAATACATTTAAAATAATTATGTATTCATGAAA

IC309-f GGCCGGTCTCTTAATAACTAATATATAAAGATATTTCTTTAAAATATTCTTATATTTAGA

IC310-r CCGCGGCCGCTAATTTAGATATTAATTCTAAATTAAGTGAAATTAATATAGTAATTAT

IC311-f GGCCGGCCGGTCTCTATTATATAAGATTATAAGAAACATTATAACATATTTTAG

IC312-f GGCCGGCCGGTCTCTATTAGATTATAAGAAACATTATAACATATTTTAGAACTT

IC313-f GGCCGGCCGGTCTCTATTATAAGAAACATTATAACATATTTTAGAACTTTTTAA

IC314-f GGCCGGCCGGTCTCTATTAAACATTATAACATATTTTAGAACTTTTTAACTATT

IC315-f GGCCGGCCGGTCTCTATTATATAACATATTTTAGAACTTTTTAACTATTCTAAA
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Table S6 List of primers used in this study; continued from previous page

Primer Sequence Comment

IC316-f GGCCGGCCGGTCTCTATTAACATATTTTAGAACTTTTTAACTATTCTAAAAGATT

IC317-f GGCCGGCCGGTCTCTATTATTTTAGAACTTTTTAACTATTCTAAAAGATTAATTT

IC318-f GGCCGGCCGGTCTCTATTAGAACTTTTTAACTATTCTAAAAGATTAATTTACATA

IC319-f GGCCGGCCGGTCTCTATTATTTTAACTATTCTAAAAGATTAATTTACATATTAAC

IC320-f GGCCGGCCGGTCTCTATTAACTATTCTAAAAGATTAATTTACATATTAACATTTA

IC321-f GGCCGGCCGGTCTCTATTATCTAAAAGATTAATTTACATATTAACATTTAATTAT

IC322-f GGCCGGCCGGTCTCTATTATTTAATATAAGATTATAAGAAACATTATAACATATTTTAGAAC

IC323-f GGCCGGCCGGTCTCTATTAAAATTATATTGATTATAAGAAACATTATAACATATTTTAGAACTTTTTA

1C324-f GGCCGGCCGGTCTCTATTAAAATTTATAACTAATTAAGAAACATTATAACATATTTTAGAACTTTTTA
ACTATT

IC325-f GGCCGGCCGGTCTCTATTAAAATTTATAAGATTAATTCTAACATTATAACATATTTTAGAACTTTTT
AACTATT

1C326-f GGCCGGCCGGTCTCTATTAAAATTTATAAGATTATAAGATTGTATATAACATATTTTAGAACTTTTT
AACTATT

IC327-f GGCCGGCCGGTCTCTATTAAAATTTATAAGATTATAAGAAACATATATTCATATTTTAGAACTTTTT
AACTATT

IC328-f GGCCGGCCGGTCTCTATTAAAATTTATAAGATTATAAGAAACATTATAAGTATATTTAGAACTTTTT
AACTATT

IC329-f GGCCGGCCGGTCTCTATTAAAATTTATAAGATTATAAGAAACATTATAACATATAAATCAACTTTTT
AACTATTCTAAAAG

IC330-f GGCCGGCCGGTCTCTATTAAAATTTATAAGATTATAAGAAACATTATAACATATTTTAGTTGAATTT
AACTATTCTAAAAGATTAATT

IC331-f GGCCGGCCGGTCTCTATTAAAATTTATAAGATTATAAGAAACATTATAACATATTTTAGAACTTAAA

TTCTATTCTAAAAGATTAATTTACA
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Table S6 List of primers used in this study; continued from previous page

Primer Sequence Comment
1C332-f GGCCGGCCGGTCTCTATTAAAATTTATAAGATTATAAGAAACATTATAACATATTTTAGAACTTTTTA
AGATAACTAAAAGATTAATTTACA
1C263-r AAATGTGAAATCCGTCACATACT 5'RACE SP1
1C264-r GGTATCATCTCATCATATATCCCCAATTCACCATCTT 5'RACE SP2
IC265-r TATAGGCGCGCCTTTACAATCATTGCAATATAATAAAG 5’'RACE SP3
M13-f  TGTAAAACGACGGCCAGT
M13-r CAGGAAACAGCTATGACC .
Vector Scr/Seq primers
ICO11-r TTATATACTTGGTTTATTTACTTGATTATTTCTGTAA
1CO012-f TATTGTATAGCTTGGTATCATCT
Chapter 4 | Theophylline responsive riboswitches in C. sporogenes
IC101-f ATATGCGGCCGCGTGTAGTAGCCTGTGAAATAAGTAA
IC102-r ATATGGTGTCACCATTAACACACCTCCTTAAAAATTACAC
IC103-f TATAGGTCTCAATGGTATTTGAAAAAAT
1C104-r TATACTCGAGTTAACTATTTATCAATTCCTG
IC105-f CAGCGGCCGCATGGTATTTGAAAAAATTGATAAAAA
IC106-r GGCGGTACCGATTTATATTTTACCATGTTTTTATTAATTT
IC107-f CCCGGTACCAATACGACTCACTATAGGTTCCGGTGATACCAGCATCGTCTTGATGCCCTTG
IC108-r CCGGTCTCACCATGTTGTTGCCTCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATGCT
IC109-r CCGGTCTCACCATGTTGTTGCCTCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATGCT
IC110-r CCGGTCTCACCATCTTGTTGTTACCTCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATGC
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Table S6 List of primers used in this study; continued from previous page

Primer Sequence Comment
IC111-r CCGGTCTCACCATGTTGTTACCTCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATG
IC112-r CCGGTCTCACCATTAAGTTACCTCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATGC
IC113-r CCGGTCTCACCATTAACACACCTCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATGC
IC114-r CCGGTCTCACCATCTTGTTGACCTCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATGC
IC115-r CCGGTCTCACCATTGGTCGTACACTCCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATGC
IC116-r CCCGGTCTCTATTGAAAAATTACACAACTTTATACGATTTAT
IC117-f GGTCTCACAATACGACTCACTATAGGTGATACCAGCATCGTCTTGATGCCCTTG
IC118-f AAACTTAACTTCATGTTAAAAACTTGTTAAAATATAAATCGTATAAAGTTGTGTAATTT
IC119-r ATTTATATTTTAACAAGTTTTTAACATGAAGTTAAGTTTTTTTTATATAACTGTATAACC
IC263-r AAATGTGAAATCCGTCACATACT 5'RACE SP1
IC264-r GGTATCATCTCATCATATATCCCCAATTCACCATCTT 5'RACE SP2
IC265-r TATAGGCGCGCCTTTACAATCATTGCAATATAATAAAG 5'RACE SP3
IC257-f CTACTTTGCAAGTGTACCTTG RT-qPCR catP
IC258-r  ATCCCCAATTCACCATCTTG
IC259-f AGCGGTGAAATGCGTAGAGA RT-qPCR 6Srrm
IC260-r  GGCACAGGGGGAGTTGATAC
IC261-f GAAAGGGTATTCAAGCCACATC RT-qPCR gyrd
IC262-r CTATCGGTGTGGCTATGGGGGCT
MI13-f TGTAAAACGACGGCCAGT .

Vector Scr/Seq primers

M13-r CAGGAAACAGCTATGACC
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Table S6 List of primers used in this study; continued from previous page

Primer Sequence Comment
Chapter 5/ A dual mechanism to tightly control gene expression - the RiboLac
IC333-r CCGGTCTCAATGCAAATATTGTGGAAAAAGTATGTTAAAGA
IC334-r CCGGTCTCTGCATCTTGTTGTTACCTCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATGC
IC335-r  CCGGTCTCTGCATTAAGTTACCTCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATGC
IC336-r CCGGTCTCTGCATTAACACACCTCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATGC
IC337-f GGCGGTACCGAGCTTTGCAAAGCAGTTTATCAACATAAA
IC338-f GGCGGTACCTATAAAATTAGCCAATTTTATAGTAGTCTT
IC339-f GCCCCCTGCAGGAGTAATATAAATGTTATAGATATATTAA
1C340-r CCGGTCTCAAACCTTATTTTTGTTCTCTACTACCTGGTTTTACAAA
IC341-f CCCGGGTCTCAGGTTTCCCGACTGGAAAGCGGGCAGTGACCAGGCATCAAATAAAACGAAAG
GCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCT
1C342-r CCCGCGGCCGCAGTTAATTATTGATTATAAACGCAGAAAGGCCCACCCGAAGGTGAGCCAGT
GTGACTCTAGTAGAGAGCGTTCACCGACAAACAACAGATAAAACGAAAGGCCCA
1C343-r GGCCGGTCTCAATTGATACATTTAAAATAATTATGTATTCATGAAACATGATTGT
MI13-f TGTAAAACGACGGCCAGT
M13-r CAGGAAACAGCTATGACC ,
Vector Scr/Seq primers
ICO11-r TTATATACTTGGTTTATTTACTTGATTATTTCTGTAA
IC012-f TATTGTATAGCTTGGTATCATCT
IC001-f GAAGACTTAGAAAATTATATGAAAGAAGAAGGT .
Src/Seq mutants via ACE
IC002-r CAAAAGCACTTGAAAATGCATG
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Table S6 List of primers used in this study; continued from previous page

Primer Sequence Comment
Chapter 6 | Development of a conditionally sporulating C. sporogenes strain
IC401-f TATAGCTAGCGCAGCATTAGGCCATCCTATCA
IC402-r ATTAGCAAACTTCCAATATAAACTACTCTCCT
IC403-f TTATATGGAAGTTTGCTAATATGGATATATTAACAG
IC404-r TATAGGCGCGCCGTAAGCAAATATAATAGTAATATAAGATATG
IC405-f TATAGCGGCCGCTTGAATTTCTTTTGTCGAATAAATAATT
IC406-r TATAGCTAGCAAATAGACCCCCTGTATTTGG
IC407-f CCCGCGGCCGCTTTATATTTAGTCCCTTGCCTTGCCTA
1C408-r GGCCGGTCTCAATTGATACATTTAAAATAATTATGTATTCATGAAACATGATTGT
IC409-f CACAGGTCTCAATGGAAGAAACAAAGATCAATG
IC410-r TATACTCGAGCATAACAAAATAGACCCCCTG
IC411-f GGCCCATATGATGGAAGAAACAAAGATCAATG
IC412-f GGCCGCGGCCGCTTTTTAAAAATTGAATATAACTATAAAATTTGGTAATAA
IC413-r CCGGGCTAGCTTATTTTTTTAATTTATTAATCTCTT
IC414-f GGCCGACGTCTTTTTAAAAATTGAATATAACTATAAAATTTGGTAATAA
IC415-r GGCCGGTCTCGATTGGTTGATCTTATTTATTAGTTATTATTACCAAATTTTATAGTTATATTCAATT
IC416-f GGTCTCACAATACGACTCACTATAGGTGATACCAGCATCGTCTTGATGCCCTTG
IC417-r CCGGTCTCTGCATTAAGTTACCTCCTTAGCAGGGTGCTGCCAAGGGCATCAAGACGATGC
IC418-f GGCCGGTCTCAATGAAAAGAATATTAGTTTTTATGTTAAGTATT
IC419-r  GGCCCTCGAGTTATTTTTTTAATTTATTAATCTCTT
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Table S6 List of primers used in this study; continued from previous page

Primer Sequence Comment

IC420-f GGCCGCTAGCAGGAAGTAAGTTTGACAAAATAAGAGTAACTTATG

[C421-r  GGCCGACGTCTTATTTTATTGCTCCTATTCTTCTAACTTTTG

IC422-f GGCCCTCGAGAAAAAACTCTGTATTGAAAATAATACAGAGTTTTTTTATAATAAAAATTT

IC423-r  GGCCGGCGCGCCACAAACTTTCTCATTTAATAGATGAATTTGACCCAGATGTTATAATAT

M13-f  TGTAAAACGACGGCCAGT Scr/Seq pMTL-ICSPO series

M13-r  CAGGAAACAGCTATGACC vectors

IC001-f GAAGACTTAGAAAATTATATGAAAGAAGAAGGT .
Scr/Seq mutants via ACE

IC002-r CAAAAGCACTTGAAAATGCATG

IC003-f CCTTTATAAACTGAGGTCGTGCAC External primers spo0A4 locus.

IC004-r GGAAAAGAAATAACTAACTCCGAGG Scr/Seq SC and DC via AE

IC005-f CAAGTTTATCGCTCTAATGAAC Scr/Seq pMTL-ICD vectors,

IC006-r CTGGCCGTCGTTTTACAACGTCGTG SC and plasmid loss

IC007-f GATGGAATCATGTGTATACGAAGAGG Plasmid loss pMTL-JH29(T) in

IC008-r CTTTTTGCTGCTTTTCC combination with IC008-r

IC009-f CAGAAAAATCTGAATTTCCTAACAACTGA

IC010-r AAGGCATGAGTGGAAGTCCTATAATA Scr/Seq pMTL-ICD-spo0A4

IC014-f ATGGAAGAAACAAAGATCAATG

ICO11-r TTATATACTTGGTTTATTTACTTGATTATTTCTGTAA Scr/Seq vectors with bgaR

IC012-f TATTGTATAGCTTGGTATCATCT Scr/Seq vector with catP

ICO13-f TTCCCGTAGACCTAAAAATATAAACTCTG Scr/Seq vectors with spo0A
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Table S6 List of primers used in this study; continued from previous page

Primer Sequence Comment
ICO15-f ATGAAAAGAATATTAGTTTTTATGTTAAG Scr/Seq pMTL-ICD-P0/z-
ICO16-f TCTAATAATATACAACTTATAAATA G-spolIR
IC247-f TTTCCGTTCTAGGAGTGGATGCGGGAAAGGA Scr/Seq spollR integrants via
IC248-r TGACCATTCAGAGGATGATGAAGGTTTAGCC AE

Chapter 7/ A universal Cas9-based editing tool for the genus Clostridium: RiboCas

RiboCas
IC201-f ATATATATGCGGCCGCTGTATCCATATGACCATGATTACGAATTCTCAGTCACCTCCTAGCTGACT
IC202-r GCTATGGTCTCCATGGATAAGAAATACTCAATAGGCTTAG
IC203-f GGCCTCTAGAGTGTAGTAGCCTGTGAAATAAGTAAGGAAAAAAAAGAAGTAAGTGTTATATATGATG
IC204-f GGCCGGCGCGCCGTGTAGTAGCCTGTGAAATAAGTAAGGAAAAAAAAGAAGTAAGTGTT
IC205-f ATATATTCTAGATTTATATTTAGTCCCTTGCC
IC206-r GGCCGGCGCGCCATTGACGTCTATGTCGACGAAAACTCCTCCTTAAGA
IC207-f GTATCATCTAGAGTAAAACGACGGCCAGTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGT

IC208-r GTATCAGGCGCGCCATTGACGTCTATACTAGTATTATACCTAGGACTGAGCTAGCTGTCAAACTGG
IC209-r GGCCCCGGGACGTCATAAAAATAAGAAGCCTGCAAATGCAGGCTTCTTATTTTTATAAAAAAAGC
ACCGACTCGGTGCCACTTTTTCAAGTTG
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Table S6 List of primers used in this study; continued from previous page

Primer Sequence Comment
C. sporogenes — spolIR deletion
IC211-f GGCCGACGTCTCATTAGATGCATATTCAATGCAGGATAGTATAG LHR
IC212-r ATTTTCAATACAGAGGTTGATCTTATTTATTAGTTATTATTACCAAATTTTATAGTTATA
IC213-f ATAAATAAGATCAACCTCTGTATTGAAAATAATACAGAGTTTTTTTATAATAAAA RHR
IC214-r AAGGCGGCGCGCCATTATGAACTACAAACTTTCTCATTTAATAGATGAATTTGACC
1C215-f CCGGGTCGACGGTAATATAACATTGCCACAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTA SoRNA-f-Sall
GTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT &
1C216-f GGCCACTAGTGGTAATATAACATTGCCACAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTA SoRNA-f-Spel
GTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT & P
IC247-f TTTCCGTTCTAGGAGTGGATGCGGGAAAGGA . .
Screening primers
1C248-r TGACCATTCAGAGGATGATGAAGGTTTAGCC
C. sporogenes — spollE deletion
1C217-f GGCCGGCGCGCCGCTGGAGTGGCGGAACTGGCAGACGCACAGGACTTAAAATCCTGCGGGCCTAAC
AG
LHR
TATATTCTCTTTCTATATTTTAATATAATTGCATAATAATTAATCACCCCCATTAAGTTACTTCTCAAT
G218 rataTCA
ACTTAATGGGGGTGATTAATTATTATGCAATTATATTAAAATATAGAAAGAGAATATAAAGTTAAGT
IC219-f AGTAAATACTTA RHR
1C220-r GGCCGACGTCTCATCATCAATATTTTTCACAATAATTTTCTATATCTTCTCTTAATACATTTATTAAAG
GTCTTATATATACA
1C221-f GGCCGTCGACTTAATTATAGGATATGTAAAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTA sgRNA

GTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT
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Primer Sequence Comment
IC249-f ATATAATTATTTATGTCGTCAGCAATGAGAC . .
Screening primers
1C250-r CTCTCTTATCTATTATTACCCTTTGTGTT
C. sporogenes — ARC integration
1C222-f GGCCGACGTCATGCAATATGGCGCAGAACTTTTACCATACCA LHR
1C223-r GGCCGCTCTTCTAAGTCATCATCATATCATAGTAATAGATATTAAATTCATTAAATTT
1C224-F GGCCGCTCTTCCCTTTAAGGAGGTGTGTTACATATGAACAAAAATATAAAATATTCTCAAAACTTTTT
AACGAGTGAAAAAGTACTCAACCAAATA R
1c225  GTACCGAGCTCGAATTCGTAATTTATTATTATTTCCTCCCGTTAAATAATAGATAACTATTAAAAATA erm
GACAATACTTG
1C226-f TCTATTATTTAACGGGAGGAAATAATAATAAATTACGAATTCGAGCTCGGTACCCGGGGATCCTCTA
GAGTCGACGTCACGCGTCC lacZa MCS
aclao
1C227-r AACACACCTCCTTAAATCACTGCCCGCTTTCCAGTCGGGAAACCCTAGCGCCATTCGCCATTCAGGC
TGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGC
1C228-f GGTTTCCCGACTGGAAAGCGGGCAGTGATTTAAGGAGGTGTGTTACATATGTTACGTCCTGTAGAAA
CCCCAACCCGTGAAATCAAAAAACTCG qusA
1C229-r GCTCTTCTCATTGTTTGCCTCCCTGCTGCGGTTTTTCACCGAAGTTCATGC
IC230-f GGCCGCTCTTCCATGAGGGAAGTACTAGTGCTTCAGCTATCGGTGTGGCT RHR
IC231-r GGCCGGCGCGCCTTTCATTTATTATATAATTATTTACTATATCTTC
C. pasteurianum — spollE deletion
1C237-f GGCCGGCGCGCCGTTACGGGAATAGAAGAATCAAATTTGGGCTTTAAGGGTGTTTTAGAAGGAATA
CAAGGTGATG LHR
1C238-r ATACACATAATCTTGTAAACCTTATTTTGTTTGCATAAAAAAACCTCCTCTTTTGTTTATATTAAGAAT

TGTAAC
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Table S6 List of primers used in this study; continued from previous page

Primer Sequence Comment
1C234-f GTTTATAGGTTGGGAGATGTTTGTATGCAATTGTATTAAAATGTTGTTTATTAATTGAATGAGAATTTATAA
1C235-r GGCCGACGTCTCATCATCATGGATTAATGTGTTCCTTCTTACAATAGCTTTCTATTTCTTCTCTTCCTATTTTTATT RAR
1C236-f GGCCGTCGACGGAAACTCCTAAATATCACGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTG sgRNA
AAAAAGTGGCACCGAGTCGGTGCTTTTTTT
IC253-f ATGATATATAATAGTTTCTGTTGCAGTAAG ) )
Screening primers
1C254-r GTTATCTACATTTACTGTATCAGATAATC
C. difficile — spolIE deletion
IC237-f GGCCGGCGCGCCGTTACGGGAATAGAAGAATCAAATTTGGGCTTTAAGGGTGTTTTAGAAGGAATACAAGGTGATG
1C238-r ATACACATAATCTTGTAAACCTTATTTTGTTTGCATAAAAAAACCTCCTCTTTTGTTTATATTAAGAATTGTAAC LHR
IC239-f ATAAACAAAAGAGGAGGTTTTTTTATGCAAACAAAATAAGGTTTACAAGATTATGTGTATAAGATGTGGATAACTTG
1C240-r GGCCGACGTCTCACCTCATCAATCAAGTTTTTCTTTAATGTTTAAGGCAAAAGACAAATGTGTTGGCGATTTTGTTA RAR
1C241-f GGCCGTCGACGGAATTTTAGATTTAAAACGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTG sgRNA
AAAAAGTGGCACCGAGTCGGTGCTTTTTTT
IC251-f TTCTGATAAGTGTAATGATGAAAAGTGTG ) )
Screening primers
1C252-r CTAACTCTAAATCTGAACAAATCCCCATA
C. botulinum — spolIE deletion
IC242-f GTTCATGGCGCGCCCTTCTAAATAGTTATTGTCTTTAGAAACTATATTAG
1C243-r GCTATGGTCTCCTTATACTAAAATATAGAAAGAGAATATAAAGTTAGGTAG LHR
1C244-f GCTACTGGTCTCAATAATTGCATAATAATTAATCACCCCCATTAAG
1C245-r GTAGCCGACGTCCAGCGATGAGACATAAACATAAAAC RHR
TTTTCGTCGACTTTTATAAAGCGAGGAACTGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTG
1C246-f sgRNA

AAAAAGTGGCACCGAGTCGGTGC
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Table S6 List of primers used in this study; continued from previous page

Primer Sequence

Comment

IC255-f GAAATAAAGTGTTGACATAGTAAAGTTTG

IC256-r  AAAGCTCTCTTATCTATTATTACCCTTTG
Plasmid screening and sequencing

IC266-r GAAACTTAATCATATGCGCTAAGG

IC267-f ATGGATAAGAAATACTCAATAGGCTTAG

IC268-f GCTTTGTCATTGGGTTTGAC

IC269-f GTCGATAAAGGTGCTTCAGC

IC270-f GAACATATTGCAAATTTAGCTGG

IC271-f CTGACTTCCGAAAAGATTTCC

IC272-f GAGTTAGAAAACGGTCGTAAACG

IC273-r CTGTTATGCCTTTTGACTATC

IC274-f ATATATTCTAGATTTATATTTAGTCCCTTGCC

Screening primers

Scr (screening); Seq (sequencing); ACE (Allele-coupled exchange); AE (Allelic-exchange);
RHR (right homologous region); LHR (left homologous region)



Figure S1 Expression plasmids: parent vector (pMTL82251) and

promoter-less vector (pMTL-1C001)
All expression plasmids used in this study derived from the pMTL82251 vector’.

In all cases, derivative vectors incorporated the “cargo” between the restriction
sites Notl and Xhol. The figure includes the screening/sequencing primers M 13-

r and M13-f.

M13-f

" Nhel

T X

pMTL82251
5367 bp

TCDO0164 M13-r (61..78)
‘ / NotI (80)

‘Xhol (711)
/" _M13-f (740 .. 757)
,//

Tfdx

pMTL-IC001
5910 bp

~(lacZ alpha

T~
Ascl

234



Figure S2 Expression plasmids containing the LAC system or the dual

mechanisms RiboLac and Lactoswitch
The figure illustrates pMTL-HZ1 (LAC-catP) and pMTL-ICSPO-L (LAC-

spo0A). Plasmids containing the RiboLac or the Lactoswitch only differ from
pMTL-HZ1 in that such dual mechanisms included a riboswitch downstream of
Proar  (0r Prgur™) and  Ppe.r, tespectively. The figure includes the
screening/sequencing primers M13-r, ICO11-r, M13-f, IC012-f (catP specific)
and IC014-f (spo0A specific).

TCDO164 M13-r (61 ..78)
NotI (80)

/;///Icon-r (285 .. 321)

_PbgaR + PbgalL

__Ndel (1486)

pMTL-HZ1
7327 bp

M13-f (2157 ..2174)
Tfdx

TCD0164 M13-r (61..78)
_NotI (80)
oriT ///mou—r (285 .. 321)

PbgaR + PbgaL
_Ndel (1486)
—1C014-f (1488 .. 1509)

pMTL-ICSPO-L
7641 bp

Xhol (2442)
M13-f (2471 .. 2488)
Tfdx

235



Figure S3 Expression plasmids containing theophylline responsive

riboswitches upstream of catP or spo0A

As an example, the figure illustrates the expression plasmid pMTL-IC111-G
where riboswitch-G, located downstream of Py, regulates the expression of
catP. In the pMTL-SPO-series vectors, spo0A is replaced by catP. The figure
includes the screening/sequencing primers M13-r and M13-f.

TCD0164 M13-r (61..78)
_NotI (80)
_Riboswitch-G

_XhoI (961)
< M13-f (990 .. 1007)

_Tfdx

pPMTL-IC111-G
6160 bp

236



Figure S4 Plasmids used for in-frame deletions (or integrations) via

Allelic-Exchange

Vector pMTL-ICD, which contains the pIM13 replicon, was used to create in-
frame deletions (or insertions) by Allelic-Exchange. In all cases, the knock-out
(in) cluster was inserted into the backbone using the restriction sites Notl and
Nhel. The figure illustrates the deletion vector pMTL-ICD-spo0A and the
integration vector pMTL-ICD-Py,,1z-G-spollIR. The figure includes the primers
used for screening and sequencing. RHR and LHR are right and left homologous
regions, respectively.

TCDO164 IC006-r (194 ..218)
|

‘//
//
~

___—Nhel (351)

/IC010~r (787 .. 812)

ICO13-f (1381 .. 1409)

pMTL-ICD-spoOA
6386 bp

1C009-f (1881 .. 1909)

T AscI (2359)
1C008-r (2413 .. 2429)

‘ pIM13 replicon

(3285 .. 3306) IC005-f Fsel (3237)

TCDO164 NotI (76)
IC006-r (196 .. 220)

lacZ alpha
eFm Nhel (353)

CO16-f (915 .. 939)

/1

AatII (1363)

B erCOlS—f (1499 .. 1527)

PMTL-ICD-PspoIIR-G-spoIIR
7169 bp

Xhol (2132)

repl T
\ AscI (3139)
pIM13 replicon| IC008-r (3193 .. 3209)

237



Figure S5 Plasmids used fr chromosomal integrations via ACE

Plasmid pMTL-JH29" was used to complement spo04 and spollR, as well as for
pyrE restoration. pMTL-JH29T, which includes a terminator that is incorporated
downstream of pyrE after chromosomal integration, was used to integrate all
catP/spo0A expressing systems. The figure illustrates both plasmids with an
example “insert”, including the primers used for screening and sequencing. In
all cases, the insert was cloned into the vector via Notl/Xhol restriction sites.
SHR and LHR are short homologous region and long homologous region,
respectively.

(5972) Sbft LICOO7-f (229 .. 254)
‘
NotI (530)

Xhol (1249)

/_1C006-r (1279 .. 1303)
M13-f (1278 .. 1295)

N
("lacZ alpha" complement(647..664)|

pMTL-JH29
6019 bp

(3569 .. 3590) I1CO05-f

1C008-r (2697 .. 2713)

(6143) SbfI IC007-f (229 .. 254)

rrnB T1 terminator
T7Te terminator,

— NotI (701)

XhoI (1420)
ICO06-r (1450 .. 1474)
M13-f (1449 .. 1466)

pMTL-JH29T
("lacZ alpha" complement(647..664)|

6190 bp

pIM13 IC008-r (2868 .. 2884)

238



Figure S6 RiboCas plasmids

RiboCas plasmids included the specific sgRNA sequence between the restriction
sites Sall and Aatll, and the editing template between restriction sites Aatll and
Ascl. The figure illustrates pRECas1 and pRECas2, where the sgRNA is driven
by the promoters P,z and J23119, respectively. RHR and LHR are right and
left homologous regions, respectively. The figure includes the primers used for

screening and sequencing.

tral TCD0164

°"'T~E\ ‘ | 1C272-f (721 .. 743)

ColE1 RNA IT

IC271-f (1445 .. 1465)

1C270-f (2170 .. 2192)

'

pRECas1
10,948 bp

1C269-f (2893 ..2912)
""" 1C268-f (3610 .. 3629)
1C266-r (3863 .. 3886)
1C267-f (4328 .. 4355)
Pfdx-E

IC2747f (4609 .. 4634)
o ——— Xbal (4609)

(CB108

(7067 .. 7087) 1C273-r
(7009) Ascl

—[ParaE
\ Sall (4884)
‘ NERN “seed sequence
SgRNA
(5039) AatII Tfdx

tral TCD0164

‘ | 1C272-f (721 .. 743)

ColE1 RNA II|
N\

1C271-f (1445 .. 1465)

1C270-f (2170 .. 2192)

pRECas2
10,725 bp

1C269-f (2893 .. 2912)
""" 1C268-f (3610 .. 3629)
IC266-r (3863 .. 3886)

IC267-f (4328 .. 4355)

pCB102

[Pfdx-E/
(6844 .. 6864) 1C273-r — — XbaI (4609)
(6786) Ascl *\ — * 123119
~— ~ Spel (4661)
AN lseed sequence
. sgRNA
Tfdx

AatlIl (4816)

239



Figure S7 Supplementary DNA sequences
catP (translational start site is bold and underlined)

ATGGTATTTGAAAAAATTGATAAAAATAGTTGGAACAGAAAAGAGTATTTTGACC
ACTACTTTGCAAGTGTACCTTGTACCTACAGCATGACCGTTAAAGTGGATATCACA
CAAATAAAGGAAAAGGGAATGAAACTATATCCTGCAATGCTTTATTATATTGCAATG
ATTGTAAACCGCCATTCAGAGTTTAGGACGGCAATCAATCAAGATGGTGAATTGGG
GATATATGATGAGATGATACCAAGCTATACAATATTTCACAATGATACTGAAACATTT
TCCAGCCTTTGGACTGAGTGTAAGTCTGACTTTAAATCATTTTTAGCAGATTATGAA
AGTGATACGCAACGGTATGGAAACAATCATAGAATGGAAGGAAAGCCAAATGCTC
CGGAAAACATTTTTAATGTATCTATGATACCGTGGTCAACCTTCGATGGCTTTAATC
TGAATTTGCAGAAAGGATATGATTATTTGATTCCTATTTTTACTATGGGGAAATATTA
TAAAGAAGATAACAAAATTATACTTCCTTTGGCAATTCAAGTTCATCACGCAGTAT
GTGACGGATTTCACATTTGCCGTTTTGTAAACGAATTGCAGGAATTGATAAATAGTT
AA

P.rae (SD is bold and underlined)
TTTATATTTAGTCCCTTGCCTTGCCTACAAGGGATTTCCTATTCCTTTCATTTACAAT

TCATACGTATAAAATCCAAATTTTTCTTGACATTTATACACATAAATATTATGATTTAT
ATAGGTAATCGCTTTCATAAAATATATTACCCTTAGGAAATCAAATGATTATAAGTCA
TATATGAAAACGTTATATATAATTGATATGTTTACATTTGTAACTTAGATTTCTCTTTG
ATTTCCACATATATAAATCTTAAGGAGGAGTTTTC

Parar™
TTTATATTTAGTCCCTTGCCTTGCCTACAAGGGATTTCCTATTCCTTTCATTTACAAT
TCATACGTATAAAATCCAAATTTTTCTTGACATTTATACACATAAATATTATGATTTAT
ATAGGTAATCGCTTTCATAAAATATATTACCCTTAGGAAATCAAATGATTATAAGTCA
TATATGAAAACGTTATATATAATTGATATGTTTACATTTGTAACTTAGATTTCTCTTTG
ATTTCCACATATATAAATCTT

Double terminator 77nT1 and T7Te, BBa B0015
CAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTT
GTCGGTGAACGCTCTCTACTAGAGTCACACTGGCTCACCTTCGGGTGGGCCTTTCT
GCGTTTATAATCAATAATTAACT

Pyponr (SD is bold and underlined)
TTTTTAAAAATTGAATATAACTATAAAATTTGGTAATAATAACTAATAAATAAGATCA
ACGGGGGGAATATAT

Pspo[[R *
TTTTTAAAAATTGAATATAACTATAAAATTTGGTAATAATAACTAATAAATAAGATCA
AC
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