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Abstract

A cellular counting system based on synthetic gene circuits would enable complex biological
programming and be used in many biotechnology applications. Although a variety of synthetic
memory circuits have been constructed, basic modules that can be assembled into a counting
system are lacking. This thesis focuses on engineering a binary counting module, which can
alternate between two states in response to a single repeating input signal. The highly
directional large serine bacteriophage integrases were utilised as the basis for the synthetic
circuits constructed in this study. Integrases and their protein co-factors, the recombination
directionality factor (RDF) can change the orientation of a specific DNA segment flanked by
two recombination sites. Integrase alone switches the orientation in one direction, and this
directionality is reversed by the addition of its corresponding RDF. The two orientations can be
used to turn gene expression on and off, leading to distinct output states which can be thought

of as representing a single binary digit (0 and 1) heritably stored in the DNA.

In this study, three different serine integrase-based synthetic gene circuits for cellular memory
and counting were engineered and characterised. A set-reset latch was first constructed. By
expressing $C31 integrase and co-expressing integrase with RDF Gp3 from two independent
inducible systems, the orientation of the invertible DNA in the set-reset latch was inverted and
restored respectively. This device demonstrated that $C31 integrase can successfully encode
information into plasmid DNA. Next, a state-based latch was constructed, in which the gp3
gene was placed inside the invertible DNA segment to couple its transcriptional regulation to
the circuit state. Integrase expression triggered by one input signal resulted in inversion of the
invertible DNA, placing the gp3 gene in the correct orientation for transcription. Gp3
expression can then be triggered by another input signal to reverse the directionality of integrase,
restoring the DNA back to its original configuration. By optimising the stoichiometry and
kinetics of integrase and Gp3 expression, efficient switching of both multi-copy plasmid and
single copy chromosomal DNA was achieved. Finally, the state-based latch was developed into
a binary counting module by introducing a delay mechanism, in which gp3 transcription was
inhibited by a state-based repressor during recombination requiring the absence of Gp3. Placing
expression of gp3 under the control of the invertible DNA, allowed a single input signal
controlling only integrase expression to switch the module between OFF (0) and ON (1). This
is the first integrase-based module that generates different outputs in response to the same input
signal and a fundamental step towards building a genetic binary counter with large counting

capacity.
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1 Introduction

1.1 Introduction to synthetic biology

Synthetic biology has emerged as a discipline combining biology with engineering
principles over the past decade (Andrianantoandro et al., 2006; Cheng and Lu, 2012). With
the rapid development of synthetic biology, several definitions have been used to describe
this discipline. The commonly accepted definition of synthetic biology is that it “involves
the design and construction of novel biological parts, devices and systems, and the redesign
of existing natural biological systems for useful purposes” (Roberts et al., 2013). Synthetic
biology utilises abstraction, modularization and standardization concepts from engineering
to design biological systems, and builds up these systems using more efficient methods (such
as DNA synthesis and DNA assembly). The goal of synthetic biology is to engineer the
behaviours of organisms for many different applications, such as processing information and
producing useful products (for instance biofuels, pharmaceuticals, and materials),

meanwhile, deepening the understanding of biological processes.

1.1.1 Genetic parts, devices, and systems

One of the primary goals of synthetic biology is to construct novel biological systems from
characterised parts. Parts can be assembled to create devices or modules, then multiple
devices can be connected to form systems, and systems can be further developed into large

networks and synthetic chromosomes (Cheng and Lu, 2012).

A growing number of parts have been characterised, such as promoters (Davis et al., 2011;
Kelly et al., 2009), terminators (Chen et al., 2013), ribosome binding sites (RBSs, Salis et
al., 2009), and protein degradation tags (Andersen et al., 1998; Cameron and Collins, 2014).
These parts perform specific functions in various biological processes (transcription and
translation of genes, post transcriptional processes, and degradation of proteins), and the
behaviours of these processes can be regulated via tuning the parameters of corresponding
parts (Arpino et al., 2013).

By using well-characterised parts, a number of higher-order devices have been constructed,
such as switches and memory elements (Jerome Bonnet et al., 2012; Gardner et al., 2000;
Ham and Lee, 2006), oscillators (Atkinson et al., 2003; Danino et al., 2010; Elowitz and
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Leibler, 2000; Stricker et al., 2008), logic gates (Bonnet et al., 2013; Elowitz et al., 2002;
Moonetal., 2012; Siuti etal., 2013; Wang et al., 2011), and counters (Friedland et al., 2009).

As the number of available synthetic devices has increased, more sophisticated systems have
been created by assembling several devices together, or linking devices with cellular
activities to execute useful human-defined functions. For example, a synthetic program
containing a genetic multiplexer can be used to control the activation of two chemosensory
pathways (Moon et al., 2011), and synthetic RNA regulatory systems linked to cell growth

cytokine targets can be used to control cell proliferation (Chen et al., 2010).

1.1.2 Development of platform technologies

To achieve the goal of efficient construction of genetic systems, platform technologies need
to be developed. The term “platform technology” refers to a suite of tools and methods which
can be applied in the field of synthetic biology (Kitney and Freemont, 2012). Platform
technologies include methods for part characterisation, host cells, DNA assembly, and web-

based information systems. All these aspects are introduced in more detail below.

As mentioned in section 1.1.1, in order to reliably engineer devices or systems from genetic
parts, it is necessary to characterise the properties and functional behaviours of parts (Canton
etal., 2008). To do this, standardized tools, techniques, and units of measurement are needed
to facilitate the characterisation of parts by independent groups (Kelly et al., 2009). Detailed
knowledge of how different genetic parts and devices contribute to phenotypes of host cells,
such as growth characteristics, differences between single and population cell behaviours,
and metabolic burden, needs to be obtained to predict their performance in different cellular

contexts.

As more complex systems need to be assembled from multiple genetic parts, DNA assembly
is becoming a key platform technology for synthetic biology (Ellis et al., 2011). A number
of techniques of DNA assembly have been developed, including 1) restriction and ligation-
based methods, such as BioBricks™ (Knight, 2003) and Golden Gate (lab of Sylvestre
Marillonnet, Icon Genetics GmbH, Germany); 2) homology-based approaches, such as
sequence and ligation-independent cloning (Li and Elledge, 2007), Gibson Assembly
(Gibson et al., 2009), and yeast in vivo DNA assembly (Shao et al., 2009), and 3) site-
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specific recombination-based assembly, such as site-specific recombination-based tandem
assembly (Colloms et al., 2013; Zhang et al., 2011) and Gateway (Kirchmaier et al., 2013).

Web-based information systems are another type of platform technology that will be
necessary in scaling up the complexity of synthetic biology designs. Synthetic Biology Open
Language is an example of such a system (Galdzicki et al., 2014). These systems should
incorporate information about the part characterisations, host cells, DNA assembly methods,
models, and software tools (Kitney and Freemont, 2012).

1.2 Synthetic gene circuits for cellular computation and
memory

As a main goal of synthetic biology, variations of synthetic gene circuits possessing human-
defined functions have been constructed. These circuits endow cells with the ability to sense
specific input signals, perform computations, commit to memory and respond with outputs,
and have the potential to be used in a wide range of applications. For example, synthetic
regulatory circuits can be used as intracellular sensing and control elements, providing novel
strategies for disease diagnoses and therapies, and helping researchers understand more

about biological systems in health and disease (Cheng and Lu, 2012).

This section focuses on the development of four types of synthetic gene circuits, which are
genetic switches, oscillators, logic gates, and counters, named after their performances
simulating electronic circuits. The limitation of current synthetic genetic counters and the
significance of construction of an efficient counter are mainly discussed at the end of this

section.

1.2.1 Engineering genetic switches for memory

In electrical engineering, a switch is used to control the current in an electric circuit. In a
biological system, a genetic switch can be used to change the gene expression from one
pattern to another in response to an environmental signal (Ptashne, 2004). Genetic switches
have been found throughout natural systems, and widely used to support biotechnology
applications (Bonnet and Endy, 2013). The simplest genetic switches are regulated
promoters that can respond to specific signals to switch on and off gene expression. These
promoters include the previously used promoter P, and Pr (Elvin et al., 1990) and Prac

(YYanisch-Perron et al., 1985), the later widely used promoter Pret (Skerra, 1994; Stanton et
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al., 2014) and Psap (Guzman et al., 1995), as well as some of their derivatives (Lutz and
Bujard, 1997).

Gene expression controlled by the regulated promoters mentioned above are transient. The
state could only be maintained in the presence of the input signal, and the descendants of the
cell have no memory that their ancestors had been exposed to any signal. Biological memory
was defined as a sustained cellular response to a transient signal (Burrill and Silver, 2010).
In practice, using regulated promoters that lack memory function as genetic switches has a
number of limitations. For example, they cannot be used to detect transient signals, or control
the expression of desired proteins after induction by a brief input. Compared to simple
regulated promoters, the synthetic switches introduced in this section are more advanced in
displaying memory. Typical examples of synthetic switches have been constructed by
combining transcriptional regulation and feedback, or by using recombinases to record

information into the DNA sequence.

An early example of a synthetic switch for memory is the toggle switch containing two
repressible promoters that drive the expression of mutually inhibitory repressors (Fig. 1.1A,
Gardner et al., 2000). In this toggle switch, each repressor negatively regulates the synthesis
of the other repressor, thereby, creating two stable states. By addition of transient chemical
or thermal induction, one repressor is inactivated selectively, switching the state of the
device. This switch was demonstrated to retain state after removing the input signals.

In contrast to this early toggle switch, which only relied on negative feedback, subsequent
switchable systems introduced positive feedback. In one example, a genetic switch
containing both negative and positive feedback modules was constructed (Fig. 1.1B,
Atkinson et al., 2003). The core element of this switch is a dual-input promoter Piac-ginap2,
which is repressed by Lacl (under the control of a constitutive promoter) and induced by
NRI~P (phosphorylated form of gInG encoded nitrogen regulation protein NRI), and is set
to drive the expression of NRI. NRI can induce its own expression from Pac-ginap2 promoter.
There is a competition between the Lacl and NRI~P on the Piacginap2 promoter. Switching of
this circuit can be determined by controlling the level of effective Lacl through varying the
concentration of B-D-1-thiogalactopyranoside (IPTG), and is observed via the glutamine

synthetase level produced from gInA gene (on the chromosome) driven by the toggle switch.
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Later, a memory device in yeast based on autoregulatory transcriptional positive feedback
was designed and constructed (Fig. 1.1C, Ajo-Franklin et al., 2007). The system consists of
two elements, which are the “signal sensor” and the “autofeedback memory”. A signal
induces the “signal sensor” to express a transcription factor which triggers the expression of
the same transcription factor in the “autofeedback memory”. Then, the transcription factor
starts to activate its own promoter even in the absence of input signal, resulting in memory.
The fluorescent proteins RFP and YFP are used to label the ‘“signal sensor” and the

“autofeedback memory” respectively, and galactose is used as the input signal.
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Figure 1. 1 Synthetic switches based on transcriptional regulators. (A) The toggle switch. Two repressible
promoters are arranged to express their mutually acting repressors, resulting in bistable states in which only
one of the two promoters is active at a given time. It can be flipped to the desired state using environmental
inputs to disrupt the inhibition of the promoters. Adapted from Gardner et al. (2000). (B) The positive/negative
feedback loop switch. One unit contains the dual-input promoter Piac.ginap2 fused to gInG (gene encoding NRI).
The competition between the activator, NRI~P, and the repressor, Lacl, on this promoter will determine the
state of this device. The Lacl is produced from a constitutive promoter in another unit, and its effect on the Pjac.
ginap2 can be controlled by changing the concentration of IPTG. The state was observed through glutamine
synthetase level produced from gInA gene on the chromosome. Adapted from Atkinson et al. (2003). (C) The
autoregulatory feedback loop switch. In the “signal sensor” unit, the expression of a transcriptional factor (TF)
is controlled by an inducible promoter Pgac10. In the “autofeedback memory” unit, the transcriptional factor
can activate its own promoter, resulting in autoregulatory expression even in the absence of stimulus. Both
present stimulus and previous exposure to stimulus will switch the states of the synthetic network from inactive
to active. Adapted from Ajo-Franklin et al. (2007).
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Another method to make genetic switches capable of memory is to encode memory into
DNA sequence using the mechanism of site-specific recombination. Site-specific
recombinases can recognise specific sequences (recombination sites) within a piece of DNA,
catalyse recombination between these two sites, and flip the orientation of the intervening
DNA sequence if the two sites are placed in inverted repeat (Stark et al., 1992). By using an
inducible promoter to control the expression of a recombinase and change the substrate DNA
conformation, information from the environmental or an intracellular signal can be written
into the DNA circuit.

The early recombinase addressable switches were based on invertases, which are highly
specialised in catalysing inversion recombination between sites in inverted repeat, while
deletions between sites in direct repeat and recombination between sites on different
molecules occur at very low frequency (van de Putte and Goosen, 1992). One such example
is based on FImE inversion recombination system. Invertase FImE naturally inverts a DNA
switch to control the expression of type | fimbriae in the fim system of Escherichia coli
(Holden et al., 2007). The synthetic switch was constructed by placing a constitutive
promoter between inverted repeat recombination sites (IRR°" and IRL°") for invertase FimE
and a target gene was cloned outside of the recombination sites in an opposite orientation to
the constitutive promoter (Fig. 1.2A). When the expression of invertase FimE is activated
by adding inducer, the orientation of the promoter is flipped via FimE-catalysed DNA
inversion, resulting in two new sites IRR° and IRL°" and expression of the target gene. This
FimE inversion switch is a successful demonstration of recording information into a DNA
sequence, and shows leak-less properties and persistence of state after removal of the inducer
or recombinase input (Ham and Lee, 2006).

The same group constructed a more complex inversion switch based on two invertases FimB
and Hin (Fig. 1.2B, Ham et al., 2008). The FimB invertase acts in the same fim system as
FimE to control the expression of fimbriae in E. coli, but can invert the switch in both
directions; from on to off and from off to on (Holden et al., 2007). The Hin invertase
catalyses inversion recombination to control the expression of the flagellar gene H2 and the
repressor gene of the flagellar gene H1 in the Hin system of Salmonella typhimurium (van
de Putte and Goosen, 1992). The synthetic switch was constructed by integrating FimB and
Hin recombination systems, in which two inversion switches were placed on the same DNA
molecule in an overlapping manner. When the expressions of FimB and Hin are induced by

addition of arabinose and anhydrotetracycline respectively in different orders, this device



22

switched to different states, and the states can be detected by PCR with chosen primers. This
switch is the first artificial system that integrated two inversion systems into a single circuit
and demonstrated the history dependent configuration of recombinase-based memory

devices.

The recombinase FImE used in the earlier synthetic switch (Fig. 1.2A, Ham and Lee, 2006)
inverts the DNA segment overwhelmingly from on (IRR° and IRL®) to off (IRR°" and
IRL°™) orientation, whereas the FimB and Hin used in the latter switch (Fig. 1.2B, Ham et
al., 2008) inverts the DNA segment in both directions (Holden et al., 2007; van de Putte and
Goosen, 1992). There is not any controlled mechanism for these recombinases to invert and
restore the state of target DNA sequence, and their recombination usually ends up with a
mixture of two different states, which might limit their information storage capacity.

As an alternative to these invertases, the stability and capacity of the recombinase-based
switches can be improved by using highly directional large serine integrases, which are able
to invert and restore the orientation of a DNA segment under tight control. Two large serine
integrases (from Streptomyces phage $C31 and from M. tuberculosis phage Bxb1) have been
proved to catalyse efficient recombination between sites attP and attB and generate attR and
attL (Ghosh et al., 2003; Thorpe et al., 2000). Whereas, in the presence of a corresponding
phage encoded excisionase (Xis) or recombination directionality factor (RDF), the attP and
attB recombination is inhibited, and integrase catalyses recombination between attR and attL
to regenerate attP and attB (Khaleel et al., 2011; Ghosh et al., 2006).

The successful application of a serine integrase to create a synthetic switch was demonstrated
by the rewritable recombinase addressable data module (Fig. 1.2C, Bonnet et al., 2012). In
this device, a constitutive promoter was placed between recombination sites for Bxbl
integrase, facing towards one reporter gene (gfp) and away from another (rfp). The gene
encoding Bxb1 integrase is under the control of a Pyteto-1 promoter so that its expression can
be controlled by addition of aTc. Separately, on a different plasmid, the RDF gene, gp47
together with Bxb1l integrase gene are under the control of a Psap promoter so that their
expression can be activated by addition of arabinose. The unidirectional Bxbl integrase
catalyses inversion in one direction, flipping the promoter and changing reporter gene
expression. With the assistance of the RDF gp47, Bxbl integrase catalyses the reverse
reaction, restoring the original reporter gene expression. It was demonstrated that this genetic

switch flips repeatedly and reliably in response to alternate input signals aTc and arabinose
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for multiple cycles. In addition, the switch is able to hold either state for approximately 100
cell doublings in the absence of any signal.
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Figure 1. 2 Synthetic switches based on recombinases. (A) The FimE inversion recombination switch. FimE
recognises inverted repeat sites IRR°" and IRL®", and inverts the intervening constitutive promoter to the correct
orientation for reporter gene expression. FimE expression is controlled by an inducible promoter. Adapted
from Ham and Lee (2006). (B) The double inversion recombination switch. The inverted repeat sites with
intervening constitutive promoter for FimB and Hin recombinase are placed in an overlapping manner. Several
sets of primers (P1-P6) can be used to detect the order that FimB and Hin have been induced. Adapted from
Ham et al. (2008). (C) The rewritable recombinase addressable data module. Bxbl integrase recognises
inverted repeat sites attP and attB, and recombines them to generate attL and attR sites. This inverts the
intervening constitutive promoter, switching off expression of RFP and switching off expression of GFP. With
the assistance of RDF gp47, Bxbl integrase recognises inverted repeat sites attL and attR, and recombines
them to generate attB and attP sites. This restores the intervening sequence to the original state. Adapted from
Bonnet et al. (2012).

With the development of genetic circuits that can sense and remember environmental signals,
some circuits have begun to be used for practical applications. One of the examples is the
engineered E.coli which is able to detect and record an environment signal in the mammalian
gut (Kotula et al., 2014). The memory device used in this system could be re-engineered to
respond to disease-related signals (e.g. chemical signatures of inflammation, cancer,
parasites, or environmental toxins in the gut) and produce diagnostic outputs (e.g. visual
indicator) or therapeutic drugs (e.g. a specific antibacterial component), which may lead to

the development of diagnostics and therapeutics.
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1.2.2 Engineering synthetic oscillators for temporal control

Oscillations are omnipresent in living systems, controlling processes such as metabolism,
signalling pathways, cardiac and circadian pacemakers, and learning processes (Aubel and
Fussenegger, 2010). Inspired by natural devices controlling the oscillation processes of
living cells, many different synthetic oscillators have been successfully constructed. Around
the same time as the first synthetic toggle switch was reported, the first synthetic oscillator
was constructed by arranging three repressor-operator modules in a cyclic negative feedback
loop (Fig. 1.3A, Elowitz and Leibler, 2000). In this network, the lactose operon repressor
protein, Lacl from E. coli, inhibits transcription of the tetracycline repressor gene, tetR from
the tetracycline-resistance transposon Tn10, whose gene product represses the transcription
A repressor cl. Finally, A CI inhibits the expression of Lacl. This network produces
fluctuating levels of each repressor protein. The fluctuating can be visualised using the

reporter protein GFP that is driven by the target promoter of a specific repressor in the loop

(e.g. PreT-gfp).

The oscillator introduced above was not robust and damped rapidly, which was thought to
be a result of lack of positive feedback loops (Aubel and Fussenegger, 2010). The first
synthetic oscillator combining positive and negative feedback loops was constructed a few
years later (Fig. 1.3B, Atkinson et al., 2003). The core element of this switch is a dual-input
promoter Piac-ginap2, Which is repressed by Lacl and induced by NRI~P. The Piac-ginap2
promoter is set to drive the expression of gInG, whose gene product, NRI, will be
phosphorylated to form NRI~P. Production of NRI~P induces its own expression and that
of Lacl, until Lacl builds up enough to suppress NRI~P expression. At this point, Lacl
expression starts falling, allowing NRI~P expression to start a new cycle. Oscillation is
observed via the B-galactosidase level produced from the lactose operon driven by the Lacl

controlled Piac promoter.

With the rapid progress of synthetic gene circuits, a more precise, robust and tunable
oscillator was constructed, which was also based on a dual-input promoter (Fig 1.3C,
Stricker et al., 2008). In this network, a transcriptional repressor gene lacl, a transcriptional
activator gene araC, and a reporter gene yemGFP are controlled by three identical copies of
the dual-input promoter Piac/ara-1, Which is repressed by Lacl in the absence of IPTG and
activated by AraC in the presence of arabinose. In the presence of arabinose, the positive
loop drives the expression of AraC, Lacl, and YemGFP. While the Lacl represses the
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expression of these proteins in a negative feedback loop (in the absence of IPTG). The
differential activity of the positive and negative feedback loops drives the oscillatory
behaviour, and the period of the oscillator can be tuned by adjusting the levels of arabinose
and IPTG. Cells containing this genetic circuit exhibits large-amplitude fluorescence

oscillations and the oscillatory period is tunable.
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Figure 1. 3 Synthetic oscillators. (A) The repressilator. A negative feedback cycle consists of three repressors:
TetR, Lacl and CI. Each of them represses its cognate promoter (Pter, PLac and Pc)) driving the expression of
the next repressor. A reporter gene is driven by Prer to indicate the state of the device. Adapted from Elowitz
and Leibler (2000). (B) The positive/negative feedback loop oscillator. One unit contains the dual-input Piac.
ginap2 promoter, which is activated by NRI~P and repressed by Lacl, fused to gInG (the NRI encoding gene).
Lacl is produced from a NRI inducible promoter in another unit, and its effect on promoter Pac.ginap2 can be
synchronized by growing cells in medium with IPTG, that can inactivate Lacl repressor. The oscillation is
reported via the fluctuating B-galactosidase level affected by the P ac driven lactose operon lacZYA. Adapted
from Atkinson et al. (2003). (C) The precise, robust and tunable oscillator. The dual-input promoter Piag/ara-1 iS
activated by the AraC protein in the presence of arabinose and repressed by the Lacl protein in the absence of
IPTG. The expression of AraC, Lacl and YemGFP is driven by three separate dual-input promoter Pjag/ara-1. The
oscillation is reported via the YemGFP output. Adapted from Stricker et al. (2008). (D) The synchronized
oscillator. The expression of Luxl protein, AiiA repressor, and YemGFP are driven by the Py, promoter in
three separate transcriptional modules. The expression of LuxR is driven by the constitutive promoter Pjuxr.
LuxI enzymatically produces the small molecular AHL, which can bind to the LuxR protein to activate the
promoter Py in a positive feedback loop, or be degraded by AiiA in a negative feedback loop. The AHL can
diffuse outside of the cell membrane and into neighbouring cells, which is the core factor for the synchronized
oscillation. Adapted from Danino et al. (2010).

However, none of the aforementioned oscillators can be synchronized, which is a limitation

for the sensitivity and robustness of the dynamic response to external signals. This limitation
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was overcome by a synchronized bacterial oscillator. This oscillator coupled the oscillatory
network to a mechanism of quorum sensing system to enable population synchronization of
oscillation (Fig. 1.3D, Danino et al., 2010). The expression of Lux| (a synthase that produces
acyl-homoserine lactone, AHL), AiiA (a quorum-quenching component that mediates AHL
degradation), and reporter YemGFP are under the control of the Py promoter, which is
induced by the signal molecule AHL bound to the LuxR regulatory protein (AHL-LUxR).
The expression of LuxR is driven by the constitutive promoter Piuxr. AHL, a core component
of the quorum sensing, can diffuse across the cell membrane and mediate intercellular
communication. The combination of a positive feedback loop (LuxR—AHL complex actives
the transcription of Puwx) and a negative feedback loop (AiiA negatively regulates the
transcription of Py by catalysing degradation of AHL) results in the synchronized

oscillation of cell populations at a critical cell density.

The oscillators discussed so far are completely independent from host metabolisms. The
“metabolator” device coupled oscillation to glycolytic flux using the signalling metabolite
acetyl phosphate, and demonstrated the possibility of using metabolic flux to control network
oscillation (Fung et al., 2005). In addition, a recent work has demonstrated the functionality
of a circadian oscillator in E. coli, a gut bacterium without its own native circadian rhythm.
The oscillator system was transplanted from the autotrophic cyanobacteria synechococcus
elongatus, and displayed a period that matched the geophysical day-night cycle. It can
potentially be used in automated daily drug delivery, circadian control in industrial microbial

process, and treatment of circadian rhythm disorders (Chen et al., 2015).

1.2.3 Engineering genetic logic gates for processing multiple
signals

In some cases, it is desirable to take actions or make decisions based on multiple intracellular
or environmental inputs. To fulfill this requirement, synthetic logic gates were constructed
that can give specific phenotype in response to multiple signals. The most basic logic gates
are defined by conventional symbols and their performances are represented using
corresponding truth tables (Fig. 1.4). Examples of logic gates constructed with protein-based
transcriptional regulators, RNA-based post-transcriptional regulators, and site-specific

recombinases are introduced in this section.
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Figure 1. 4 Conventional symbols and truth tables of basic logic gates. When the combination of input signals
leads to the state change of the gate the value is defined as “1”. If not the value is “0”.

Early genetic logic gates were constructed with protein-based transcriptional regulators
(Elowitz et al., 2002). These networks consist of three natural transcriptional regulators Lacl,
TetR, and A ClI, as well as promoters that produce different responses when assembled in
different configurations. The binding state of Lacl and TetR can be changed with inducers,
IPTG and aTc, respectively. Thus, these two inducers are used as the input signals to
stimulate the networks to display different logical behaviours depending on the different
arrangements of promoters and transcriptional regulators. As an example, the logic circuits
showed in Figure 1.5A acts as N-IMPLY in a lacl” E. coli strain, producing GFP only in the

absence of IPTG and in the presence of aTc.
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Another approach to control the regulatory logic of gene expression is through RNA
regulators. One such example was based on synthetic ribozymes (Fig. 1.5B, Win and Smolke,
2008). By coupling a ribozyme to the 3’ untranslated region of a target gene, the ribozyme
self-cleavage (active state of ribozyme) can inactivate the transcript and lower the gene
expression. The synthetic ribozyme switch has three functional modules (actuator, sensor
and transmitter), in which the “actuator” and “sensor” modules are connected by the
“transmitter” module. When an input molecule binds to the sensor, the ribozyme’s self-
cleavage activity is changed and therefore influences the expression of the target gene. The
synthetic ribozyme behaves like a single-input buffer or an inverter that is inactivated or
activated in the presence of input, respectively, increasing or decreasing gene expression,
respectively. When using two ribozymes to control transcription, the output is high only
when both ribozymes are in their inactive states. By assembling different functional synthetic
ribozymes in different combinations, the engineered devices can behave as AND, NOR,
NAND, and OR logic gates. For example, the AND gate shown in Figure 1.5B consists of
two single input buffers, which produces gene product only in the presence of both inputs A
and B.

A
aTc
Input
Py P, Py P, PTG | aTc |output
0 0 0
0 1 1
p 1 0 0
lacl icl fetR gfp
L T 1 T 1 1 0
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B Input A . Input B

itransmitter ~

1
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Figure 1. 5 Synthetic logic gates based on transcriptional regulation and RNA regulation. (A) N-IMPLY
gate (truth table on the right) based on transcriptional regulation. The expressions of Lacl, TetR, A Cl and
reporter GFP are controlled by P+, Pr2, P, promoters respectively, and these promoters are repressed by TetR,
Lacl and A Cl, correspondingly. In a lacl” strain, this device induces the expression of GFP only in the absence
of IPTG and in the presence of aTc. Adapted from Elowitz et al. (2002). (B) The AND gate based on RNA
regulation. Each synthetic ribozyme containing actuator, sensor and transmitter modules functions as a single-
input buffer that converts the input signal to increased gene expression output. Only in the presence of both
inputs A and B, these two ribozymes are inactive, allowing production from the gene upstream of the device.
Adapted from Win and Smolke (2008).
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The logic gates described above depend on continuous presence of inputs to maintain their
correct outputs, which have no memory of inputs. The development of genetic logic gates
may require cellular memory, and this was realised in some recently constructed devices.
The recombinase-based logic gates can logically convert transient chemical inputs into
permanent changes in DNA architecture, implementing devices capable of memory (Bonnet
etal., 2013; Siuti et al., 2013). The recombinase-based logic gates perform their function by
expressing two orthogonal recombinases from different inducible promoters and inverting
the DNA sequence between two pairs of recombination sites. More details of the

recombinases-based logic gates are introduced below.

Siuti et al. (2013) engineered two-input logic gates using Bxb1 integrase and ¢C31 integrase
to act on DNA segments containing gene regulatory elements (promoters and terminators)
and output genes. For example, an AND gate shown in Figure 1.6A consists of an inverted
promoter and an inverted rfp gene surrounded by ¢C31 and Bxbl recognition sites,
respectively. RFP expression can occur only after the expression of ¢C31 and Bxbl are
activated by both input signals, and the inversion of both segments.

Independently, Bonnet et al. (Bonnet et al., 2013) assembled recombinase-based logic gates,
where using Bxbl and TP901-1 integrases to control the gene regulatory elements, the
majority of which were asymmetric terminators that disrupt RNA polymerase flow in only
one of two possible orientations. For example, in the AND gate shown in Figure 1.6B, the
logic-gate operation consists of two unidirectional terminators flanked by either Bxb1 or
TP901-1 recognition sites, and located between a promoter and a reporter gene. GFP
expression can occur only after the expression of Bxb1 and TP901-1 have been activated by
both input signals, causing the inversion of both terminators. Logic gates constructed in this
study were designed as three terminal devices that decoupled the logic-gate operation from
both input (promoter upstream of the logic-gate operation) and output (reporter gene or other
output gene), enabling simple tuning and reutilization (Bonnet et al., 2013). Overall, in both
logic gate systems, the chemical input signals were processed logically into the permanent

change of DNA state, leading to a stable change in gene expression.
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Figure 1. 6 Synthetic logic gates based on recombinases. (A) The AND gate based on flipping promoter and
gene. Integrase Bxbl and integrase ®C31 expressions are under the control of two different regulated
promoters, which are activated by two different input signals, respectively. After both input signals have been
present, the expressed integrases recognise and recombine orthogonal sites and flip the promoter and gene to
the same orientation, resulting in the expression of reporter protein RFP. Adapted from Siuti et al. (2013). (B)
The AND gate based on flipping asymmetric terminators. Integrase Bxbl and integrase TP901-1 expressions
are under the control of two different regulated promoters, which are activated by two different input signals,
respectively. After both input signals have been present, the expressed integrases recognise and recombine
orthogonal sites and flip the terminators, allowing transcription to flow through and expressing the reporter
protein GFP. Adapted from Bonnet et al. (2013)

As mentioned at the beginning of this section, these multiple-signal regulated devices would
be useful in some practical applications. One example is a dual-promoter integrator
constructed by Nissim and Bar-Ziv, which acts as a AND gate to more precisely and
efficiently discriminate and kill cancer cells than using a single-promoter approach (Nissim
and Bar-Ziv, 2010). This synthetic circuit uses two cancer-related promoters to control the
expression of two fusion proteins. The fusion proteins form a transcription complex to
activate the expression of an output gene (reporter gene or killer gene) regulated by its own
synthetic dual-promoter. Thus, cell death is executed only when the combined activity of
two cancer related promoters is high.

1.2.4 Engineering genetic counting systems and their development

Natural systems utilise counting mechanism to measure the age of biological materials, such
as the shortening of telomere would ultimately lead to cell death (Counter et al., 1992).
Construction of genetic circuits that can count would enable a variety of biotechnology
applications, such as executing cell death after a specified number of cell divisions,
monitoring of aging, and recording number of environmental events (Smolke, 2009).
However, engineering such device has had limited success, and only two synthetic counting

systems have been constructed until now (Friedland et al., 2009).
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One of these synthetic counters exploited delays in a transcriptional cascade with additional
translational regulation (Fig. 1.7A). The transcription of each gene in a downstream cascade
is stimulated by a bacterial phage RNA polymerase (RNAP) expressed from a gene (in the
upstream cascade). For the translational regulation, a cis-repressor sequence between the
RBS and transcription start codon is complementary to the RBS sequence and therefore
represses translation. A transactivating noncoding RNA (taRNA) binds to the cis repressor,
relieving RBS repression, allowing translation. The production of taRNA is driven by the
arabinose inducible Psap promoter. The first short pulse of arabinose activates the translation
of T7 RNAP and stimulates promoter Pt7, resulting in transcription of T3 RNAP. After a
specific interval, the second pulse of arabinose activates the translation of T3 RNAP and
stimulates transcription of gfp from promoter Pr3. A significant increase of GFP signal can
be detected only after the third pulse of arabinose is delivered (Friedland et al., 2009).

The other synthetic counter was constructed using recombinases Flpe and Cre as information
recording tools (Fig. 1.7B). Phage P1 Cre recombinase (Austin et al., 1981) and Flpe
recombinase, an improved mutation of yeast Flp recombinase (Buchholz et al., 1998),
catalyse reversible site-specific recombination between two identical sequences, loxP sites
for Cre and FRT sites for Flpe. The inducible Psap promoter, flpe gene and a terminator were
placed between inverted repeat recognition sites for Flpe recombinase, forming a Single
Invertase Memory Module (SIMM). This SIMM is arrayed with a Cre SIMM in tandem so
that the expression of the upstream recombinase induced by an input pulse of arabinose flips
the entire SIMM and inverts the promoter into the correct orientation for the next
recombinase. In this way, the SIMM is set from one state to the other, storing one-bit
information in the circuit. After adding two arabinose pulses, the promoter upstream of gfp
gene is placed in a correct orientation to drive the expression of GFP, and when the third
arabinose pulse is delivered, a significant increase of GFP signal can be detected. If the
inducible promoters are different, this circuit can be used to record three different input
events in a specific order (Friedland et al., 2009).

Both counting circuits perform counting functions based on specific lengths of input pulse.
The transcriptional-based counter had a faster response to pulses (efficient response occurred
with pulse lengths of ~20 to 30 min and pulse intervals of 10 to 40 min), whereas inversion
by recombinases took more time (efficient response occurred with pulse lengths and
intervals range from 2 to 12 hours). They can be applied to count different events depending

on the time scales and frequencies of events.
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Figure 1. 7 Synthetic counters. (A) The counter based on transcriptional and translational regulation. The
transcriptional regulatory cascade of this device has three nodes. The transcription of T7RNAP gene is driven
by a constitutive promoter Pret-1, and its gene product drives transcription of the gene encoding T3 RNAP in
the second node. T3 RNAP ultimately drives transcription of gfp gene in the third node. All transcripts are cis-
repressed with the same riboregulator sequence. The taRNA, driven by arabinose inducible Pgap promoter,
binds to cis repressor to relieve its repression. An increase of GFP signal can be detected after three pulses of
arabinose have been delivered. (B) The counter based on recombinases Flp. and Cre. This device contains two
Single Invertase Memory Modules (SIMMs) that are arrayed in a cascade. Each module consists of inverted
repeat recombination sites flanking its own recombinase encoding gene and an inverted inducible promoter
Peap. The first time the device receives a short pulse of input signal, the Flp. recombinase in the upstream
module is expressed, which can flip the DNA sequence between sites FRTs and the FRT,. This flipping places
the promoter in the correct orientation for expressing Cre recombinase gene in the next module, the flp. gene
is no longer expressed and the cascade advances by one step. The second pulse of input signal drives expression
of Cre recombinase and flips the DNA sequence between loxPsand loxP;. This places the promoter in the
correct orientation for driving expression of GFP and stops expression of Cre. After three input pulses, an
increase of GFP signal can be detected. Both figures are adapted from Friedland et al. (2009).

In comparing the transcriptional-based and the recombinase-based counters, the information
encoded into the DNA sequence by site-specific recombination is not susceptible to
perturbations, and the state can be maintained in DNA sequence even after cell death. The
recombinase-based counting system would be a promising direction as long as this

technology is proved to be reliable under more circumstances.

Despite the advantages of the recombinase-based counting system discussed above, several
limitations with this system need to be addressed. First, the state of each recombinase-based
bit can only be set but not reset. Thus, the number it can count is linearly proportional to the
number of recombinases used. Second, the uncontrolled directionality of reaction catalysed
by recombinases in this system leads to continual flipping and influence on stability. Third,
only transient signals with specific time scale can be recorded and only the final state can be
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reported by this circuit, limiting its use in recording events with different time scales and

frequencies.

In consideration of these limitations, two different synthetic circuits have been proposed and
constructed, which have the potential to be developed into counters. One such example is a
push-on push-off switch, which can generate two distinct outputs in response to the same
input signal (Fig. 1.8, Lou et al., 2010). This device rationally coupled a bistable switch
memory module and a NOR gate. The memory module consists of two mutually repressed
repressors A Cl and Cl1434 (encoded by the cl434 gene from phage 434). The transcription
of cl and cl434 genes are controlled by Prv and Pr promoters, which are repressed by Cl1434
and A Cl in turn. Reporter proteins RFP and GFP are expressed from promoters Prm and Pr,
respectively. In the NOR gate, the transcription of cling- (@ mutant of cl whose gene product
cannot be degraded by RecA protease) is controlled by the regulated promoter Pnor, Which
is repressed by both Lacl and LexA repressors. If either Lacl or LexA is in an ON state, the
output Cling- from Pnor IS OFF. UV irradiation activates RecA protease to specifically
degrade Cl434, CI, and LexA, but not Lacl and Cling- (Lou et al., 2010).

Memory module

Prmy P
mrfp lacl cl cl43 egfp
t M a2
A%

Nor gate Prno

LexA X Cling

Figure 1. 8 A synthetic push-on push-off switch. This device consists of two modules: the memory module
and the NOR gate module. In the memory module, two promoters (Prm and Pg) drive the expression of their
mutual repressors (Cl and CI434). In the NOR gate, cling- is under the control of a regulated promoter, which
can be repressed by either LexA or Lacl. LexA is constitutively expressed in the cell. The Lacl expressed from
the memory module and the Cling- expressed from the gate are two interconnecting parts that connect these two
modules. The UV irradiation activates RecA to specifically degrade Cl1434, Cl, and LexA, but with no effect
on Lacl and Cling- (represented by the lightning). Adapted from Lou et al. (2010).

When the initial state of this device is “OFF” (RFP OFF), only Pr promoter is activated and
this device expresses GFP and C1434. With the first UV pulse, LexA and C1434 are degraded
by RecA and the expression of Cling- Is activated from the NOR gate, resulting in the

activation of Prm and inhibition of Pr, and pushing the memory module to “ON” (RFP ON)
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state. During this state, Lacl and CI are expressed from Prum, and the expression of Cling- is
repressed. After the second UV pulse, the CI is degraded by RecA and its repression on

promoter Pr is removed, restoring the memory to “OFF” state.

This study proposed that by using N distinct proteases an N-bit binary counter can be
constructed that counts from 0 to 2N-1, with advantage of storage capacity over linear
counters. However, the switching efficiency of this device is less than 30% after one

operation cycle, and continuous protein expression is necessary for state maintenance.

Given the reality that genetically encoded counting systems have developed slowly. The
design for a toggle flip-flop was proposed (Fig. 1.9, Subsoontorn and Endy, 2012). This
toggle flip-flop consists of a pair of orthogonally-operating set-reset latches, “A-latch” (grey
parts in Fig. 1.9) and “I-latch” (black parts in Fig. 1.9). Each latch performs like a rewritable
recombinase addressable data module (Bonnet et al., 2012) described in section 1.2.3. The
A-latch controlled outputs (li, or li and Ei) execute the set and reset operation of I-latch,
while the I-latch controlled outputs (la, or la and Ea) execute the set and reset operation of
A-latch. The overall output of the system is connected to A-latch by placing a constitutive
promoter between recombination sites for integrase la. An input signal triggers the
expression of activator A and repressor R, which activates and represses the promoters

flanked by recombination sites in A-latch and I-latch, respectively.

Figure 1. 9 A synthetic toggle flip-flop. This device consists of a set of orthogonal recombinase-based set-
reset latches, “A-latch” (light grey part) and “I-latch” (dark grey part). I-latch outputs (Q and Q’) are connected
to A-latch inputs (set and reset operation), respectively. A-latch outputs (Q and Q’) are connected to I-latch
inputs (reset and set operation), respectively. The single input signal for the whole device triggers the
expression of activator A and repressor R, which activates and represses the promoters flanked by
recombination sites in A-latch and I-latch, respectively. The output of the device is determined by the state of
A-latch. The la and li represent integrase genes, and the Ea and Ei represent Xis/RDF genes. Adapted from
Subsoontorn and Endy (2012).
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Given a flip-flop toggle with both A and I latches in “OFF” state (as shown in Fig. 1.9),
during the first input pulse, the li expression is activated to set the I-latch from “OFF” to
“ON”, while the A-latch holds “OFF” state. After removing the first input pulse, the la
expression is activated to set the A-latch from “OFF” to “ON”, switching on the output
expression, while the I-latch holds state. During the second input pulse, the li and Ei
expressions are activated to reset I-latch from “ON” to “OFF”, while A-latch holds state.
After removing the input pulse, the la and Ea expressions are activated to reset A-latch from
“ON”to “OFF”, switching off the output expression, while the I-latch holds state. The whole

system is restored to the initial state for a new cycle of operation.

In summary, the mechanisms described above allow a toggle flip-flop to switch back and
forth between two states using the same input pulse. A combinatorial N bits binary counter,
which counts from 0 to 2N-1, could be assembled from N toggle flip-flops by using the output
of the (N-1)" bit as an input for the N™ bit. To construct such counter, 2N sets of orthogonal
integrase-excisionase are needed since each toggle flip-flop is based on two sets of integrase-
Xis/RDF. This design based on the highly directional integrases has the potential to
overcome unstable switching with the previous recombinase-based counters (Friedland et
al., 2009), and it can be used to detect and record events with a large time scale. However,
this design is complex and to record one bit information needs two sets of integrase-Xis/RDF,

limiting the scaling up and information storage capacity.

The purpose of this study is to construct a simple and efficient binary counting module based
on highly directional serine integrases which belong to the serine site-specific recombinase
family. Before presenting details of this study, the mechanisms of site-specific

recombination are first described in section 1.3.

1.3 Introduction to genetic recombination

Genetic recombination is an important process that brings about DNA modification and
rearrangement. Three main types of recombination, homologous recombination, site-
specific recombination, and transpositional recombination, have been identified in
prokaryotes and eukaryotes. In this section, homologous recombination and transpositional
recombination are briefly introduced, while site-specific recombination (the subject of this

study) is described in more details.
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1.3.1 Homologous recombination

Homologous recombination is an exchange between two similar or identical DNA sequences,
resulting in new sequence combinations. A series of proteins is involved in the process of
homologous recombination in bacterial strains, including RecA, RecBCD, RecE, and RecF
(Kowalczykowski et al., 1994). With the help of these proteins a key crossed-strand
intermediate, the Holliday junction is formed (Holliday, 1964). This model possesses three
important features: 1) single strand break in both of the DNA homologs; 2) formation of a
heteroduplex region through symmetric exchange of the DNA strands; 3) cleavage and
rejoining of the strands to yield recombinant progeny (Kowalczykowski et al., 1994). Many
advanced variations of the Holliday model were developed to explain particular details of
recombinant production, such as Meselson-Radding Model (Meselson and Radding, 1975)
and double-strand break repair model (Dud& and Chovanec, 2004). Homologous
recombination plays an essential role in repairing damage DNA, generating genetic diversity,
and its application as biotechnological tools for gene targeting, protein engineering, and

cancer therapy.

1.3.2 Site-specific recombination

In contrast to homologous recombination, site-specific recombinases catalyse the exchange
between DNA strands, without a requirement for significant sequence homology (Stark et
al., 1992). The recombination minimally involves, two specific DNA sequences
(recombination sites), a specialised recombinase protein for recognising, breaking and re-
joining the DNA sites, and a mechanism for DNA breakage and reunion with conservation
of energy (Grindley et al., 2006). In some systems a number of accessory proteins and
accessory sites are needed, for example, integration host factor (IHF) is necessary for A
integration (Landy, 1989).

Site-specific recombination systems can be highly specific and efficient in a variety of
heterologous cells including bacteria and higher eukaryotes (Hirano et al., 2011). Depending
on the initial arrangement of the recombination sites, site-specific recombination generates
one of three possible outcomes: integration, resolution, or inversion (Fig. 1.10, Gellert and
Nash, 1987). Integration results from recombination between sites on separate circular DNA

molecules. For sites on the same molecule, resolution results from recombination between
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two sites that are in the same orientation (direct repeat), whereas inversion results from

recombination between two sites that are in an opposite orientation (inverted repeat).

A
. Integration n

Sites on separate molecules x ——
B

Directly repeat sites x Resolution

on same molecule 28
C

Inverted repeat sites x M

on the same molecule

Figure 1. 10 Outcomes from site-specific recombination in circular molecules. (A) Integration. (B)
Resolution. (C) Inversion. Recombination sites are represented by black and grey triangles.

With these characteristics, site-specific recombinases are employed in number of
applications such as: genome manipulation (Brown et al., 2011; Sauer, 1998; Thyagarajan
et al., 2001), metabolic pathway assembly (Colloms et al., 2013), and their functions in
genetic devices (Bonnet et al., 2012, 2013; Friedland et al., 2009; Ham et al., 2008; Siuti et
al., 2013). Site-specific recombination is reviewed in more detail in a later section (section
1.4).

1.3.3 Transpositional recombination (Transposition)

Another kind of DNA rearrangement, transpositional recombination (transposition), is
usually grouped together with site-specific recombination, since it also promotes
rearrangements between DNA segments that lack extensive homology (Craig, 1988).
However, its genetic consequences and reaction mechanisms are dramatically different from
the conservative site-specific recombination introduced above (section 1.3.2), therefore,
transposition is introduced separately and the definition of site-specific recombination in this

study excludes transposition events.

Transposition is a process in which a mobile genetic element moves from one site to another

in DNA. These mobile genetic element belongs to one of two classes, according to the
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transposition intermediate: class | transposable elements (or retrotransposons) move via an
RNA intermediate and class Il transposable elements transpose directly at the DNA level
(Finnegan, 1992). The class | transposition functions by a “copy and paste” mechanism that
leaves behind the original copy and generates a new copy to be inserted elsewhere. The class
I1 mobile elements are named transposons and the process is catalysed by enzymes called
transposases. This type of transposons generally moves with a “cut and paste” mechanism,
in which the transposon in the donor DNA is excised and then inserted into the target DNA

by a transposase (Mufpz-L&pez and Garc B-P&ez, 2010).

Transposons have been used as genetic tools to create tagged mutations and deliver
transgenes to a wide variety of organisms. One common group of transposable elements in
bacteria is called "insertion sequences™ (ISs), containing terminal inverted repeat sequences
(IRs) and a gene encoding a transposase. Two ISs can mobilise a segment of DNA between
them, forming a composite transposon. Transposon ISY100, as a member of
I1S630/Tcl/mariner family of transposons, has been demonstrated to undergo double strands
cleavage at the transposon ends, and to transpose to new TA targets in E.coli on induction
(Urasaki et al., 2002). This transposon was used as a genetic tool to deliver a single copy
DNA sequence into the E. coli chromosome in this study, and the detailed methods are

described in chapter 5.

1.4 Classification of site-specific recombinases: tyrosine
vs. serine recombinases

The overall process of site-specific recombination can be divided into four general steps: 1)
a recombinase recognises and binds to recombination sites; 2) the recombinase brings sites
together to form a synaptic complex; 3) the recombinase mediates strands cleavage,
exchange and the rejoining of the DNA; 4) the synaptic complex dissociates to release the
recombinant products (Stark et al., 1992; Urasaki et al., 2002). Details of this process are
different between the two distinct families of site-specific recombinase: tyrosine
recombinases and serine recombinases. These two families have distinct protein sequences
and recombination mechanisms, and were named after the nucleophilic amino acid residue
that links the recombinase and DNA phosphodiester backbone covalently in the reaction
intermediate (Landy, 1989; Stark et al., 1992; Nash, 1996). The mechanisms of both families

and their representatives are described in this section.
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1.4.1 Tyrosine recombinases

The mechanism of site-specific recombination mediated by tyrosine-type recombinases is
shown in Figure 1.11. The tyrosine recombinase recognises a specific sequence in DNA and
forms a synaptic complex containing two DNA duplexes bound by a tyrosine recombinase
tetramer. A diagonally opposite pair of recombinases cleaves one strand of each duplex at a
time, creating covalent DNA-protein phosphotyrosine linkages at the 3’ ends of DNA. The
free 5° ends attack the 3’ phosphotyrosines of the other strands to form a Holliday junction
intermediate (Van Duyne, 2002). After the isomerization of the Holliday junction intermediate
the process is repeated with exchange of the second pair of strands catalysed by the other

diagonally opposite pair of recombinases (Grindley et al., 2006).

First strand First strand exchange
cleavage and ligation
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Sub 3’ phosphotyrosine Holliday junction
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Figure 1. 11 Mechanism of recombination by tyrosine recombinases. The scheme illustrates the strand
cleavage, exchange and ligation catalysed by tyrosine recombinases. The synaptic complex comprises two
DNA duplexes bound by four recombinase monomers. Dark grey monomers are active for cleavage in the top
half of the pathway, and light grey monomers are active for cleavage in the bottom half of the pathway. Initially,
one strand in each duplex is cleaved by a nucleophilic tyrosine resulting a covalent 3° DNA-protein
phosphotyrosine linkage and a free 5> DNA hydroxyl. Then, the free 5> DNA hydroxyl ends attack the 3’
phosphotyrosine on the opposing DNA duplex to form a Holliday junction structure. The complex then
isomerizes to alternate the catalytic activity between the two pairs of monomers, and the process is repeated
with the other strand. Last, the protein is released and the Holliday junction-like structure is resolved. Y
represents active tyrosine residues. Adapted from Van Duyne (2002).



40
1.4.2 Serine recombinases

Serine recombinases recognise specific sequences in DNA and form synaptic complexes
containing two crossover sites bound by four recombinase subunits forming a tetramer (Fig.
1.12). In contrast to tyrosine recombinases, all DNA strands are cut by the serine
recombinase in advance of strand exchange (Stark et al., 1992). The cleaved intermediate
contains covalent DNA-protein phosphoserine linkages at the 5’ ends of DNA. The strand
exchange mechanism involves a motion of 180<Yotation of one half of the complex relative
to the other half, and then the 5’ phosphates are religated to the free 3° hydroxyl groups of
the unrotated DNAs (Smith et al., 2010).

Cleavage
5° 3 N
35 59 39 S’n ]
3 5 “ 3 5’" Rotation
53 3’ 53 39
Substrates S’ phosphoserine linkage
I Exchange
Ligation
S’ /"""_"""‘*-\ 39 59 39
35 59 33 55
33 ( ) 5, “ 3’ 5,
S’ \--_-—-“/ 3, 5’ 3,
Products 5’ phosphoserine linkage

Figure 1. 12 Mechanism of recombination by serine recombinases. The scheme illustrates the strand
cleavage, exchange and ligation catalysed by serine recombinases. A tetramer is formed by two serine
recombinase dimers binding recombination sites and coming together. Then, the four serine recombinase
monomers are activated and make two double strand breaks. One half of the complex rotates relative to the
other half, and the free DNA 3’ hydroxyls attack the 5’phosphoseryl linkages to rejoin the sites in the
recombinant configuration. S represents active serine residues. Adapted from Grindley et al. (2006).

1.4.3 Biological function of site-specific recombinases

Site-specific recombination reactions are commonly used in nature for phage integration and
excision, regulation of gene expression by DNA inversion, and cointegrate resolution

(Grindley et al., 2006). Both tyrosine and serine recombinases are structurally and
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functionally diverse and include resolvases, invertases, and integrases (Smith and Thorpe,
2002). Resolvases normally impose a topological filter to promote the excision reaction and
prevent inversions and intermolecular recombination. Invertases only recombine sites in
inverted repeat on the same molecule. Both the resolvases and invertases catalyse
recombination between identical sites. In contrast, the phage integrases usually catalyse
recombination between sites with different sequences, and recombination mediated by phage
integrase is not limited to a specific topology, and can be integration, resolution, or inversion.
Examples of the two families of site-specific recombinases and their biological functions are
listed in Table 1.1.

Table 1. 1 The classification and function of recombinases mentioned in this study

Recombinase Biological function

Tyrosine recombinase family

)\ Int and many other phage integrases Integration and excision of phage genomes

Cre Excision: dimer reduction of phage P1 plasmids

\erC/D Excisi_on: dimer reduction in the bacterial chromosome and
plasmids

FimB, FimE Inversion: alternation of gene expression

Flp Inversion: for amplification of yeast 2-um plasmid

Serine recombinase family

Tn3 resolvase Excision: transposon co-integrate resolution

Sin of Staphylococcus aureus Excision: dimer reduction in straphylococcal plasmids

Hin Inversion: alternation of gene expression in Salmonella

Gin, Cin Inversion: alternation of gene expression in phage Mu and P1

dC31 Int and other large serine integrase  |Integration and excision of phage genomes

1.5 Integrases and their applications

The tyrosine recombinases are further subdivided into two groups based on recombination
directionality: bidirectional simple recombinases and unidirectional tyrosine-type phage
integrases. The serine recombinases are subdivided into two groups due to protein size: small
serine-type resolvase/ invertases and large serine-type phage integrases (Nafissi and Slavcev,
2014). The synthetic gene circuits constructed in this study were based on a serine integrase,
one kind of phage integrase. Here, more details about phage integrases are introduced.
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Phage integrases catalyse integration and excision of a prophage into and out of the host
chromosome (Fig. 1.13). Integration is mediated by the phage encoded integrase in the
absence of any other phage-encoded factors through a site-specific recombination reaction
between the phage attachment site, attP, and the bacterial attachment site, attB, to give the
hybrid sites, attL and attR. In the presence of a phage-encoded accessory protein known as
Xis or RDF, the cognate integrase mediates the reverse reaction between the attL and attR,
leading to excision (Smith et al., 2010). attB and attP have different sequences, therefore,
the recombination products, attR and attL also have distinct sequences, allowing the
recombinase to distinguish between the forward integration (attP>attB) and reverse excision
(attR>attL) reactions. The mechanisms and applications of the two different groups of
integrase (tyrosine-type integrases and large serine integrases) are introduced below.

Phage genome

X
» Host DNA
attB
Integration Excision
(Integrase) (Integrase+Xis/RDF)
attL attR

Phage genome .

Figure 1. 13 Mechanism of integration and excision catalysed by phage integrase. Integrase alone catalyses
integration between attP and attB, generating attR and attL and resulting in integration. In the presence of
Xis/RDF, integrase catalyses excision between attL and attR, regenerating attP and attB and resulting in
excision. The phage genome is represented by a black circle and its recombination site is represented by a black
triangle. The host genome is represented by grey line and its recombination site is represented by a grey
triangle.

1.5.1 Tyrosine integrases

The recombination mechanisms used by Cre from phage P1, and tyrosine integrase, A Int,
are representatives of almost all tyrosine recombinases (Grindley et al., 2006). The P1 phage
encoded Cre mediates recombination between two loxP sites, which can circularise the P1
DNA or break down dimer P1 DNA molecules (Abremski and Hoess, 1984). Since the
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substrate and product loxP sites are identical, Cre cannot distinguish between forward and
reverse reactions (e.g. integrase and excision). Recombination mediated by Cre does not
require accessory factors, nor is it biased to any specific conformation of DNA substrate or

product.

The paradigm of the tyrosine integrases is A phage integrase, which mediates integration and
excision of the bacteriophage A genome into and out of the E. coli chromosome. Unlike Cre
and its simple recombination sites loxP, A Int catalyses recombination on four different sites
(attP, attB, attL, and attR), and accessory proteins are necessary to drive the reaction to
desired direction. For the integration reaction, the synaptic complex containing a tetramer of
integrases bound to attB and attP is formed with the help of a host-encoded protein integration
host factor (IHF). Then, the sequential DNA cleavage and exchange steps occur, generating attL
and attR. For the excision reaction, integrase, IHF and additional accessory proteins, a phage-
encoded Xis and a host-encoded factor for inversion stimulation (Fis), are required (Abremski
and Gottesman, 1982; Ball and Johnson, 1991). The excision reaction proceeds through a
complex whose geometry differs from the complex formed during integration. Strand cleavage
and exchange reactions then occur, resulting in attP and attB sites.

1.5.2 Applications of Tyrosine integrases

The most widely used tyrosine integrase recombination system in biotechnology is Gateway
cloning, which is based on the in vitro site-specific recombination of A integrase (Hartley et
al., 2000). This system exploits the ability of the integrase to rearrange DNA that is flanked
by two att sites. These two sites must contain 7 bp of homologous core sequence, but this 7

bp core sequence can be mutated to generate orthogonal variant pairs for multipart cloning.

The use of tyrosine integrase in the Gateway cloning process overcomes the problems
associated with traditional cloning, for example, reliance on the restriction sites, large time-
consuming and multiple purification steps. This method is also proven to facilitate multipart
assembly and the assembled constructs can be further modified (Cheo et al., 2004). However,
there are several drawbacks of tyrosine integrase based DNA assembly. First, the tyrosine
integrase-mediated recombination requires host-encoded accessory proteins which limits the
potential for using this system in heterologous hosts. Second, the scar sequences
(recombination sites) generated during complex DNA assembly by tyrosine integrase might

lead to unexpected effects on the expression condition of nearby genes. Third, the efficiency
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of Gateway reaction decreases with increasing size of the DNA parts involved, and the
reactions have been shown to be inefficient when transferring DNA parts over 3 kb (Hartley
et al., 2000; Marsischky and LaBaer, 2004).

In addition to Gateway cloning, A integrase, as well as several other tyrosine integrases, have
been used in chromosome integration and cloning (Mart i et al., 1991; Hoang et al., 2000).
Integrase-mediated chromosomal integration systems rely on either delivering a single copy
suicide plasmid encoding Int, attP and a selectable marker gene into the target cell carrying
an endogenous attB site on the chromosome, or introducing a suicide plasmid containing
attP into target cells that already contain a separate integrase expression plasmid (Fogg et
al., 2014). The recently developed “clonetegration” technique, combining cloning and site-
specific integration into a single step, decreases the time and effort needed for chromosome
integration. As reported, up to four expression cassettes can be integrated into the
chromosome in separate rounds of clonetegration and two cassettes can be integrated into
the chromosome in the same round (St-Pierre et al., 2013). The tyrosine integrases have also
been demonstrated to be able to integrate large DNA fragments into a specific genomic
location, for example, the intB31 A-like integrase has been shown to introduce cosmid and
BAC substrates (up to 75 kbp), into the chromosome of Pseudomonas putida (Miyazaki and
van der Meer, 2013).

1.5.3 Serine integrases

Serine integrases belong to the large serine recombinase family (Smith and Thorpe, 2002).
Currently, the best characterised serine integrases are those of the Streptomyces phage, $C31
and ¢BT1, the mycobacteriophage Bxbl and the actinophage TG1 (Ghosh et al., 2003;
Gregory and Smith, 2003; Morita et al., 2009; Smith et al., 2010). Each integrase efficiently
catalyses recombination between short (< 50 bp) recombination sites attP and attB,
generating attR and attL which are no longer substrates for integrase alone. In the presence
of the phage encoded Xis or RDF, integrase mediates recombination between attR and attL,
and usually recombination between attP and attB is inhibited in this situation (Ghosh et al.,
2006; Khaleel et al., 2011).

Serine integrases consist of two conserved regions: a ~150 amino acid N-terminal catalytic
domain (NTD) and a 300-550 amino acid C-terminal DNA binding domain (CTD). The two
domains are linked by an a-helix (Van Duyne and Rutherford, 2013). The NTD contains the
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catalytic serine residue and is involved in synapsis formation, strand cleavage, and exchange.
The CTD is known to be required for att site recognition and binding, and control of the

recombination directionality (Smith et al., 2010).

The recently reported structure of the CTD from the LI integrase bound to attP half-site
provided clues about how integrase regulates recombination directionality (Rutherford et al.,
2013). As shown in Figure 1.14, the CTD is comprised of three domains: a recombinase
domain (RD), a zinc-ribbon domain (ZD), and an extended coiled-coil motif (CC) which is
embedded in the ZD. The RD interacts with a stretch of 13 bp adjacent to the central
dinucleotide of attP, and the ZD forms interactions with a 9-bp “ZD motif” at the distal end
of the site. With the knowledge of how integrase binds to attP, a plausible model for
integrase binding to attB was proposed. In this model, the RD binds to attB in a similar
position to the one seen in the Int-attP complex, whereas, the ZD-binding motif is shifted 5-

bp towards the central dinucleotide relative to its position in attP (Rutherford et al., 2013).

In the CTD, the CC motif was reported to be involved in both promoting attP>attB
recombination and inhibiting attL >attR recombination (Rowley et al., 2008), and its function
was suggested by using the structural model of Int-attP and Int-attB complexes (Rutherford
et al., 2013). The CC motifs from the P and B half-sites or from the P’ and B’ half-sites are
well positioned to interact due to the proper ZD-ZD distance, bringing attP and attB together.
After strand cleavage, rotation and ligation, the CC motifs from the P and B’ or from the B
and P’ are close enough to form autoinhibitory interactions, blocking further recombination
(Fig. 1.14).

However, in the presence of a RDF, attP>attB recombination is inhibited and attL >attR
recombination is stimulated. DNA binding experiments indicated that RDFs of Bxbl and
¢C31 do not bind to attachment sites, instead, the RDFs bind to the integrase proteins and
alter the recombination direction. These RDFs have also been reported to inhibit the
formation of attP>attB synapsis while stimulating the formation of attR>attL synapsis
(Ghosh et al., 2006; Khaleel et al., 2011). From the crystal structure of the LI DNA binding
domain bound to attP site, a plausible explanation for the mechanism of the RDF has been

proposed. The RDFs are suggested to influence the interactions of CC motifs, inhibiting the
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formation of the attB>attP synaptic complex and providing compensatory interactions for
the formation of the attL >attR synaptic complex (Rutherford and VVan Duyne, 2014).
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Figure 1. 14 Recently proposed model of the integration reaction catalysed by serine integrases. Integrase
dimers bind to specific attP and attB sequences to form Int-attP and Int-attB complexes. These complexes are
conformationally distinct due to the different positioning of the zinc-ribbon domain (ZD). Int-attP and Int-attB
associate to form a tetramer complex that is stabilised by interactions between the coiled-coil (CC) motifs.
Then the strand cleavage, exchange and ligation are catalysed by a serine integrase in the same manner as other
serine recombinases, resulting in formation of two new attachment sites, attL and attR. Finally, the arrangement
of ZDs in the attL and attR sites allows the CC motifs to form interactions that prevents the reverse reaction.
NTD: N-terminal catalytic domain; RD: recombinase domain; ZD: zinc ribbon domain; CC: coiled-coil motif.
Adapted from Rutherford et al. (2013).

1.5.4 Applications of serine integrases

Serine integrases possess a number of advantages (short and simple substrate sites, high
specificity, lack of requirement for DNA supercoiling, and strict control of recombination
direction) over tyrosine integrases, making them powerful tools for genome engineering and

synthetic biology.
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¢C31lintegrase, one of the most widely used serine integrases, was originally applied in the
development of an integration vector for use in Streptomyces containing an innate attB site
for integration (Kuhstoss et al., 1991). $C31 integrase was also proven to have integration
ability in the mammalian cell using endogenous pseudo-attP sites (Thyagarajan et al., 2001).
Integration into pseudo-attP sites has been used in several medicinally relevant applications,
for example, production of human Coagulation Factor V11l in mice (Chavez et al., 2012) and
expression of transcription factors to reprogram mouse embryonic fibroblasts and human
amniotic fluid cells into induced pluripotent stem cell (Ye et al., 2010). To better use the
high efficiency of site-specific recombination in heterologous hosts, a docking or landing
site containing a cognate attachment site has been introduced into the chromosome of various
organisms for genome modification, such as Drosophila (Venken et al., 2006), zebrafish (Hu

et al., 2011), and mammalian cell lines (Thyagarajan et al., 2001).

In addition to chromosome integration, serine integrases have been widely applied in
synthetic biology, mainly including metabolic pathway assembly (Colloms et al., 2013) and
synthetic genetic devices (Bonnet et al., 2012, 2013; Siuti et al., 2013; Yang et al., 2014).
Integrase-based DNA assembly exploits the ability of the integrase to recognise and
recombine a pair of attB and attP sites with complementary central dinucleotides accurately
and efficiently. By changing the central dinucleotides, six pairs of orthogonal target sites are
available for use in the assembly system. Using this strategy, five-gene zeaxanthin pathway
was assembled based on $C31 integrase. The productivity of pathways can be optimised
with combinatorial assembly by varying gene orders and by varying RBS strengths. This
system demonstrated that a chosen DNA sequence can be replaced by attR>attL
recombination when provided with RDF (Colloms et al., 2013). Applications of serine

integrases in construction of synthetic genetic devices have been introduced in section 1.2.

1.6 Synthetic biological devices based on recombinases

Synthetic biological devices and their performances have been described in the previous
section (section 1.2). Here, the recombinase-based devices are summarised. The information
processing devices were first built on invertases, FimB/FimE and Hin ( Ham and Lee, 2006;
Ham et al., 2008), and simple tyrosine recombinases Cre and Flp (Friedland et al., 2009).
However the efficiencies and capabilities of these devices are limited because of the poor
recombination directionality of these recombinases. Phage integrases mediate highly

directional recombination, making them good candidates for recording information in DNA
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sequences. Though both tyrosine and serine integrases have controllable reaction
directionality, serine integrases are preferred due to their recognition of simple short sites

and lack of requirement for any accessory host factor proteins for recombination.

Among the three outcomes (integration, resolution, and inversion) of site-specific
recombination introduced in section 1.3.2, inversion recombination is commonly used in
synthetic biological systems. The orientation of genetic parts between inverted repeat
recombination sites can be flipped by a serine integrase alone, and its cognate Xis/RDF can
stimulate the integrase to reverse the flipping. The practicality of this system has been proven
in a rewritable recombinase addressable data module based on Bxb1 integrase and its RDF
gp47 (Bonnet et al., 2012). Using more sets of integrase-RDFs and their corresponding
recombination sites to increase the information storage capacity can scale up the complexity

of these devices.

By combining two integrase controlled units, genetic logic gates were constructed (Bonnet
et al., 2013; Siuti et al., 2013). These systems were programmed to logically respond to
different combinations of two independent signals. More recently, a memory array which
can record 1.375 bytes of information was constructed (Yang et al., 2014). This system
consists of 11 integrase based switches that are orthogonal to each other, and demonstrates

that recombinase-based modules can be layered without any interference with each other.

Apart from the well characterised and widely used RDFs Gp47 of Bxb1 (Ghosh et al., 2006)
and Gp3 of ¢C31 (Khaleel et al., 2011), four other RDFs associated with corresponding
bacteriophage integrases have been identified, which are Xis of $Rv1 (Bibb et al., 2005),
Orf7 of TP901-1 (Bretner et al., 1999), Gp3 of $BT1, and Gp25 of TG1 (Zhang et al., 2013).
Without doubt, more sets of integrase-RDF are yet to be discovered, and they would be

potentially ideal for expanding the data storage capacity of integrases-based devices.

1.7 Aims of the study and thesis outline

A binary counter can be constructed from modules (such as the flip-flops in electronic
circuits) by taking the output of a preceding module as the input of a subsequent one. Each
module is required to be able to switch between two states (“0” and “1” of a binary digit) in

response to a single input signal, and to send an input signal to the next module when it
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restores state to “0”. Construction of a binary counting system in living cells is expected to

promote the development of cellular computers for a variety of biological applications.

Synthetic switches introduced in section 1.2.1 provide different design principles for
construction of two-state devices, whose states are commonly represented as either a “0” or
a “1”. Among these designs, the rewritable memory module based on serine integrase from
Bonnet et al. (2012) has substantial advantages over others, owing to its ability to record
transient input signal into permanent DNA change, and highly directional recombination to
switch DNA states back and forth. The rewritable manner of this module realised increased
data storage capacity, which is limited in the single write module in the recombinase-based
counter from Friedland et al. (2009). However, this rewritable module needs two different
input signals to trigger its switch, and it cannot be used to record multiple occurrences of a

single event.

This study aims to construct an efficient integrase-based binary counting module, which can
alternate between two output states (“0” and “1”) in response to a single repeating input
pulse. The bidirectional recombination system of large serine integrase was selected to
achieve this aim. In the rewritable memory module (Bonnet et al., 2012), expressions of
proteins (integrase and integrase plus Xis/RDF) for both directional reactions are controlled
by two different input signals. In contrast, in this study the expression of integrase is
controlled by only one input signal, while the expression of RDF is controlled by the binary
state (e.g. when the state is “0”, RDF expression is off). If the initial state of this device is
“0”, an integrase pulse stimulated by a pulse of input signal will change the device state from
“0” to “1” through attB>attP — attR>attL recombination, allowing the expression of RDF.
The RDF can alter the recombination directionality of integrase, and the next integrase pulse

will change the device state from “1” to “0” through attR>attL — attB>attP recombination.

A multiple-digit counter can be constructed to count a large number through connecting
multiple modules based on orthogonal sets of integrase-RDF (Fig. 1.16). The state of each
module can be indicated by coupling its state with reporter protein expression (OFF=0 and
ON=1). Each module is expected to generate a new input signal to trigger the state change

of the next module only when it switches from state “1” to “0”. This combinatorial counter
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acts like a frequency divider that takes an input signal of a frequency fin, and generates an
output (or a new input signal) of a frequency: f= fin/2Y (N is the number of modules).

'/-Inputsignal II II IIII II II ” l
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Figure 1. 15 A binary counter based on DNA inversion. A 3-bit binary counter consisting of three binary
counting modules is shown. Each module contains an orthogonal set of recombination sites (B1-3 and P1-3)
flanking a functional fragment to indicate the state change and generate a signal to control the subsequent
module. The expression of the recombinase for Module 1 is controlled by an input signal. Module 1 is designed
to flip back and forth between “0” and “1” with repetition of a single input signal. When a given module
restores its state from “1” to “0”, a new signal will be produced and sent to the subsequent module. When using
each module to control the production of a distinct reporter signal, the recorded number can be indicated by
the different combinations of reporter output signals. The frequency of output signal (or input signal for
subsequent module) from each module is represented by square wave figure with binary digit number.

To construct the integrase-based genetic module mentioned above, the first stage of this
study was to characterise the recombination properties of the integrase and its RDF chosen
in this study, which will be described in Chapter 3.
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Next, a series of plasmid-based gene circuits (substrate sequence which can be recombined
was placed on the plasmid) with memory function was constructed. The controlled
bidirectional inversion recombination was first tested in a set-reset latch, in which integrase
and integrase plus RDF produced from two independent inducible systems mediated the state
change of the latch. Then, a state-based latch was constructed, in which the RDF expression
was connected to the state of the latch. On this basis, a binary counting module was finally
developed that cell populations containing this binary counting module switched repeatedly
between two distinct states in response to a single repeating input signal. All these devices

will be described in Chapter 4.

Finally, to further improve the state consistency of individual cells, the invertible substrate
sequence was delivered to the chromosome of a bacterial host cell as a single copy, resulting
in the chromosomal state-based latch and the chromosomal binary counting module. These

will be described in Chapter 5.
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2 Materials and Methods

2.1 Bacterial Strains

All bacterial strains used in this study are listed in the Table 2.1 below.

Table 2. 1 Bacterial Strains

Name Genotype Source and reference

thr-1, araCl4, leuB6(Am), A(gpt-proA)62, lacYl1, tsx-33, gsr'-0,
InV44(AS), galK2(Oc), A, Rac-0, hisG4(Oc), rfbCl, mgl-51,

ABlls7  [SMVA4AS). galK2(0c), ), Rac-0, hisG4(Oc). rfbC1, mg Adelberg, 1962
rpoS396(Am), rpsL31(str?), kdgK51, xylA5, mtl-1, argE3(Oc),
thiEl

DS9%41 AB1157 recF laclq lacZAM15. Summers and Sherratt, 1988

MG1655Z1 |F ) ilvG rfb 50 rph 1 Z1(Laci? TetR Sp¥) Bohn et al., 2004

DS94171 DS941 Z1(Laci? TetR Sp?) This study

DS957 DS941 pepA::Tn5 McCulloch et al., 1994
F A(lacZYA-argF) U169 recAl endAl hsdR17 (rx,

DH5 ) F. Olorunniji
mk ") phoA supE44 A~ thi-1 gyrA96 reldl

DH5a DHS ¢80/acZAM15 Invitrogen

DH50Z1 DH50 Z1(Laci? TetR Sp*) Lutz and Bujard, 1997
F merA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15

TOP10 AlacX74 recAl araD139 A(ara leu) 7697 galU galK rpsL Invitrogen
(Str®) endAl nupG

113 F supE hsdAS5 thi A(lac-proAB) AthyA::(erm-pirll6)[EmR] Demarre et al., 2005

. MG1655 RP4-2-Tc::[AMul ::aac(3)IV-AaphA-Anic35- .

MFDpir ) Ferriéres et al., 2010

AMu?2::zeo] AdapA::(erm-pir) ArecA

2.2 Chemicals and buffer solutions

2.2.1 Chemicals

Sources of chemicals generally used are listed in Table 2.2 below.

Table 2. 2 Chemicals

Chemicals Source

General chemicals, biochemicals, organic solvents Sigma/Aldrich, BDH, May and Baker
Medium Difco and Oxoid

Agarose, acrylamide FMC, Biorad, and Flowgen
Restriction enzyme buffers and ligase buffer NEB

PCR buffer NEB, Promega, and Stratagene
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2.2.2 Buffer solutions

Standard solutions are listed in Table 2.3 below.

Table 2. 3 Buffer Solutions

Buffer solutions

Composition

Agarose gel loading dye

30% glycerol, 3 mM Tris, 0.3 mM EDT A, 0.5% SDS and 0.25%
bromophenol blue

Ammonium persulphate (APS)

10% ammonium persulphate in water made fresh before each use.

Commercial enzyme buffers

As supplied with enzymes

Digest buffer Z4BSA

100 mM KCl, 20 mM MgCls, 0.12 mg/ml BSA, and 2 mM DTT

E buffer

2 M Tris base, 1.25 M acetic acid, 0.05 M EDTA (pH 8.0), and 1 M
sodium acetate

Formamide loading buffer

80% deionised formamide, 10 mM EDTA (pH 8.0), I mg/ml xylene
cyanol, 1 mg/ml bromophenol blue

Integrase dilution buffer (IDB)

25 mM Tris-HCI (pH 7.5), 1 mM DTT, 1 M NacCl, and 50% (v/v) glycerol

Integrase reaction buffer (1.43x
IRB5)

71.5 mM Tris-HCI (pH 7.5), 0.143 mM EDTA (pH 8.0 ), 7.15 Mm
Spermidine, 0.143 mg/ml BSA, and deionized water

In vitro recombination reaction
gel loading buffer SDS/ protease
K/ EDTA (SKE)

25mM Tris-HCI (pH 8.2), 20% (w/v) Ficoll, 0.5% sodium dodecyl
sulphate, 5 mg/ml protease K, 0.25 mg/ml bromophenol blue, and 70 mM
EDTA

L-Broth (Luria broth)

1 % (w/v) Bacto tryptone, 0.5% (w/v) Bacto yeast extract, 0.5% (w/v)
NaCl, adjust to pH 7.5 with NaOH.

Phosphate-buffered saline (PBS)

137 mM NacCl, 2.7 mM KCI, 10 mM Na;HPOs, 1.8 mM KH,PO4, adjust
to pH 7.4 with HC1

2% (w/v) Bacto tryptone, 0.5% (w/v) Bacto yeast extract, 10 mM NacCl,

S0C 2.5 mM KCI, 10 mM MgCI2, 10 mM MgS04, and 20 mM glucose.
TAE (50x) 2 M Tris base, 1 M acetic acid, 0.05 M EDTA (pH 8.0)

TBE (10x) 0.89 M Tris base, 0.89 M boric acid, and 20 mM EDTA

TE 10 mM Tris-HCI (pH 8.0) and 1 mM EDTA (pH 8.0)

TEo.1 10 mM Tris-HCI (pH 8.0) and 0.1 mM EDTA (pH 8.0)

All buffer solutions were made up in deionized or double distilled water unless otherwise stated.
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2.3 Antibiotics

Antibiotics were used in liquid or solid medium for selective growth. The stock and used

concentrations are given in Table 2.4.

Table 2. 4 Antibiotics

Antibiotics Stock concentration Final concentration in medium
Kanamycin (Kan ) 25 mg/ml in H,O 25 pg/ml

Ampicillin (Amp) 100 mg/ml in HO 100 pg/ml

Chloramphenicol (Cm) 25 mg/ml in Ethanol 25 pg/ml

Spectinomycin (Spec) 25 mg/ml in H>,O 50 pg/ml

Streptomycin (Strep) 10 mg/ml in Ethanol 50 pg/ml

2.4 Repressors and Inducers
Rrepressors and inducers used to control the regulated promoters are listed in Table 2.5.

Table 2. 5 Inducers and repressors

Stock Final concentration
Inducers ) } ) Reference
concentration in medium
glucose 20% (w/v) 0.2% (w/v) Guzman et al., 1995
arabinose 10% (w/v) 0.2% (w/v) Guzman et al., 1995
anhydrotetracycline (aTc)[50 pg/ml 100 ng/ml Lutz and Bujard, 1997
2.5 Oligonucleotides

All oligonucleotides used for sequencing and plasmid construction were synthesised
commercially by Eurofins MWG Operon. All of the oligonucleotides were dissolved in TE
buffer to a concentration of 100 pmol/ul and stored at -20 <C. Details (name, length,

sequence, and purpose) of each oligonucleotide are listed in Table 2.6.
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Oligo name Length | Sequence (5°—3") Purpose
Sacl-RBS-Ndel-phiC31-F | 43 bp AAAGAGCTCAGGAGTAACATATGGACACGTACGCGGGTGCTTA Forward primer used to amplify ¢$C31 int from pARMO050
AAAGGATCCGCATGCTCTAGATTATTAACTAGTCGCCGCTACGTCT
Sphl-Xbal-Spel-phiC31-R | 51 bp TCCGT Reverse primer used to amplify ¢C31 int from pARMOS50
AAAGAGCTCCTGCAGAGGAGGATTACAAAATGGCGAAGCGTTCG . .
Sacl-PstI-RBS-gp3-F 49 bp ATCTG Forward primer used to amplify ¢C31 gp3 from pEY301
Mlul-Spel-gp3-R 41 bp AAAACGCGTTTATTAACTAGTGTCGGCAATCGCGTCGTTGT Reverse primer used to amplify ¢C31 gp3 from pEY301
Mlul-gpf-F 37 bp AAAACGCGTTACTAGAGTCACACAGGAAAGTACTAGA Forward primer used to amplify gfp from bio-brick K145205
Ecol-Sall-gpf-R 42 bp AAAGAATTCGTCGACTTATTAAGCTACTAAAGCGTAGTTTTC Reverse primer used to amplify gfp from bio-brick K145205
Mlul-rfp-F 32bp AAAACGCGTGTGAGCGGATAACAATTTCACAC Forward primer used to amplify rfp from bio-brick J04450
Sall-rfp-R 36 bp AAAGTCGACTTATTAGCTAGCACCGGTGGAGTGACG Reverse primer used to amplify rfp from bio-brick J04450
ATG-to-GTG-Int-Top 31 bp GCTCAGGAGTAACATGTGGACACGTACGCGG Top oligo used to site directed mutate ATG to GTG for Int
Bott li d to site directed mutate ATG to GTG f
ATG-to-GTG-Int-Bot 31bp | CCGCGTACGTGTCCACATGTTACTCCTGAGC : 2 Ot 01150 Hised 10 site dlrectst mutate AL 10 of
n
RBS-Int-Mut1-Top 20 bp CCAGCTCGAGATGATTAACA Top oligo used to replace the RBS for Int
RBS-Int-Mut1-Bot 26 bp TATGTTAATCATCTCGAGCTGGAGCT Bottom oligo used to replace the RBS for Int
RBS-Int-Mut2-Top 20 bp CCAGCTCGAGATTATTAACA Top oligo used to replace the RBS for Int
RBS-Int-Mut2-Bot 26 bp TATGTTAATAATCTCGAGCTGGAGCT Bottom oligo used to replace the RBS for Int
RBS-Int-Mut3-Top 20 bp CCAGCTCGAGCTTCTTAACA Top oligo used to replace the RBS for Int
RBS-Int-Mut3-Bot 26 bp TATGTTAAGAAGCTCGAGCTGGAGCT Bottom oligo used to replace the RBS for Int
RBS-Int-Mut4-Top 20 bp CCAGCTCGAGAAGAGAAACA Top oligo used to replace the RBS for Int

RBS-Int-Mut4-Bot

26 bp

TATGTTTCTCTTCTCGAGCTGGAGCT

Bottom oligo used to replace the RBS for Int
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RBS-Int-Mut5-Top 20 bp CCAGCTCGAGAGGAGAAACA Top oligo used to replace the RBS for Int
RBS-Int-Mut5-Bot 26 bp TATGTTTCTCCTCTCGAGCTGGAGCT Bottom oligo used to replace the RBS for Int
RBS-Int-Mut6-Top 20 bp CCAGCTCGAGAGAAGGAACA Top oligo used to replace the RBS for Int
RBS-Int-Mut6-Bot 26 bp TATGTTCCTTCTCTCGAGCTGGAGCT Bottom oligo used to replace the RBS for Int
RBS-Int-Mut7-Top 20 bp CCAGCTCGAGAAGAAGAACA Top oligo used to replace the RBS for Int
RBS-Int-Mut7-Bot 26 bp TATGTTCTTCTTCTCGAGCTGGAGCT Bottom oligo used to replace the RBS for Int
RBS-Int-Mut8-Top 20 bp CCAGCTCGAGGAGGTGGCCA Top oligo used to replace the RBS for Int
RBS-Int-Mut8-Bot 26 bp TATGGCCACCTCCTCGAGCTGGAGCT Bottom oligo used to replace the RBS for Int
RBS-Int-Mut9-Top 20 bp CCAGCTCGAGGAGGTAATCA Top oligo used to replace the RBS for Int
RBS-Int-Mut9-Bot 26 bp TATGATTACCTCCTCGAGCTGGAGCT Bottom oligo used to replace the RBS for Int
RBS-Int-Mut10-Top 20 bp CCAGCTCGAGAGGAGGTACA Top oligo used to replace the RBS for Int
RBS-Int-Mut10-Bot 26 bp TATGTACCTCCTCTCGAGCTGGAGCT Bottom oligo used to replace the RBS for Int
Pet-mes-top 46 bp AGCTTCTCGAGCTGCAGGGATCCTCTAGAACGCGTGGTACCATGC | Top oligo used to insert multiple cloning sites into cloning
A vector pDV
Ptet-mes-bot 38bp | TGGTACCACGCGTTCTAGAGGATCCCTGCAGCTCGAGA Bottom oligo used to insert multiple cloning sites into
cloning vector pDV
Ecol-Scal-Notl-RBS-F 81 bp AAAGAATTCAGTACTGCGGCCGCTTTCCCTCTAGATTTAACTTTAA | Foward primer.us'ed to amplify ¢C31 gp3 from pEY301 to
GAAGGAGATATAAATATGGCGAAGCGTTCGATCTG replace the optimized gp3 on pSWITCHI1
MIul-Spel-gp3-R 41 bp AAAACGCGTTTATTAACTAGTGTCGGCAATCGCGTCGTTGT Reverse primer used to amplify ¢ C31 gp3 from pEY301
Gfp-LAA-Top 57 bp ?iii?iigg?fCCTGCAGCAAACGACGAAAACTACGCTTTAGCAGC Top oligo used to add LAA degradation tag to Gfp
Gfp-LAA-Bot 57 bp CTTATTAAGCTGCTAAAGCGTAGTTTICGTCGTTTGCTGCAGGCCT Bottom oligo used to add LAA degradation tag to Gfp

CTTATAGAGCT
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CTATAAGAGGCCTGCAGCAAACGACGAAAACTACGCTGCAGCAG

-AAV-T Top oli t AA tion tag to Gfj

Gfp-AAV-Top 57 bp TTTAATAAGGTAC op oligo used to add AAV degradation tag to Gfp
CTTATTAAACTGCTGCAGCGTAGTTTTCGTCGTTTGCTGCAGGCCT ) )

Gfp-AAV-Bot 57 bp Bottom oligo used to add AAV degradation tag to Gfp
CTTATAGAGCT

It LAAT, 61b CTAGTAGGCCTGCAGCAAACGACGAAAACTACGCTTTAGCAGCTT Top oli dto add LAA deeradation tac to Int

nt- -Top p AATAATCTAGACTGCA op oligo used to a egradation tag to In
CTAGTAGGCCTGCAGCAAACGACGAAAACTACGCTTTAGCAGCTT ) )

Int-LAA-Bot 63 bp Bottom oligo used to add LAA degradation tag to Int
AATAATCTAGACTGCA

Int- AAV-T 61b CTAGTAGGCCTGCAGCAAACGACGAAAACTACGCTTTAGCAGCTT Top oli dto add AAV deeradation tae to Int

nt- -Top p AATAATCTAGACTGCA op oligo used to a egradation tag to In
CTAGTAGGCCTGCAGCAAACGACGAAAACTACGCTTTAGCAGCTT ) i

Int-AAV-Bot 53 bp Bottom oligo used to add AAV degradation tag to Int
AATAATCTAGACTGCA

fr3out 21b CTAGTAGGCCTGCAGCAAACGACGAAAACTACGCTTTAGCAGCTT S i .

gip=>-ou P | AATAATCTAGACTGCA cduencing primer

gp3-out-seq 20 bp TCTTGGACGCTCTTCAAGGT Sequencing primer

TP-attL-Top] sab CCGCAAAAAACCCCGCTTCGGCGGGGTTTTTTCGCGGGCCCTTGA | Oligo with terminator, promoter and attL site to be inserted

-P-attL-To
P P | CAGCTAGAT into pZJ500n

CAGTCCTAGGTATAATGCTAGAAGATCTCCGCGGTGCGGGTGCCA

T-P-attL-Top2 84 bp As above
GGGCGTGCCCTTGAGTTCTCTCAGTTGGGGGCGTAGGGG
CTAGCCCCTACGCCCCCAACTGAGAGAACTCAAGGGCACGCCCTG

T-P-attL-Botl 58 bp As above
GCACCCGCACCGC
GGAGATCTTCTAGCATTATACCTAGGACTGATCTAGCTGTCAAGGG

T-P-attL-Bot2 88 bp As above
CCCGCGAAAAAACCCCGCCGAAGCGGGGTTTTTTGCGGCATG

Top oligo for site directed mut is of gfp in pZJ520ff't
gfp-no-prom 43bp | GTTGACATCGCCATCCAGTTCAACCAGGATCGGTACTACACCC op oligo for site directed mutagenesis of gfp in pZJ520ff to

remove promoters




gfp-no-prom-bott 43 bp GGGTGTAGTACCGATCCTGGTTGAACTGGATGGCGATGTCAAC Bottom oligo for site directed mutagenesis of gfp

Top oligo for site directed mutagenesis of gfp in pZJ52off to

gfp mut2 top 37 bp GACGCTTTGGGTGGACAGGTAATGGTTATCCGGCAGT
remove promoters
gfp mut2 bot 37 bp ACTGCCGGATAACCATTACCTGTCCACCCAAAGCGTC Bottom oligo for site directed mutagenesis of gfp
Top oligo for site directed mutagenesis of gfp in pZJ52off to
gfp mut3 top 38 bp CCAGTTTATGCCCCAGAATGTTGCCATCTTCCTTAAAG
remove promoters
gfp mut3 bot 38 bp CTTTAAGGAAGATGGCAACATTCTGGGGCATAAACTGG Bottom oligo for site directed mutagenesis of gfp
pZJ53-P1 18 bp CGAAGTCAAAGCCGTCGC Sequencing and PCR primer
pZJ53-P2 22 bp CGCTTTGGGTGGACAGATAATG As above
GCCTCTAGATTTAACTTTAAGNRRGNGRTATAAATATGGCGAAGCG | Forward primers with random RBS sequences used to
F-gp3-RBS-mut 50 bp .
TTCG amplify gp3.
R-gp3-RBS-mut 22 bp GTTCGGCGCGTCGTACTCCTTC Reverse primers used to amplify gp3.
GCGCCTCTAGATTCAACTTTAARNRGGNGRTATAAATATGACTCAG | Forward primers with random RBS sequences used to
F-gp47-RBS-mut 73 bp .
CGTATCGTC amplify gp3.
R-gp47-RBS-mut 20 bp ATGAGGCCAGTCTTGTGCTC Reverse primers used to amplify gp3.
Pswitchl 20 bp TCCACTGAAGCTGCCATTTT Sequencing primer
Pswitch2 20 bp TTTACCATTCGTCGCGTCAC Sequencing primer
Pswitch3 20 bp GATGAATGACTGTCCACGAC Sequencing primer

Pswitch4 20 bp GGTTCGTTCTCATGGCTCAC Sequencing primer
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2.6 Custom DNA synthesis

In order to easily manipulate the regularly used sequence, synthetic DNA were made and
cloned into a vector commercially by GeneArt (Life Technology), resulting in plasmids
pSWITCH1 and pSWITCH2 (Fig. 2.1). About 5 pg plasmid with synthetic sequence was
dissolved in 50 pl of distilled water and stored at -20 <C. In synthetic plasmid pSWITCH1,
the superfolder gfp and gp3 genes are placed between inverted repeat recombination sites
attB and attP. The Pyteto-1 promoter in an opposite orientation to gfp and gp3 genes is placed
outside of the recombination sites. The whole invertible sequence is flanked by two
terminators (rnpB and part BO011) to inhibit transcription from surrounding sequence. In
synthetic pPSWITCH2, superfolder gfp gene is placed between inverted repeat recombination
sites attB and attP. The constitutive promoter part J23104 in an opposite orientation to gfp
gene is placed outside of the recombination sites. The functional fragments are separated by

restriction enzyme sites. These sites make it easy to change each fragment in the sequence.

A B

NgoMIV (370)

[B0011 Bsal (795)

attP

Spel (1638) S
Nhel (i664) - Y/ (023104

Figure 2. 1 Maps of synthetic plasmids. (A) Plasmid pSWITCH1 containing synthetic sequence used to
construct state-based latch. (B) Plasmid pSWITCH2 containing synthetic sequence used to construct set-reset
latch. Restriction sites used for the later construction are labelled on maps.

2.7 Plasmids

Plasmids used and constructed in this work are listed in Table 2.7. More details about the
construction processes and characteristics of some plasmids will be introduced in the result

chapters



Table 2. 7 Plasmids used and constructed in this study
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Name Antibiotic Description (main characteristics and construction process) Source

pSDC343 Amp Plasmid containing a#tP site S. Colloms

pSDC362 Amp Plasmid containing a#B site S. Colloms

pEY301 Kan Plasmid containing $C31 gp3 encoding gene E.Younge

pARMO50 Amp Plasmid containing ¢C31 integrase encoding gene A. McEwan

pBAD33 Cm Plasmid containing araC gene, Pgap promoter, pl5a origin of replication, derived from pACYC184 Guzman et al., 1995

pSDC404 Amp Plasmid containing Pyw-1 promoter, ColE1 origin of replication S. Colloms

K145205 Cm Biological part encoding GFP-LVA on BioBrick vector pSB1A2 ;(’}‘53/1[ jl(;lO kit plate

J04450 Cm Biological part encoding RFP on BioBrick vector pSB1C3 IGEM 2010 kit plate
1,well 3A

?}g};él ) Amp, Kan TOPO-TA cloning vector, pUC origin i\;ﬁ:;glz;:fe

pDV Kan Plasmid containing Py-1 promoter, pSC101 origin of replication D.Houston

pCER19 Amp Plasmid containing cer site of ColE1l, pMBI1 origin of replication, derived from pUC19 Caryl et al., 2004

pMS183 Kan Cloning vector containing pSC101 origin of replication M. Stark

pUCI19 Amp Cloning vector containing pMB1 origin of replication T;i;lissch-Perron etal,

pFM16 Amp, Kan Recombination substrate plasmid containing a#tB and a#tP sites in direct repeat flanking a kan” gene F. Olorunniji
Synthesied by

pSWITCH1 | Kan Plasmid containing inverted repeat attB, attP sites, gfp, gp3 and Prco-1,ColE1 origin of replication GeneArt® , more
details see section 2.6
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Synthesied b
pSWITCH2 | Kan Plasmid containing a#tB and attP sites in inverted repeat, gfp-LAA, gp3 and T7 promoter, ColE1 origin of replication GZneArt@, m}(;re
details see section 2.6
§P47_INV_ Amp Plasmid containing Bxb1 attR and attL sites flanking a gp47 gene and promoter J23119 S.Colloms
Plasmid containing synthetic insertion element (sites ISY100 /RR and /RL flanking Kan resistance gene), ColE1 origin of
pFC31 Kan replication S.Colloms
pSW23T Cm Plasmid containing oriVgeky origin of replication and oriT transfer origin Demarre et al., 2005
pGDO1 Kan Plasmid containing a#tB and attP sites in direct repeat flanking a ga/K gene, based on pMS183 K. Poop
pGDO02 Kan Plasmid containing attR and attL sites in direct repeat flanking a galK gene, based on pMS183 K. Poop
pZJ1 Kan, Amp PCR2.1-TOPO vector + ¢C31 integrase gene Chapter 3
pZJ2 Kan, Amp PCR2.1-TOPO vector + ¢C31 gp3 gene Chapter 3
pZJ3 Kan, Amp PCR2.1-TOPO vector + gfp-LVA gene Chapter 3
pZ17 Cm Vector pBAD33+ ¢C31 integrase gene from pZJ1 (Sacl, Xbal) Chapter 3
pZJ7m Cm Plasmid containing ¢C31 integrase gene with GTG start codon, derived from pZJ7 (Ndel site is eliminated) Chapter 3
pZJ20 Cm Plasmid containing a predicted weaker RBS for ¢C31 integrase, derived from pZJ7 (RBS: ATGATTAA) Chapter 3
pZJ21 Cm Plasmid containing a predicted weaker RBS for ¢C31 integrase, derived from pZJ7 (RBS:ATTATTAA) Chapter 3
pZJ22 Cm Plasmid containing a predicted weaker RBS for ¢C31 integrase, derived from pZJ7 (RBS:CTTCTTAA) Chapter 3
pDVZ] Kan Vector pDV+ Oligo Ptet-mcs (HindIII, Pstl) Chapter 3
pZJ14 Kan Vector pDVZJ + ¢C31 gp3 (Mlul, Pstl) Chapter 3
pZJ24 Amp Vector pUC19+ ¢C31 gp3 (Pstl, Kpnl) Chapter 3
pZJ123 Amp Vector pSDC404 + ¢C31 integrase gene + ¢C31 gp3 (integrase and gp3 controlled by Ppico-1 promoter) Chapter 3
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attP, pMBI1 ori from pSDC343 (AlwNI,Sacl)+ attB from pSDC362 (AlwNI, EcoRI)+ gp3 from pZJ2 (EcoRI, Mlul )+ gfp-

pZJ10off | Amp LVA from pZJ3 (Mlul, Sacl) Chapter 3
pZI120ft Amp Derived from pZJ10oft by deleting the gp3 gene (Mlul, Pstl ) Chapter 3
pZJ150ff Amp Derived from pZJ10off by changing gfp-LVA to rfp (Sall, Mlul) Chapter 3
pZJ160ff Amp Derived from pZJ150ft by deleting the gp3 gene (Mlul, Pstl ) Chapter 3
pZJ16on Amp Derived from pZJ160ft by recombination Chapter 3
pZJ18off Amp Vector pCER19+ invertible fragment from pZJ16off (BamHI, Nhel ) Chapter 3
pZJ18on Amp Derived from pZJ18off by recombination Chapter 3
pZJ19oft Kan Vector pMS183+ invertible fragment from pZJ18off (Bglll, Ndel ) Chapter 3
pZJ190on Kan Derived from pZJ19oft by recombination Chapter 3
pZJ360ff Kan Derived from pSWITCH1 by changing the codon optimized gp3 to natural gp3 Chapter 4
pZJ38off Kan Vector pMS183-+invertible fragment from pZJ360ff (Ncol, NgoMI) Chapter 4
pZJ38on Kan Derived from pZJ38off by recombination Chapter 4
pZI31off Kan Derived from pSWITCH2 by removing the degradation tag of GFP Chapter 5
pZJ46 Cm Plasmid containing ¢C31 integrase with LAA degradation tag, derived from pZJ7 Chapter 5
pZi47 Cm Plasmid containing ¢C31 integrase with AAV degradation tag, derived from pZJ7 Chapter 5
pZ148 Cm Plasmid containing ¢C31 integrase with LAA degradation tag, derived from pZJ7m Chapter 5
pZJ49 Cm Plasmid containing ¢C31 integrase with AAV degradation tag, derived from pZJ7m Chapter 5
pZJ91 Cm Plasmid containing a predicted stronger RBS for ¢C31 integrase, derived from pZJ46 (RBS: AGGAGGTA) Chapter 5
pZJ94 Cm Plasmid containing a predicted stronger RBS for ¢C31 integrase, derived from pZJ47 (RBS: AGGAGGTA) Chapter 5
pZJ500n Kan Derived from pZJ38on by deleting attL site Chapter 4
pZJ51on Kan Plasmid containing B1002+J23119+attL between gp3 and gfp, derived from pZJ50on Chapter 4
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pZJ52on Kan Derived from pZJ51on by deleting part BBa B1002 Chapter 4
pZJ530n Kan Plasmid containing mutant gfp (mutl), derived from pZJ52on Chapter 4
pZI560ft Kan Plasmid containing invertible fragment from pZJ53off, based on pSWITCH1 (Bsal,AatlI) Chapter 3
pZJ560n Kan Plasmid containing invertible fragment from pZJ53on, based on pPSWITCH1 Chapter 3
pZI53off Kan Derived from pZJ53on by recombination Chapter 4
pZJ61loff Kan Derived from pZJ53off by changing the gp3 to gp47, and recombination sites to the ones for Bxb1 integrase (Eagl, Nhel) Chapter 4
pZJ68off Kan Derived from pZJ53oft by inserting tetR gene, derived from pZJ53off (Aatll, Ncol) Chapter 4
pZI72 Kan Derived from pFC31 by inserting 7np gene (Kpnl, Ndel) Chapter 5
pZI74 Kan, Cm Plasmid containing insertion element (sites /RR, IRL, and Kan") and Tnp from pZJ72, based on pSW23T Chapter 5
pZJ760ft Kan Plasmid containing invertible fragment from pZJ53off, based on pFC31 (Aatll, Bsal) Chapter 5
pZJ760on Kan Plasmid containing invertible fragment from pZJ53on, based on pFC31 (Aatll, Bsal) Chapter 5
pZJ78off Kan, Cm Derived from pZJ74 by replacing its insertion element using the one from pZJ760ff (Sall, BamHI) Chapter 5
pZJ790ff Kan Plasmid containing a predicted weaker RBS for Gp3, derived from pZJ68off (RBS: AAGTGAGCGGTATAAAT) Chapter 4
pZI80off Kan Plasmid containing a predicted weaker RBS for Gp3, derived from pZJ53off (RBS: AAGTAAGTGGTATAAAT) Chapter 4
pZI8loff Kan Inserting oligo containing restriction site Sphl into pZJ78off. (Aatll, Sall) Chapter 5
pZI82o0ff Kan Plasmid containing zetR gene, derived from pZJ81off (Sphl, Aatll) Chapter 5
pZJ118off Kan Plasmid containing invertible fragment from pZJ31off, based on the pMS183 vector (Aatll, Bsal) Chapter 3
pZJ118on Kan Derived from pZJ118off by recombination Chapter 3
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2.8 Bacterial growth medium

E.coli strains were routinely cultured in liquid L-Broth or on solid L-Broth agar from the
MVLS Stores of University of Glasgow. Other specialized medium used are: X-gal agar and
MacConkey galactose agar. X-gal agar plates were made by spreading 40 ul of X-gal (20
mg/ml in dimethyl formamide) and 40 ul of L-Broth on top of a normal L-Broth agar plate.
MacConkey galactose agar was made by boiling 4 g premix carbohydrate-free MacConkey
agar base (Difco) in 100 ml of deionized water and addition of 5 ml 20% galactose solution.

2.9 Bacterial growth conditions

E. coli strains in liquid L-Broth containing appropriate antibiotics were grown at 37 <C with
shaking at 225 rpm (New Brunswick Scientific Excella E24 Incubator Shaker). For
activation of promoters in strains, appropriate inducers were added into the liquid L-Broth.
E. coli strains on solid L-Broth agar plates with appropriate antibiotics were incubated at
37 T overnight. The X-gal agar was used for blue-white screening. The MacConkey

galactose agar plates was used for in vivo recombination assays.

2.10 Generalised transduction in E.coli by bacteriophage
P1

The MG1655ZI E.coli strain carries a module with two copies of Lac Repressor and Tet
Repressor encoding genes driven by the constitutive promoters Piaciq and Pnzs, respectively
as well as the spectinomycin resistance gene at the bacteriophage A attB locus. This module
was transferred into the strain DS941 by P1 transduction to construct DS941Z1.

2.10.1 Preparation of P1 lysates

Donor cells were cultured overnight. 250 ul of the overnight culture was inoculate in 10 ml
of fresh L-Broth and grown at 37 <C with shaking (225 rpm) to mid-log phase. 100 ul of
culture was centrifuged and the resulting cell pellet was resuspended in 100 ul fresh L-Broth
with 100 pl CaClz (50 mM) and 100 pl MgCl2 (100 mM). Sufficient P1 was added to give
an m.o.i (multiplicity of infection) approximately 0.001. The mixture was then incubated at
37 <C for 30 min, mixed with 2.5 ml precooled (45<C) molten soft L- Broth agar (0.75%
agar w/v) and plated onto a fresh, undried L-Broth agar plate. After overnight incubation at

37 C, 2.5 ml of phage buffer was added and left at room temperature for 15 min. The buffer
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and soft agar was scraped off into a 30 ml centrifuge tube with about 300 pl chloroform and
vortexed for 30 sec. The tube was left at room temperature for 30 min with intermittent
vortexing and then centrifuged (10,000 rpm, 10 min) to collect the supernatant P1 lysate.

The P1 lysate was then titred against E. coli strain to check its concentration.

2.10.2 P1 transduction

Recipient cells were cultured overnight. 250 pl of the overnight culture was inoculate in 10
ml of fresh L-Broth and grown at 37 <C with shaking (225 rpm) to mid-log phase. 500 pl of
the cells were centrifuged (8,000 rpm, 2 min), resuspended in 500 ul fresh L-Broth, 500 ul
CaCl, (50 mM) and 500 pl MgCl (100nM). 300 ul of the mixture was transferred into a
1.5ml Eppendorf tube and 10 pl P1 lysate (108-10%° pfu/ml) was added. Mixtures without
recipient cells or P1 lysate was prepared as controls. After 20 min incubation at 37 <C, phage
infection was stopped by adding 200 ul of 1 M sodium citrate. 500 pl of L-Broth was added
to each tube and incubated at 37 <C for 1 h. The cells were then centrifuged (8,000 rpm, 2
min) and resuspended in 300 pl L-Broth and 70 ul sodium citrate. 200 pl of cells were plated
on suitable selective plates. All transductants were streaked out to single colonies at least

twice to remove any contaminating P1.

2.11 Preparation of competent cells and transformation.

Plasmid DNA was routinely transformed into E.coli by chemical transformation.

Electroporation was used when very high transformation efficiency was needed.

2.11.1 Chemical transformation

250 pl of overnight E. coli culture was inoculated in 10 ml of fresh L-Broth containing
appropriate antibiotics and grown at 37 <C with shaking (225 rpm) until ODsoo of 0.4-0.5
was reached. The cells were harvested in a pre-cooled 30 ml centrifuge tube (8,000 rpm, 2
min, 4 <C) and all supernatant was removed. The cell pellet was gently resuspended in 10
ml of ice-cold 50 mM CaCly, and the centrifugation was repeated after cells were left in cold
CaCl; for 1 h. The cell pellet was gently resuspended in 1 ml of ice-cold 50 mM CaCl,. The
competent cells thus prepared were then left on ice until transformation or stored at -70 <C
with about 17% glycerol. One Shot TOP10 Chemically Competent E.coli from Invitrogen

was also used in the chemical transformation.
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For each transformation, 0.5~2 pl of plasmid or ligation product (10 pg to 100 ng DNA) was
added to 100 pl of CaCl, competent cells and incubated on ice for 20 min. The cells were
heat shocked in 37 <C water bath for 5 min and returned to ice for 5 min. 100 ul of L-Broth
was added to each transformation. The cells were then incubated at 37 <C for 60-90 min to
allow expression of antibiotic resistance genes. 50 ul of liquid cultures for plasmid
transformation or 150 pl of liquid cultures for ligation product transformation were spread
on selective agar plates, which were then incubated at 37 <C overnight. For the commercial

competent cells, transformation was carried out according to the manufacturer’s instructions.

2.11.2 Electroporation

2.5 ml of overnight E. coli culture was inoculated in 200 ml of fresh L-Broth containing
appropriate antibiotics and grown at 37 <C with shaking (225 rpm) until ODsoo of 0.4-0.5
was reached. Cells were then cooled down on ice and harvested in a pre-cooled 250 ml
centrifuge tube (Beckman Coulter JA-14, 6,000 rpm, 15 min, 4 <C) and all supernatant was
removed. The cell pellet was resuspended in 200 ml of ice-cold 10% glycerol and
centrifugation was repeated. The cell pellet was resuspended in 150 ml of ice-cold 10%
glycerol and centrifugation was repeated. The cell pellet was then gently resuspended in 20
ml of filter sterilised ice-cold 10% glycerol, transferred to a 30 ml centrifuge tube and
centrifuged (Beckman Coulter J-20, 6,000 rpm, 15 min, 4 <C). The final pellet was
resuspended in a final volume of 500 pl of ice-cold 10% glycerol. The electro-competent

cells thus prepared were either used for transformation straight away or stored at -70 <C.

For each transformation, about 10 ng of de-salted DNA was added to 30 pl of
electrocompetent cells on ice, mixed well and transferred to an ice-cold electroporation
cuvette. The cuvette was placed into the slide of the Biorad micropulser which was set at
EC2 according to the cell type and cuvette size. The electrical pulse was delivered and 1 ml
of S.0.B was immediately added to the cuvette. The resulting liquid culture was transferred
into a 15 ml centrifuge tubes and incubated at 37 <C with shaking (250 rpm) for more than
60 min. Then, cell cultures were centrifuged (8,000 rpm, 1 min) in a 1.5 ml Eppendorf tube,
resuspended with 200 ul fresh L-Broth and spread on selective agar plates, which were then

incubated at 37 <C overnight.
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2.12 Conjugation

To transfer suicide plasmids into recipient strains which cannot sustain the replication of the
plasmid, conjugation was used to obtain a higher transfer efficiency. The donor cells and
recipient cells were cultured separately in 5 ml of L-Broth without antibiotic overnight. 250
ul of each culture was added onto the center of a well-dried agar plate and mixed all over
the surface gently by a glass spreader. The plate was incubated at 37 <C overnight. After
overnight incubation, cells were scraped by a toothpick and streaked on suitable selective
plates to select the successfully conjugated recipients. The obtained cells were further

confirmed by streaking on fresh selective plates.

2.13 Transposition

A suicide plasmid containing oriVR6Ky origin, transposase, kanamycin resistance gene (kan)
and invertible sequence for recombination was constructed and transformed into a pir* strain
n3 which can sustain the replication of the plasmid. The plasmid was than transformed into
a AdapA::pir donor strain MFDpir and conjugated into the pir~ strain DS941 or DS941Z1.
The Kan gene and invertible sequence flanked by terminal inverted repeats IRR and IRL was
transposed onto the chromosome of the recipient cells. Only the successfully conjugated and
transposed recipients can grow on L-Broth agar plate with kanamycin antibiotic without

diaminopimelic acid (DAP). More details of this process are introduced in chapter 5.

2.14 Plasmid DNA preparation

Plasmid DNA was prepared using QIAprep Spin Miniprep Kit (Qiagen). For each column,
3-4.5 ml of overnight cell culture was used routinely. Large volume (10 mil~20 ml) cells
cultures from the early time course points were used because of the low cell concentrations.
Plasmid DNA was isolated according to the manufacturer’s instructions. The purified

plasmid DNA was usually eluted in 50 pl of the supplied elution buffer.

2.15 Gel Electrophoresis

For routine separation of DNA (100 bp~10 kbp) resulting from plasmid minipreps or
restriction digests, agarose gels were used. For purification of commercially synthesised
oligonucleotides (20~60 bp) for site-directed mutagenesis, denaturing polyacrylamide gels

were used.
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2.15.1 Agarose gel electrophoresis

Small scale agarose gels (40 ml or 80 ml) were made of 1XTAE buffer and 1 % agarose. 2
ul of miniprep products or 20 ul of restriction digest products were mixed with 5 ul of
loading buffer before loading onto a gel. Then the samples were run in 1XTAE buffer on a
horizontal electrophoresis kit for 1.5 h at 80 VV (80 ml gel) or 1 h at 100 V (40 ml gel). Large
scale gels (250 ml) made of 1>E buffer and 1.2 % agarose were used to run DNA from the
in vivo or in vitro site-specific recombination reactions. 2 ul of miniprep products or 20 ul
of restriction digest products were mixed with 5 pl of loading buffer before loading onto a
gel. Then, the samples were run in 1>E buffer on a horizontal electrophoresis kit for 16 h at
40 V or 20 V depending on gel length. Agarose gels were stained in their corresponding
buffers by the addition of 0.5 ug/ml of Ethidium Bromide for more than 30 min and destained
for 10 min, then, removed into a Bio-Rad UV Transilluminator and the Quantity One
software was used for gel imaging and analyzing. The 1 Kb Plus DNA Ladder (Invitrogen)
was for all agarose gel electrophoresis in this study.

2.15.2 Denaturing polyacrylamide gel electrophoresis

Denaturing 8% urea polyacrylamide gels were prepared by making 30 ml solution (6 ml of
40% acrylamide solution, 3 ml 10x< TBE buffer, 14.4 g urea, distilled water). Then, 360 ul
of 10% ammonium persulphate (APS) and 18 pl of tetramethylethylenediamine (TEMED)
were added into the thoroughly mixed solution. The freshly made gel mixture was poured
immediately between glass plates that were clamped together with a 1 mm spacer and a well-
forming comb was inserted after pouring the gel. The gel was allowed to polymerise for 1 h
and then pre-run at 400 V for 30 min in 1XTBE buffer in a vertical electrophoresis Kkit.
Samples containing 1 nmol oligonucleotide solution and equal volume of formamide loading
buffer were heated to 80 <C for 5 min prior to loading onto a gel. Then, the samples were
run at 400 V for 1.5 h. The gel was stained in 70 ml dH2O, 20 ml isopropanol, 10 ml
‘StainsAll’(1-Ethyl-2-[3-(1-ethylnaphtho[1,2-d]thiazolin-2-ylidene-2-

methylpropenyl]naphtho[1,2-d]thiazolium bromide, supplied by Sigma Aldrich) for 5 min

and destained with distilled water for 5 min. Samples on the gel were visible by naked eye.

2.16 Extraction of DNA from gels

DNA fragments either on agarose gels or on polyacrylamide gels were extracted according

to the methods below.
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2.16.1 Extraction of DNA from agarose gels

Following electrophoresis and staining agarose gels, DNA fragment bands of the correct size
were cut out and QIAquick Gel Extraction Kit (Qiagen) was used to isolate DNA from the
gel according to the manufacturer’s instructions. Extraction products were eluted in 30 pl of
the supplied elution buffer. For isolation of monomeric plasmids, each single band
containing the monomeric plasmids was cut out, put into a 0.45 um Costar Spin-X Extraction
column and centrifuged (10,000 rpm, 10 min) to collect the plasmid-containing flow-through.

The plasmid DNA was then retransformed to obtain cells containing monomeric plasmids.

2.16.2 Extraction of DNA from polyacrylamide gels

Fragment bands of the correct size for the corresponding oligonucleotides were cut out from
polyacrylamide gels following electrophoresis and staining. The gel chip was transferred
into a 1.5 ml Eppendorf tube and crushed. For each tube, 0.5 ml of TE was added and
incubated at 37 <C with shaking (1150 rpm) overnight (Eppendorf Thermomixer Compact).
Then, the tube was centrifuged (10,000 rpm, 1min) and the supernatant was transferred to
0.22 um Costar Spin-X Filter. The pellet in the tube was resuspended with 100 ul of TE,
centrifuged and the supernatant was transferred to the same filter as previous supernatant.
The filter was centrifuged (3,000 rpm, 1min) and the collection was vacuum dried to a final
volume of 200 pl in an Eppendorf tube. The DNA samples were then purified by ethanol
precipitation as described in section 2.17.

2.17 Ethanol precipitation of DNA

Oligonucleotides extracted from polyacrylamide gels or ligation products to be used for
electroporation were further purified by ethanol precipitation. For each DNA sample, 0.22
volume of 5 M NH4OAc and 2.5 volumes of cooled 100% ethanol were added (0.5 pl of 1
mg/ml tRNA was added if the DNA pellet was not obvious). The sample was thoroughly
mixed and incubated at -20 <C for more than 1 h. The precipitated DNA was centrifuged
(13,000 rpm, 1 h, 4 <C) and the supernatant was removed. The pellet was washed with 1 ml
of 70 % ethanol (80% ethanol for fragments smaller than 20 bp), centrifuged (13,000 rpm,
5 min, 4 <C) and the supernatant was removed carefully. Then, the pellet was air dried and
dissolved in 10 ul ddH20 or TE 0.1.
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2.18 Concentration measurement

The concentrations of cell cultures and oligonucleotides were measured using
spectrophotometers (Thermo Biomate 3 UV-Vis Spectrometer or Perkin-Elmer Lambda 45
UV/Visible Spectrophotometer). The relative cell concentrations were determined from the
optical density of the suspension at 600 nm wavelength. The oligonucleotide concentrations
were calculated from the absorbance of the solution at 260 nm wavelength (absorbance of 1
at 260 nm contains 50 pg/ml double-stranded DNA).

2.19 Restriction endonuclease digestion of DNA

Restriction digest was carried out by restriction enzymes from NEB. 0.2-1 ug DNA was
digested by addition of 10 units of enzyme in a 20 pl reaction according to the manufacturer’s
instructions. The digestion was incubated in a water bath at 37 °C (unless the manufacturer’s

instructions suggested otherwise) for more than 1 hour.

2.20 Ligation

Ligations were set up using T4 DNA ligase from NEB. About 1 pug of DNA fragments (the
molar ratio of vector to insert was typically 1:3) were ligated with 200-400 unit of ligase in
a 10 pl ligation reaction according to the manufacturer’s instructions. The ligation was

incubated at room temperature overnight and then used to transform competent E. coli cells.

2.21 Oligonucleotide insertion

Oligonucleotides were dissolved in TEo1 buffer. 10 ul top oligonucleotide (100 uM) was
then mixed with 10 pl bottom oligonucleotide (100 uM) and 80 pl ddH-O and the samples
were incubated at 85 <C for 5 min and cooled down slowly to anneal the two strands.
Products were diluted to different concentrations (typically 0.1 uM), then, ligated with the

vector in a 10 pl ligation system.

2.22 Polymerase chain reaction (PCR)

PCRs were carried out with different polymerases in accordance with the manufacturer’s
instructions. Phusion High-Fidelity DNA Polymerase (NEB) was used in high fidelity DNA

amplification. GoTaq DNA Polymerase (Promega) was used to add 3’ deoxyadenosine to
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blunt-ended DNA fragments for TA cloning and for detection of the size or orientation of
the inserted sequence in the vector. PfuTurbo DNA Polymerase (Stratagene) was used in site

mutagenesis and polishing reactions.

For general PCR reaction, a 50 pul reaction containing 0.2 mM dNTPs, an appropriate amount
of template plasmid DNA (< 5 ng) or bacterial cells (take from colony using toothpick or 1
ul from overnight culture), and 0.5 uM of each primer was carried out with 1-2 units of
polymerase in the 1>buffer supplied. For PCR reactions using Taq polymerase, MgCl, was
added to a final concentration of 2.5 mM. A typical PCR reaction was denatured at 98 C
for 1 min and went through 30 cycles of 20 s at 98<C, 30 s at (Tm-10) T and 1 minat 72 <C.
Finally, the reaction was incubated at 72 <C for 10 min. Reactions were run in a DNA
Thermal Cycler (Eppendorf Mastercycler 5332). PCR products were run on a gel and

purified for further usage.

Pfu turbo was used to make blunt ends from 5’ or 3’ overhangs generated by restriction
enzyme. A 20 pl reaction containing 0.2 mM dNTPs and 10 pl of PCR DNA (10-500 ng)
was carried out with 2.5 units of PfuTurbo DNA Polymerase in the 1>buffer supplied. The
reaction was incubated at 72 <C for 30 min, and then, removed to ice. The blunt ended DNA
fragments can be used directly in ligation reactions. PCR reactions used in TOPO TA cloning

and Site-Directed mutagenesis are introduced below independently.

2.23 TOPO TA cloning

Some of the PCR amplified sequences were first put into the pCR2.1-TOPO vector by TOPO
TA cloning for easily restriction digest or for sequencing. This was carried out using TOPO
TA Cloning Kit (Life technologies). DNA was first amplified using Phusion polymerase
(section 2.22). The PCR product was then treated with GoTag DNA Polymerase (Promega)
to add a single deoxyadenosine (dA) at the 3° end. 20 ul GoTaq reactions containing 0.2 mM
dNTPs, 10 pl of purified PCR product (~ 200 ng DNA) and 2.5 uM MgCl> were carried out
with 1-2 units of GoTag polymerase in 1 Colorless GoTaqg Reaction buffer at 72 <C for 10
min. 4 ul of the product was mixed with the supplied 0.8 pl of PCR2.1 TOPO vector and 1
ul of salt solution and incubated at room temperature for more than 15 min, then, put on ice
for 10 min. The TOPO Cloning Reactions were then transformed into the One Shot Top10
competent cells. Cells were grown on X-gal agar plates and white colonies were selected

and analysed for insert.
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2.24 Site-Directed mutagenesis

Site directed mutagenesis was carried out according to the Stratagene QuikChange site-
directed protocol. The final concentration of purified oligonucleotides was measured using
spectrophotometer. 50 ul reactions containing 0.2 mM dNTPs, 10 ng of template DNA and
125 ng of each primer were carried out with 2 units of PfuTurbo polymerase in 1>buffer.
The reactions were denatured at 95 <C for 30 s and went through 14 cycles of 30 s at 95 C,
1 min at 55 < and 1 min/kb of plasmid length at 68 <C. 10 pl of the resulting PCR products
was digested in a 20 ul digestion reaction containing Dpnl buffer, 20 units Dpnl and
deionized water at 37 °C for more than 2 h and then 1 pl of the digest product was
transformed into One Shot competent cells.

2.25 Sequencing

DNA samples were sequenced commercially by Eurofins MWG Operon. The samples were

prepared according to the guide on MWG website.

2.26 In vitro recombination reactions

For the purpose of in vitro recombination, proteins (¢C31 integrase and gp3) were purified
as previously described (Khaleel et al., 2011; Smith et al., 2004), and provided by Dr Femi
Olorunniji. Concentration and purity of the proteins were estimated by SDS-PAGE and
measurement of the absorbance at 280 nm. Integrase and gp3 were diluted in integrase
dilution buffer [25 mM Tris HCI (pH 7.5), 1 mM DTT, 1 M NacCl, and 50% (v/v) glycerol]
and kept at -20 <C. Substrate plasmids used for in vitro assay were chemically transformed
into strain E. coli DH5. Supercoiled plasmid DNA was purified from transformed DH5 cells,
using a plasmid miniprep kit (Qiagen). DNA concentrations were estimated by measuring

the absorbance at 260 nm.

All recombination reactions were performed in 1><IRB5 buffer. A typical reaction contained
IRB5 buffer, 10 nM of substrate DNA and premixed proteins in various concentrations
according to requirement. Reactions were carried out at 30 <C with reaction times ranging
from 1 min to 3 h. Reactions were terminated by heating the sample to 80 <C and holding it
at this temperature for 10 min. 8 pl of products were digested by adding 12 pl Z4BSA and
appropriate restriction enzymes. The digested samples and the untreated samples were
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analysed by gel electrophoresis. 5 pl of SKE loading buffer was added to each sample and

incubated at 37 <C for 30 min prior to loading onto an agarose gel.

2.27 Bacterial induction conditions

2.27.1 Overnight induction

A single transformant colony was inoculated, or 5 ul overnight liquid culture was diluted
1:1000 in L-Broth (5 ml) containing appropriate antibiotics and inducers, and cultured at
37 <T with shaking (225 rpm) overnight (18 h, Fig. 2.2). This overnight culture could be
diluted into fresh medium with appropriate inducers and cultured overnight to continue the

induction process.

Overnight induction

1t induction 2ud jnduction
f ' 1

Single A' LB+ input signal 1 B' LB+ input signal 2 E'

colony C (overnight) (overnight)
LB+glucose LB+glucose
(overnight) (overnight)

Figure 2. 2 Flow diagram showing the overnight induction process. For the first induction, a single colony
was divided and added into medium medium with input signal 1 or with repressor (glucose), and cultured
overnight (A, with input signal; C, with repressor). After overnight culturing, the second induction was carried
out by diluting culture (1/1000) into medium with input signal 2 or with repressor, and cultured overnight (B,
without input signal; D, with input signal). More inductions can be carried out using the same process (E).

2.27.2 Pulsed induction

A single transformant colony was inoculated in L-Broth (5 ml) containing appropriate
antibiotics, and cultured at 37 <C with shaking (225 rpm) overnight (18 h). The overnight
culture was diluted 1:40 in fresh L-Broth and precultured for 90 min or 120 min before
adding inducers. After a specific induction time, cells were either frozen straightway or
diluted 1:1000 in L-Broth without inducer and cultured at 37 <C with shaking (225 rpm)
overnight (18 h, Fig. 2.3). The induction could be continued by diluting the overnight culture
into fresh medium, precultured for 90 min or 120 min, and induced with the same or different

inducers as the previous induction.
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Figure 2. 3 Flow diagram showing the short pulse induction process. For the first induction time steps 1-4
were carried out. (A) A single colony was inoculated in medium with repressor (glucose) and cultured
overnight. (B) The overnight culture was diluted (1/40) into fresh medium without input signal and precultured
for 1.5 h or 2 h. (C) After the preculture phase, input signal was added into medium. (D) After a specific
induction time, cell culture was diluted into fresh medium without input signal again and cultured overnight.
For the second induction, the same steps (E, F, and G) as the first induction steps (B, C, and D) were carried
out. The input signal for the second induction can be either the same as the first or different, depending on
requirements.

2.27.3 Time course of induction recombination
2.27.3.1 Continuous induction time course

To detect the dynamic condition of recombination in vivo, cells were cultured and induced
using the pulsed induction process (section 2.27.2). After the induction phase, cell cultures
were centrifuged (10,000 rpm, 4 <C) and frozen directly at different time points. Plasmids in
the cells were extracted, digested, and checked by gel electrophoresis as previously

described.

2.27.3.2 Short-pulse induction time course

To determine the optimal length of input pulse, cells were cultured and induced using the
pulsed induction process (section 2.27.2). After the induction phase, cell cultures were
diluted 1:1000 in L-Broth without inducer at different time points and cultured at 37 <C with
shaking (225 rpm) overnight (18 h). Plasmids from the overnight culture were extracted,

digested and checked by gel electrophoresis as previously described.
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2.28 Cell fixation

1 ml of cells was centrifuged (8,000 rpm, 2 min) and washed twice with 1 ml 0.22 um filtered
PBS to remove the autofluorescent L-Broth. Cells were resuspended thoroughly in 900 ul
PBS and 100 pl 40% (v/v) Formalin for 1 min at room temperature, then washed twice with

1 ml of PBS. The cells were finally resuspended in 1 ml of PBS and stored at 4 <C in the dark.

2.29 Cell fluorescence measurement

2.29.1 Typhoon Scanner

The concentrations of overnight cell cultures or fixed cells were checked by
spectrophotometer. 100 ul of the same concentrated cell cultures or fixed cells were
transferred into a 96 well plate and the fluorescence was measured by Typhoon FLA9500
laser scanner under fluorescence mode with method EGFP (473 nm laser and 510 nm long
pass LPB filter). Pictures were taken under the condition of photomultiplier voltage 400 V,

Pixel size 100 um. The collected data was analysed by Typhoon fluorimager.

2.29.2 Blue light Transilluminator

Cell cultures were dropped on L-agar plates (10 ul), centrifuged in 1.5 ml Eppendorf tubes
or streaked out on L-Broth agar plates. The tubes or plates were placed on a blue conversion
screen for viewing the cells fluorescence by Bio-Rad blue light Transilluminator and the

Quantity One software was used for imaging.

2.29.3 Flow cytometry

Single cell fluorescence was checked by CyAn ADP Analyzer. Fixed cells were diluted to
about 10° cells/ml. 30000 events were acquired with about 500 e/s flow rate under 488 nm
laser light. To place the cell population of interest on scale, acquisition parameters FSC, SSC
and GFP was adjusted. The collected data was analysed by Flowjo program after gating cells
by forward and side scatter.

2.29.4 Fluorescent microscopy

Fluorescent microscopy images were obtained by a Zeiss Axiovert 200M fluorescent

microscope, using a 40x objective lens. 5 ul diluted (10x or 100x) or non-diluted fixed cell
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culture was placed on glass slide with cover glass on top. GFP fluorescence of E. coli was
visualized using filter set 10 (Zeiss) with excitation and emission filters of 450-490 nm and

515-565 nm, respectively. Images were analysed by Zeiss software.

2.30 MacConkey assay

To check the in vivo recombination efficiency, a “MacConkey recombination assay” was
first developed by D. Blake (Blake, 1993). DS941 (galK™) E. coli cells were chemically
transformed with substrate plasmids (containing attB and attP sites in direct repeat, flanking
a galK gene) and integrase expression plasmids (containing the $C31 integrase gene under
the control of Pesap promoter). Cells were cultured in L-Broth overnight at 37 <C either with
inducer or without. 1 ml of overnight cell culture was centrifuged, washed with phage buffer
to get rid of the inducers, plated out onto selective MacConkey agar plate (approximate 100
colony forming unit), and incubated overnight at 37 <C. After incubation the plates were
photographed using a digital camera (Canon EOS D30). Colonies on the plate were washed
off by addition of 1 ml of L-Broth, diluted 1:1000 by adding 5 pl into 5 ml L-Broth
containing selective antibiotics and cultured overnight. Plasmid DNA was isolated from the

overnight culture and analysed by agarose gel electrophoresis.

2.31 Production of substrate containing attR and attL

To create attR-attL substrate plasmids, substrate plasmids containing attB and attP
constructed by routine cloning methods (DNA synthesis, PCR, restriction digest, and
ligation) were transformed into cells containing integrase expression plasmids. After
induction of the attB>attP recombination, plasmid DNA was isolated from cells, diluted 20
times and retransformed into competent cells. Transformants containing only the resistance
marker from the substrate plasmid were selected. Alternatively, the recombination can be
conducted in vitro with a purified integrase protein. Reaction was diluted 20 times and
transformed into competent cells. DNA extracted from the selected transformants were
further checked by restriction digest to ensure they were correct substrate plasmids. The
same method can be applied to achieve attB-attP substrate plasmids from substrate plasmids

containing attR and attL, but via recombination in the presence of integrase and RDF.
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2.32 Random library construction and selection

Two random libraries of RBSs for Gp3 were constructed during this work. The details of
construction and selection processes are introduced in section (4.3.3)

2.33 Quantification by Quantity One

Quantity One software was used to quantitate the gel bands gel images taken by Bio-Rad
UV Transilluminator. A volume boundary that follows the outer edge of the object (band or
pellet) was created by volume tool and the intensity data inside the boundary was compared
with others using Volume Analysis Report with local Background Subtraction. The relative
concentration of the DNA sample was achieved by dividing its intensity data by the size of
DNA fragment in bp. The proportion of a DNA sample can be further calculated out. For
example, a mixture of restriction digest product from plasmid A and B is run on an agarose
gel and the bands were quantitated to collect their intensity data. Ai and As are used to
represent the intensity data and the size of one band from A, and Bi and Bs are used to
represent the intensity data and the size of one band from B. The proportion of DNA sample

A among the total DNA can be calculated according to the equation 2.1

Ai
% of A = 2= x 100% 2.1

astBs
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3 Preliminary characterisation and testing of $C31
integrase inversion recombination system

3.1 Introduction

¢C31 integrase (Int) belongs to the large serine integrase family of site-specific
recombinases, and its normal role is to integrate the circular phage genome into its bacterial
(streptomyces lividans and streptomyces ambofaciens) host genome through site-specific
recombination (Kuhstoss and Rao, 1991). This requires recombination between attP (on the
phage DNA) and attB (on the bacterial chromosome), producing two new attachment sites,
attL and attR which are no longer substrates for Int alone. However, in the presence of $C31
gp3, a phage encoded accessory protein known as the Recombination Directionality Factor
(RDF), Int will promote the excision reaction between attL and attR, to excise the prophage
DNA and allow it to enter the lytic lifestyle (Fig. 3.1A, Azaro and Landy 2002; Khaleel et
al., 2011).

As has been described in chapter 1, site-specific recombination results in integration,
excision or inversion, depending on the location and orientation of recombination sites
(Gellert and Nash, 1987). When the recombination sites attB and attP are placed on the same
DNA molecule in inverted repeat, Int would be expected to mediate an inversion reaction,
resulting in attR and attL sites and changing the orientation of the intervening sequence.
Similarly, Int with Gp3 would be expected to catalyse an inversion reaction between attR
and attL in inverted repeat, resulting in attB and attP and reversing the orientation of the
intervening sequence (Fig. 3.1B). This inversion recombination system will be used as the

basis for the synthetic circuits constructed in this study.
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Figure 3. 1 Mechanism of ®C31 integration, excision and inversion reaction. (A) $C31 Int-mediated
integration and excision reaction in a natural system. (B) $C31 Int-mediated inversion reaction in an engineered
system.

This chapter will discuss the experiments used to characterise and test the inversion reaction
catalysed by ¢C31 integrase. In the first part of the chapter, in vitro assays using purified Int
(or Int with Gp3) are presented. Later in the chapter, in vivo assays using regulated

expression of Int (or Int with Gp3) in E. coli are reported.

3.2 Investigations of the inversion reaction mediated by
¢$C31 integrase in vitro

Previously, in vitro integration and deletion recombination reaction mediated by ¢C31
integrase, and the effects of the RDF gp3 have been extensively studied in Smith’s group
(Khaleel et al., 2011; Rowley et al., 2008; Smith et al., 2004; Thorpe and Smith, 1998).
However, inversion reactions have not been studied widely. To test if the inversion
recombination reactions have similar efficiency to the integration and deletion reactions,
inversion assays were carried out in vitro using purified ¢C31 integrase and RDF gp3, which
were provided by Dr Femi Olorunniji. For the attB>attP reaction, the substrate plasmid
pZJ560ff (section 2.7) was constructed which had the following characteristics: attB and
attP in inverted repeat flanking a constitutive promoter pointing away from the gfp gene
outside of recombination sites, carried on a kanamycin resistant, high copy number plasmid
with the ColE1 origin for easy plasmid preparation, and convenient restriction sites (EcoRl
and Knpl) for easy analysis of recombination results. For the attR>attL reaction, the substrate
plasmid pZJ560n (section 2.7) containing attL and attR sites in inverted repeat was made by
in vitro recombination of pZJ560ff (as described in section 2.31). The orientation of the
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sequence (containing a promoter) flanked by the inverted repeat recombination sites will be
flipped after the inversion reaction and the restriction digest pattern of the substrate plasmid
will be changed (Fig. 3.2).

Kpnl Kpnl
gfp /4
kan” EcoRI kan”
an attP Int a attl J23119
pZJ560ff — ﬁﬁ““
state
BP state —
Int+Gp3 artR EcoRI
ColE] attB J23119 P> oiEl

Figure 3. 2 Expected change of substrate plasmids upone inversion recombination. The substrate plasmid
pZJ560ff is recombined to pZJ56on by Int alone. The substrate plasmid pZJ560n is recombined to pZJ560ff
by Int in the presence of Gp3. Plasmid pZJ560ff generates two fragments (size: 806 bp and 3792 bp) and
pZJ560n generates two fragments (size: 1647 bp and 2951 bp) after restriction digestion with Kpnl and EcoRl.
The drawing is not to scale.

3.2.1 Effects of ¢$C31 integrase and Gp3 concentrations on
recombination efficiency in vitro

3.2.1.1 Reactions with substrate plasmid containing attB and attP

To study the effects of protein concentrations on attB>attP reaction efficiency, in vitro
recombination reactions were carried out on substrate plasmid pzZJ560ff (Fig. 3.2) with
varying concentrations of Int and Gp3 (Fig. 3.3). Each reaction was performed in a total
reaction volume of 60 pl (as described in section 2.26) for 3 hours which was thought to be
enough time for the reaction to reach steady state (Khaleel et al., 2011).
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Figure 3. 3 attB>attP in vitro reaction. The substrate plasmid pZJ560ff (attB, attP, ~10 nM) was incubated
with different concentrations of Int and Gp3 in vitro for 3 hours. (A) Gel electrophoresis analysis of in vitro
attB>attP reaction. The product pZJ56on (attR, attL) was separated from the substrate pZJ560ff (attB, attP)
by agarose gel electrophoresis after restriction digestion with Kpnl and EcoRI. Band intensities were quantified
using Quantity One, and the percentages of product (attR and attL) in total DNA were calculated (as section
2.33), and shown in table below the gel picture. (B) Graph showing the percentages of recombinant product
under different protein concentrations.

3.2.1.2 Reactions with substrate plasmid containing attR and attL sites

To study the effects of protein concentrations on attR>attL reaction efficiency, in vitro
recombination reactions were carried out on substrate plasmid pZJ56on (Fig. 3.2) with
varying concentrations of Int and Gp3 (Fig. 3.4). Each reaction was performed in a total

reaction volume of 60 pl (as described in section 2.26) for 3 hours.
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Figure 3. 4 attR>attL in vitro reaction. The substrate plasmid pZJ56on (attR, attL, ~10 nM) was incubated
with different concentrations of Int and Gp3 in vitro for 3 hours. (A) Gel electrophoresis analysis of in vitro
attL>attR reaction. The product pZJ560ff (attB, attP) was separated from the substrate pZJ560n (attR, attL) by
agarose gel electrophoresis after restriction with Kpnl and EcoRIl. Band intensities were quantified using
Quantity One, and the percentages of product (attB and attP) in total DNA were calculated (as section 2.33),
and shown in table below the gel picture. (B) Graph showing the percentages of recombinant product under
different protein concentrations.

The attB>attP reaction only took place if Int was present (Fig. 3.3). In the absence of Gp3,
the yield of recombination product increased as the Int concentration was increased,
saturating at about 400 nM Int with an efficiency of 75 % (Fig. 3.3). However, when Gp3
was added, the recombination between attB and attP was inhibited, and this inhibition
became particularly obvious when the ratio of Gp3 to Int exceeded 1:2 (e.g. the efficiency
decreased to about 25 % when 800 nM Int and over 400 nM Gp3 were present, Fig. 3.3).



83

The attR>attL reaction was only observed in the presence of both Int and Gp3 (Fig. 3.4).
The most efficient recombination (over 50% efficiency) was achieved only when sufficient

Int (over 400 nM) and Gp3 (more than half of the Int concentration) were supplied (Fig. 3.4).

3.2.2 Effects of reaction times on recombination efficiency

The previous results presented the recombination efficiencies at the 3 hour time point with
different protein concentrations, but were not informative about the kinetics of the
recombination. To explore the reaction at early time points, reaction rates, and the time taken

to reach steady state, time course reactions were performed in the following experiments.

The in vitro time course experiments were carried out in a total reaction volume of 240 pl
(as described in section 2.26). Conditions (for attB>attP reaction: 800 nM Int, for attR>attL
reaction: 800 nM Int and 800 nM Gp3) were chosen based on the results in section 3.3.1
which yielded the highest recombination efficiencies. Reactions were stopped at various
time points by heating, digested with EcoRI and Kpnl, and separated by agarose gel
electrophoresis (Fig. 3.5)
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Figure 3. 5 Kinetics of the in vitro inversion reaction. In the attB>attP reaction time course, the initial
substrate plasmid pZJ560ff (attB, attP, ~10 nM) was recombined by Int (800 nM). In the attR>attL reaction
time course, the initial substrate plasmid pZJ560n (attR, attL, ~10 nM) was recombined by Int (800 nM) and
Gp3 (800 nM). For each time point, 20 i of sample was heated at 80<C for 10 min to stop the reaction. (A)
Gel electrophoresis analysis of in vitro time course reaction. The plasmid containing attB and attP was
separated from the plasmid containing attR and attL by agarose gel electrophoresis after restriction with Kpnl
and EcoRl (left half gel: attB>attP reaction; right half gel: attR>attL reaction). Band intensities were quantified
using Quantity One, and the percentages of product in total DNA were calculated (as section 2.33), and shown
in table below the gel picture. (B) Graph showing the percentages of recombinant products after different
reaction times (dark grey line with triangle marker represents attB>attP time course reaction and light grey
line with dot marker represents attR>attL time course reaction).

Recombination products were visible at 1 min and increased to more than half of the final
reaction yield at 2 min for both attB>attP and attR>attL reactions (Fig. 3.5). After 30 min,
about 70% of substrate had been recombined from attB and attP state (BP state) to attR and
attL state (RL state), and about 50% of substrate had been recombined from RL state to BP

state. The time course shows that both attB>attP and attR>attL inversion recombination in
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vitro are very fast and they reach the same extent as reactions after 3 hour shown in section
3.2.1.

The work presented in section 3.2 provides information on the inversion recombination
mediated by Int in vitro. Different concentrations of Int and Gp3 were applied into both
attB>attP reaction and attR>attL reaction, and the kinetics of both reactions were tested
under optimised condition. These in vitro data can also be used in mathematical modelling,

which will be helpful for deeper understanding of the biological behaviours.

3.3 Investigations of the inversion recombination
mediated by $C31 integrase in vivo

To explore if the inversion reaction is functional in living cells, recombination assays were

carried out in E. coli as described in the following sections.

3.3.1 Construction and characteristics of a tightly regulated ¢$C31
integrase expression system

To carry out recombination reactions in vivo, a tightly controlled Int expression system is
crucial, and will be required for the operation of any genetic device according to the aims of
study in chapter 1. It has been reported that the Peap promoter can be rapidly and efficiently
repressed, quickly induced and can lead to high-level expression (Guzman et al., 1995).
Therefore, the ¢C31 integrase gene was amplified by PCR and placed under the control of
the Peap promoter in the plasmid pBAD33 (Guzman et al., 1995), resulting in the Int
expression plasmid pZJ7 (medium copy-number plasmid with p15a origin of replication and
chloramphenicol resistance gene, section 2.7). Transcription from the Pgap promoter should

be induced in the presence of arabinose, and repressed even further in the presence of glucose.

The properties of the Int expression plasmid were tested in an in vivo recombination assay.
The substrate plasmid pGDO1 (section 2.7), containing a galK gene flanked by directly
repeated attB and attP, was used in this assay. Loss of the galK reporter gene was assayed
using MacConkey galactose plates. By utilizing the Galactose available in the medium,
galK* strain will produce acid, which lowers the pH of the agar below 6.8 and results in the
appearance of pink colonies. While galK™strain will metabolize the amino acids, which raises
the pH of the agar, and leads to the formation of white/colorless colonies on the plate.

Detailed process is illustrated in Figure 3.6.
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Figure 3. 6 The MacConkey recombination assay. E. coli DS941 was transformed with the substrate plasmid
pGDO1 (containing the galK gene flanked by directly repeat recombination sites attB and attP), and the Int
expression plasmid pZJ7 (containing Int under the control of arabinose inducible Pgap promoter). MacConkey
agar contains a pH indicator 2-methyl-3-amino-6-dimethylaminoaphenazine, which is red at pH<6.8 and
yellow at pH>8.0. Galactose was added as carbon source. DS941 strain is a galK mutant and therefore can only
metabolize galactose when complemented by the galK gene from plasmid pGDOL. If the expression of Int is
controlled tightly, Int will not be expressed in the absence of arabinose. Cells can maintain the galK gene on
the substrate plasmid, allowing them to metabolize galactose, produce acid, and lower the pH below 6.8, which
results in red colonies. When the expression of Int is activated by arabinose, the pGDO1 can be recombined
into two DNA circles: one circle containing the resistance gene and the origin of replication (named pGDO1A),
and one small galK-containing circle, lacking a replication origin, which cannot replicate and will be lost after
cell division. Cells losing the galK gene will be forced to metabolize the amino acids in the agar causing an
increase in pH, resulting in white colonies. The drawing is not to scale.
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To test the Int expression system, an experiment was performed by culturing E. coli strain
DS491/pGD01+pZJ7 in L-Broth with glucose or arabinose overnight. Plasmid DNA was
isolated from cells and checked by agarose gel electrophoresis (Fig. 3.7A). The overnight
cultures were diluted and plated on MacConkey agar plates to check for loss of the galK
gene (Fig. 3.7B).
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Figure 3. 7 MacConkey recombination assay used to test the @C31 integrase expression system. (A) Gel
electrophoresis analysis of in vivo recombination. DS941 cells containing substrate plasmid pGDO01 (BP) and
Int expression plasmid pZJ7 (Int) were cultured in L-broth with glucose (glu) or arabinose (ara) overnight.
Plasmids were extracted from cells and run uncut on an agarose gel. (B) Cells were centrifuged, washed and
diluted before being spread on MacConkey agar plates to get single colonies. After overnight incubation, plates
were photographed to compare the colour of colonies (the labels on the plate: L, cells that had been cultured
with glucose; R, cells that had been cultured with arabinose).

The plasmid substrate did not recombined in cells cultured in medium containing glucose,
whereas the plasmid substrate was recombined completely in cells cultured in medium
containing arabinose, producing plasmid pGDO1A which is smaller than the substrate
plasmid due to the deletion of galK gene (Fig.3.7A). These results were also verified by the
colour of colonies on MacConkey agar plate: the red colonies demonstrated that cells from
glucose medium maintained the galK gene, however, the white colonies demonstrated that

cells from arabinose medium lost galK gene due to the complete recombination (Fig. 3.7B)
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The changes of both the DNA state in cells and the color of colonies on MacConkey plate
proved that the expression of Int can be regulated tightly. In the presence of glucose, the
transcription from Peap promoter is repressed tightly, no integrase is produced and no
recombination products are observed. In the presence of arabinose, the transcription is turned
on, integrase is expressed and efficient recombination takes place.

3.3.2 Inversion recombination reaction with high copy-number
plasmid substrates in vivo

In view of the tight control of Int expression, the previously constructed expression system

was further used to investigate the inversion reaction.

3.3.2.1 Investigations on the attBxattP inversion reaction with the substrate
plasmid pZJ16off

To test the attB>attP inversion reaction in vivo, the substrate plasmid pZJ160ff (section 2.7)
containing attP and attB in inverted repeat was constructed. This plasmid has the following
characteristics: high copy-number plasmid with pMB1 origin, ampicillin resistance gene, rfp
reporter gene flanked by recombination sites in the opposite orientation to the Piac promoter
outside of the sites, and convenient restriction site (Sacl) for easy recombination results
analysis. It was predicted that the pZJ160ff can be recombined by Int alone, resulting in
pZJ16on. The substrate plasmid pZJ160ff and the product plasmid pZJ16on were expected
to give different restriction digest patterns (Fig. 3.8A) and RFP expression due to the
opposite orientation of the sequence flanked by recombination sites. To test the inversion
recombination with this high-copy substrate plasmid, the experiment was performed by
culturing strain DS941/pZJ160ff+pZJ7 in L-Broth with glucose or arabinose overnight and
plasmid DNA was isolated from cells and checked by agarose gel electrophoresis (Fig. 3.8B).

The cell pellets from overnight cultures were photographed (Fig. 3.8C).
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Figure 3. 8 Inversion reaction between attP and attB. (A) Expected change of substrate plasmids with
attP>attB inversion recombination. Int alone is expected to recombine the substrate plasmid pZJ160off (BP) to
pZJi6on (RL) and place the rfp gene to the same orientation as Pisc promoter. Plasmid pZJ160ff gives two
fragments (size: 813 bp and 2523 bp) and pZJ16on gives two fragments (size: 59 bp and 3277 bp) after
restriction digestion with Sacl (the drawing is not to scale). (B) Gel electrophoresis analysis of the attB>attP
reaction. DS941/ pZJ160ff +pZJ7 was cultured in L-Broth with glucose (glu) or arabinose (ara) overnight.
Plasmid DNA was extracted from cells and run cut and uncut DNA on an agarose gel (bands smaller than 600
bp are not shown on the gel picture). (C) Image showing the colour of cells pellets. The overnight culture of
DS941/ pzJi6off +pZJ7 in medium with glucose (glu) or arabinose (ara) were centrifuged in separate
microcentrifuge tubes and photographed using a digital camera.

The inversion recombination mediated by Int was as efficient as the deletion recombination
(section 3.3.1). Nearly all of the plasmid substrate was recombined when expression of Int
was turned on by culturing cells in medium with arabinose, and almost all of the plasmid
substrate was maintained unrecombined when the expression of Int was repressed by
addition of glucose (Fig. 5.8B). This again demonstrated that the expression of Int can be
tightly regulated and the concentration of Int was sufficient for recombining the high copy-

number plasmid substrates completely in E. coli cells.
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Cells cultured in medium with glucose gave a white coloured pellet and cells cultured in
medium gave a red coloured pellet, indicating different RFP expression levels (Fig. 3.8C).
The rfp gene flanked by inverted recombination sites was flipped to change the RFP
expression. Thus, it is possible to visualize the recombination result through observation of
the reporter gene expression.

However, the uncut plasmid DNA on the gel picture revealed that almost all of the
monomeric plasmid substrate was gone and had been converted to multimers (Fig. 3.8B).
The likely explanation for the production of multimers was that Int mediated both
intramolecular and intermolecular recombination between attB and attP during the

recombination.

As described in Figure 3.9 for a recombination reaction starting with pZJ160ff, after
restriction digestion with Sacl, non-recombined plasmid containing attB and attP generates
two fragments (size: 813 bp and 2523 bp), the intramolecular recombination product
containing attR and attL sites gives two fragments (size: 59 bp and 3277 bp), and
intermolecular recombination product contains all four sites and generates four fragments
(size: 813 bp, 2523 bp, 59 bp, and 3277 bp). Similar patterns of bands are produced if further
intermolecular recombination takes place producing higher and higher multimers. However,
if recombination is complete, converting all attB and attP sites to attR and attL sites, the
recombinant restriction pattern (59 bp and 3277 bp) will be obtained regardless of the
plasmid conformation (monomeric or multimeric). The digest products on the gel picture
showed that almost all of the substrate containing attB and attP was recombined to plasmid
containing attR and attL by Int (Fig. 3.8B, band sizes are 59 bp and 3277 bp), though lots of
multimers were formed during recombination. In consideration of the fact that
multimerisation of substrate plasmids in cells may lead to a decrease in the plasmids
heritable stability (Summers and Sherratt, 1984), the following work aimed to address this

problem.
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Figure 3. 9 Intramolecular and intermolecular recombination. The expected monomer product (b) can be
achieved by intramolecular recombination between inverted repeat sites attB and attP of (a). Recombination
between attB on one plasmid copy and attP on another plasmid copy will produce the dimer product (c). This
dimer molecule (c) can be further recombined to form monomer product (b) or trimer product (d). The attB
and attP on this trimer molecule (d) can be recombined by inversion recombination to form trimer (e) which
cannot be recombined any more by Int alone. In this way, the trimer plasmid will be accumulated in cells.
Using the same mechanism other multimers can be produced and accumulated in cells. The short lines on the
plasmid circle represent the digest position of Sacl (size of bands after restriction digestion with Sacl, a: 813
bp and 2523 bp, b and e: 59 bp and 3277 bp, ¢ and d: 813 bp, 2523 bp, 59 bp, and 3277 bp). The drawing is
not to scale.



92

3.3.2.2 Investigations of attB X attP inversion reactions with substrate plasmid
pZJ18off containing a cer recombination site

To solve the plasmid multimeriztion problem, a cer recombination site was introduced into
the substrate plasmid. It has been reported that the natural plasmid ColE1 is maintained
stably in E.coli. The cer site, which is recombined by the chromosomally encoded Xer
recombination system to keep ColE1 monomeric, contributes to this stability (Summers and
Sherratt, 1984). The recombinases XerC and XerD, and accessory proteins ArgR and PepA,
are required for cer site-specific recombination (Alén et al., 1997; Blakely et al., 1993;
Colloms et al., 1990; Stirling et al., 1988; Stirling et al., 1989). Recombination only happens
when cer sites are in direct repeat on the same circular DNA molecule, which ensures that
recombination resolves plasmid multimers to monomers, but does not create multimers from
monomers (Colloms et al., 1996). Based on this theory, it was hypothesized that cloning a
cer recombination site into the integrase inversion substrate plasmid could mitigate the
multimerisation problem. Intermolecular recombination will produce multimers with at least
two copies of cer on a single DNA molecule, and when two cer sites are in direct repeat they
will be recombined by host-encoded Xer proteins to convert the multimers to monomers (Fig.
3.10).
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Figure 3. 10 Combination of integrase site-specific recombination and cer recombination to convert
multimers to monomers. Multimers (such as ¢ and e) in which all of the attB and attP have been recombined
by Int will have all of the cer sites in direct repeat. These cer sites can be recombined to convert the multimers
to monomers. In multimers (such as f) which containing unrecombined attB and attP, the cer sites which are
in inverted repeat cannot be recombined to convert the multimers to monomers.

If recombination occurs as predicted both in this section and last section (3.3.2.1), the
combination of complete integrase recombination and Xer recombination would finally

convert the multimers to monomers.

To investigate if the Xer recombination can mitigate the multimerisation problem, the new
substrate plasmid pZJ18off (section 2.7) containing attB and attP in inverted repeat was
constructed, which has the following characteristics: high copy-number plasmid with pMB1
origin and cer recombination site, ampicillin resistance gene, rfp reporter gene flanked by
recombination sites and in an opposite orientation to the Pjac promoter, and convenient
restriction sites (AlwNI and Nhel) for easy recombination results analysis. Strain DS941

(PepA™), which can express all of the necessary proteins for Xer recombination, was used as
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the test strain. Strain DS957 (PepA’) which is a pepA mutant was used as the control strain
that cannot catalyse recombination at cer. Recombination reactions were performed by
culturing strain DS941/pZJ160ff+pZJ7, DS941/pZJ180ff+pZJ7, DS957/pZI160ff+pZI7,
and DS957/pZJ180ff+pZJ7 in L-Broth with glucose or arabinose overnight and plasmid
DNA was isolated from cells. Multimerisation was observed by gel electrophoresis of uncut
plasmid DNA (Fig. 3.11A), while recombination efficiencies on substrate with and without
cer were compared by checking the restriction digestion of DNA from strain DS941 (PepA®)
(Fig. 3.11B).
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Figure 3. 11 Comparison of the recombination between substrates without and with cer recombination site.
Strain DS941/ pZJ160ff (BP, cer) + pZJ7 (Int), DS957/ pZJ160ff (BP, cer) + pZJ7 (Int), DS941/ pZJ18off
(BP, cer®) + pZJ7 (Int) and DS957/ pZJ18off (BP, cer®) + pZJ7 (Int) were cultured in medium with glucose
(glu) or arabinose (ara) overnight. (A) Plasmid DNA was extracted from cells and run on an agarose gel to
compare the uncut plasmid states (label ‘m’ represents monomers, label ‘t’ represents trimers). (B) DNA
extracted from cells was digested with Sacl (pZJ160ff, BP: 813 bp and 2523 bp, pZJ16on, RL: 3277 bp and 59
bp, pZJ7: 7175 bp) or with Nhel and AlwNI (pZJ18off, BP: 896 bp and 3057 bp, pZJ18on, RL: 1610 bp and
2343 bp, pZJ7, 4844 bp, 1682 bp, 603 bp and 46 bp) and run on an agarose gel to check the recombination
results in strain DS941 (bands smaller than 600 bp are not shown on the gel picture).

After overnight culture, most of the plasmids were maintained in monomeric form in cells
which were cultured in medium with glucose (Fig. 3.11A, lanes 1, 3, 6 and 8). In contrast,
extensive multimerisation was observed in DNA samples from cells which were cultured in
medium with arabinose (Fig. 3.11A, lanes 2, 4, 7 and 9). These results revealed that the

plasmid states in cells were changed in the presence of Int.
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Comparing the results of pZJ160ff (cer’) with pZJ18off (cer™) in the PepA™ strain (Fig. 3.11A,
lane 2 and 7), pZJ160ff (cer’) gave much higher ratio of trimer to monomer (lane 2) than
pZJ18off (lane 7). Comparing the results of substrate plasmid (cer®) in the PepA* with that
in PepA" strains (Fig. 3.11A, lane 7 and 9), there were similar amounts of trimers in both
DNA samples, but more monomer in the PepA* sample (lane 7). These comparisons
indicated that more substrate was retained in a monomeric state if the substrate plasmid had
a cer multimer resolution site and was propagated in cells containing a complete Xer site-

specific recombination system.

The restriction digest samples showed that Int mediated attB>attP recombination on the
substrate plasmid with cer was as efficient as recombination on the substrate plasmid without
cer (Fig. 3.11B). Although the plasmid multimerisation did not appear to have an adverse
effect on the integrase reaction, to ensure plasmid stable inheritance, substrate plasmid

pZJ18off with cer was used for the following studies.

3.3.2.3 Investigations on the attR X attL inversion reaction with substrate
plasmid pZJ18on containing a cer recombination site

The next thing was to test whether Int can mediate attR X attL inversion reaction in the
presence of Gp3 in vivo. To do this, a Gp3 expression plasmid pZJ14 (section 2.7) was
constructed. This plasmid has the following characteristics: low copy-number plasmid with
pSC101 origin which was different from the origin of Int expression plasmid (pl5a) or
substrate plasmid (pMB1), kanamycin resistance gene, gp3 gene is under the control of
PLteto-1 promoter. Promoter Preto-1 can be tightly repressed by the Tet repressor, and
efficiently induced in the presence of aTc (Lutz and Bujard, 1997). Therefore, depending on
whether the host strain can express the Tet repressor, this promoter can be used either as a

constitutive or an inducible promoter.

Substrate plasmid pZJ18on (section 2.7, Fig. 3.12A) containing inverted repeat attR and attL
was selected from the recombination product of pZJ18off (BP) in vivo (as described in
section 2.31). Recombination was first tested in DS941 which does not express Tet repressor.
In this strain Gp3 should be expressed constitutively from Ppreeto-1 promoter. Strain
DS941/pZJ18on+pZJ7+pZJ14 was cultured in medium with glucose or arabinose overnight
to test the attR>attL reaction (Fig. 3.12B).
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Figure 3. 12 Inversion reaction between attR and attL. (A) Expected change of substrate plasmids with
attR>attL inversion recombination. Int and gp3 are expected to recombine the substrate plasmid pZJ18on (RL)
to pZ2J18off (BP) and place the rfp gene to the opposite direction as Piac promoter. Plasmid pZJ18off gives two
fragments (size: 896 bp and 3057 bp) and pZJ18on gives two fragments (size: 1610 bp and 2343 bp) after
restriction digestion with AlIwNI and Nhel (the drawing is not to scale). (B) Gel electrophoresis analysis of the
attR>attL reaction. Strain DS941/pZJ18on (BP, cer*) + pZJ7 (Int) + pZJ14 (Gp3) was cultured in L-broth with
glucose (glu) or arabinose (ara) overnight. DNA extracted from cells was digested with AlwNI and Nhel (pZJ7:
4844 bp, 1682 bp, 603 bp, and 46 bp, pZJ14: 4278 bp, bands smaller than 600 bp are not shown on the gel
picture).

There was no visible recombination product seen on the gel from cells cultured in medium
with glucose (Fig. 3.12B). When the expression of Int was activated by culturing cells in
medium with arabinose, only a small amount of substrate pZJ18on was recombined to
pZJ18off (Fig. 3.12B).

The efficient attB>attP reaction observed with pZJ7 (Fig. 3.11B) suggests that there is
enough Int expressed for recombining all of the attB and attP sites. The inefficient attR>attL
(Fig. 3.12B) reaction suggests that there may not have been enough Gp3 for the amount of
Int. Therefore, it was thought that decreasing the expression level of Int or increasing the

expression level of Gp3 would improve the attR>attL reaction efficiency.



97

3.3.2.4 Effects of Int expression levels on inversion reaction efficiency

The results obtained previously (section 3.3.2) indicated two possible ways to improve the
attR>attL reaction efficiency, which are increasing Gp3 and decreasing Int expression levels.
To avoid extra metabolic load for cells, attempting to decrease the Int expression level rather
than increasing the Gp3 expression level was selected. This was done by changing the ATG
start codon of pZJ7 to GTG, which was suggested to be a weaker start codon ( Bonnet et al.,
2012; Reddy et al., 1985), or by changing the RBS for Int.

First, a new Int expression plasmid pZJ7m was made by site-directed mutagenesis to change
the start codon of Int from ATG to GTG (as described in section 2.24). Next, a sequence
library was designed to introduce random mutations into the original RBS sequence
(GAGCTCAGGAGTAACATATG) of the int gene, simultaneously adding a new restriction
site into the sequence (GAGCTCCAGCTCGAGARRARRAACATATG, R=G or A, Xhol
site is underlined) for easy checking of the sequence change. There are 16 possible sequences
in this library, and their translation initiation rates were calculated by an online software of
Salis et al. (Salis et al., 2009), giving a range of predicted Translation Initiation Rates from
53 to 3379. Three RBS sequences with lower predicted initiation rate were selected,
synthesised as oligonucleotides, and inserted into pZJ7 between restriction sites Sacl and
Ndel upstream of the int gene, resulting in three new Int expression plasmids (pZJ20, pZJ21,
and pZJ22, section 2.7). This construction strategy is shown in Figure 3.13 and details of all

these different Int expression plasmids are presented in Table 3.1.
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Figure 3. 13 Process of changing the RBS sequence for Int. The original Int expression plasmid pZJ7 was
digested with Sacl and Ndel. Designed RBS sequences were synthesised as oligonucleotides. Two
oligonucleotides were annealed to form a double strand liner DNA and inserted into the plasmid pZJ7 to replace
the original RBS sequence.

Table 3. 1 Int expression plasmids

Name RBS sequence and Start codon P;’sg::";?gnt:z?slg Lif;n
pZJ7 GAGCTCAGGAGTAACATATG 227

pZJ7m GAGCTCAGGAGTAACATGTG 144

pZJ20 GAGCTCCAGCTCGAGATGATTAACATATG 126

pZJ21 GAGCTCCAGCTCGAGATTATTAACATATG 106

pZJ322 GAGCTCCAGCTCGAGCTTCTTAACATATG 56

Restriction sites are underlined in all RBSs, and the start codon in each sequence is shown in bold. Sacl:
GAGCTC, Ndel: CATATG, and Xhol: CTCGAG.

To investigate the effects of Int expression levels on recombination efficiency, the Int
expression plasmids (Table 3.1) were used to mediate both attB>attP and attR >attL reactions
in strain DS941. Strain DS941 containing substrate plasmid pZJ18off and one of the Int
expression plasmids (pZJ7, pZJ20, pZJ21, and pZJ22) was cultured in medium with glucose
or arabinose overnight to test the attB>attP reaction (Fig. 3.14A). Strain DS941 containing

substrate plasmid pZJ18on, Gp3 expression plasmid pZJ14 and one of the Int expression
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plasmids (pZJ7, pZJ20, pZJ21, and pZJ22) was cultured in medium with glucose or
arabinose overnight to test the attR>attL reaction (Fig. 3.14B).
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Figure 3. 14 Effects of different Int expression levels on attB>attP and attR>attL recombination on high
copy number substrate plasmids. (A) Gel electrophoresis analysis of the attB>attP reaction. DS941 strain was
transformed with substrate plasmid pZJ18off (BP) and one of the Int expression plasmids (pZJ7m, pZJ7,
pZJ20, pZJ21 and pZJ22), and cultured in L-broth with glucose (glu) or arabinose (ara) overnight. DNA
extracted from cells was digested with AlwNI and Nhel (pZJ18off, BP: 896 bp and 3057 bp, pZJ18on, RL:
1610 bp and 2343 bp, pZJ7m, pZJ7, pZJ20, pZJ21 and pZJ22: 4844 bp, 1682 bp, 603 bp, and 46 bp) to check
the attB>attP reactions (bands smaller than 600bp are not shown on the gel picture). (B) Gel electrophoresis
analysis of the attR>attL reaction. DS941 strain was transformed with substrate plasmid pZJ18on (RL), one of
Int expression plasmids (pZJ7m, pZJ7, pZ2J20, pZJ21, and pZJ22) and the Gp3 expression plasmid pZJ14, and
cultured in L-broth with glucose or arabinose overnight. DNA extracted from cells was cut with AlwNI and
Nhel (pZ2J14:4278 bp) to check the attR>attL reactions (bands smaller than 600 bp are not shown on the gel
picture).
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Reactions had varying recombination efficiencies with different Int expression plasmids (Fig.
14). For both attB>attP and attR>attL reactions, Int expressed from pZJ7m (GTG start codon)
gave the same recombination efficiency as Int expressed from pZJ7. Int expressed from
pZJ20, pZJ21 and pZJ22 (weaker predicted RBSs) mediated lower efficient attB>attP
reaction, but higher efficient attR>attL reaction than Int expressed from pZJ7 (stronger
predicted RBS). These results suggest that the expression level of Int is influenced by its
RBS sequence. Sufficient concentrations of Int can mediate nearly 100% attB>attP
recombination in vivo and the efficiency can be decreased by lowering the Int expression
level. Increasing the ratio of Gp3 to Int by decreasing the expression level of Int improved
the attR>attL reaction efficiency from less than 5% to 30%, but still need to be further

improved.

3.3.3 Inversion recombination reaction with low copy-number
plasmid substrates in vivo

For easy observation of the recombination result, all of the experiments so far were carried
out on high copy-number substrate plasmids. Therefore, lowering the Int expression level
may lead to insufficient protein to completely recombine the recombination sites presented
in a high concentration. Based on this hypothesis, the copy number of the substrate plasmid
was decreased so that the relative protein to substrate (recombination sites) concentration
was decreased. At the same time, the gp3 gene was moved to a higher copy-number plasmid
to increase the ratio of Gp3 to Int and be compatible with Int expression plasmid and

substrate plasmid in the same cell.

3.3.3.1 Investigations on the inversion reaction mediated by Int with different
expression levels

In order to address the issue of incomplete recombination on high copy-number plasmid
substrates, the invertible sequence from pZJ18off was moved to a low copy-number vector
to construct the substrate plasmid pZJ19off (section 2.7). This substrate plasmid has the
following characteristics: low copy-number plasmid with pSC101 origin, kanamycin
resistance gene, rfp reporter gene flanked by recombination sites and convenient restriction
sites (Xmnl and Nhel) for easy recombination result analysis. Substrate plasmid pZJ19on
(section 2.7) was made by recombining pZJ190off in vivo (as described in section 2.31).
Meanwhile, the gp3 gene with promoter Piito-1 Was moved from pZJ14 (pSC101 origin) to
pUC19 to construct the Gp3 expression plasmid pZJ24 (pMBL1 origin, Amp', section 2.7),
which was compatible with the substrate plasmid pZJ19off/on (pSC101 origin, Kan") and
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the Int expression plasmid (p15a origin, Cm"). Placing gp3 on a higher copy-number plasmid
had the advantage of increasing the ratio of Gp3 to Int, which was proved to be beneficial
for attR>attL reaction in the in vitro assay (section 3.2.1.2). To investigate the effect of Int
expression levels on recombination efficiency on low copy-number substrate plasmids, the
family of integrase expression plasmids with different start codon and RBSs (table 3.1) were
used for both attB>attP and attR>attL reactions in strain DS941. Strain DS941 with substrate
plasmid pZJ190ff and one of the Int expression plasmids (pZJ7, pZJ20, pZJ21, and pZJ22)
was cultured in medium with glucose or arabinose overnight to test the attB>attP reaction
(Fig. 3.15A). Strain DS941 containing substrate plasmid pZJ19on, Gp3 expression plasmid
pZJ24 and one of the Int expression plasmid (pZJ7, pZJ20, pZJ21, and pZJ22) was cultured

in medium with glucose or arabinose overnight to test the attR>attL reaction (Fig. 3.15B).

After decreasing the copy number of the substrate plasmids, the efficiency of attB>attP
reaction was improved. All of the Int expression plasmids produced enough Int to catalyse
efficient attB>attP recombination (greater than 95%) on pZJ190ff, except the one containing
the weakest predicted RBS (pZJ22) (Fig. 3.15). Reducing the substrate copy number also
allowed efficient attR>attL reaction when the low levels of Int was expressed. Int from
plasmids pZJ20, pZJ21, and pZJ22 showed about 70% attR>attL recombination efficiency,
while Int from pZJ7 and pZJ7m showed less efficiency (50%).

These results suggest that 1) Reducing the copy number of recombination sites can increase
the efficiency of attB>attP reaction, especially with Int expressed at low levels (pZJ21 on
pZJ18off in Fig. 3.14 vs pZJ21 on pZJ190ff in Fig. 3.15), 2) Increasing the ratio of Gp3 to
Int by reducing Int expression levels in cells can improve the attR>attL reaction efficiency
(pZJ21 and pZJ24 on pZJ19on vs pZJ7 and pZJ24 on pZJ19on in Fig. 3.15). Among all of
the Int expression plasmids, Int expressed from pZJ21 generated the best attB>attP
recombination result (nearly 100% efficiency) and attR>attL recombination result (nearly
70% efficiency). This might be because pZJ21 contains a predicted medium strength RBS
for Int, which expresses enough Int for the attB>attP reaction and also provides an optimal

ratio of Gp3 to Int for attR>attL recombination when Gp3 was expressed from pZJ24.
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Figure 3. 15 Effects of different Int expression levels on attB>attP and attR>attL recombination on low copy
number substrate plasmids. (A) Gel electrophoresis analysis of the attB>attP reaction. DS941 strain was
transformed with substrate plasmid pZJ19off (BP) and one of Int expression plasmids (pZJ7m, pZJ7, pZJ20,
pZJ21, and pZJ22), and cultured in medium with glucose (glu) or arabinose (ara) overnight. DNA extracted
from cells was digested with Xmnl and Nhel (pZJ19off, BP: 92 bp, and 4562 bp, pZJ19on, RL: 806 bp and
3848 bp, pZJ7m, pZJ7, pZJ20, pZJ21, pZJ22: 2980 bp, 2229 bp, 1499 bp, 411 bp, and 56 bp) to check the
attB>attP reactions (bands smaller than 600 bp are not shown on the gel picture). (B) Gel electrophoresis
analysis of the attR>attL reaction. DS941 strain was transformed with substrate plasmid pZJ19on (RL), one of
Int expression plasmids (pZJ7m, pZJ7, pZJ20, pZJ21, and pZJ22) and Gp3 expression plasmid pZJ24 and
cultured in medium with glucose or arabinose overnight. DNA extracted from cells was digested with Xmnl
and Nhel (pzJ24: 1133 bp and 2296 bp) to check the attR>attL reactions (bands smaller than 600 bp are not
shown on the gel picture).
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3.3.3.2 Effects of reaction time on inversion reaction efficiency

Before building up genetic devices based on the $C31 integrase inversion recombination
system, the kinetics of in vivo recombination were tested in a simple attB>attP reaction time
course. Plasmid pZJ21 was used because best inversion reaction performance was achieved
with this Int expression plasmid. The time course was carried out in strain
DS941/pZJ190ff+pZJ21. Plasmid DNA was isolated from cells at different time points and
checked by restriction digestion and agarose gel electrophoresis (Fig. 3.16).

Initial strain DS941 /pZJ21 (Int)+ pZJ190ff (BP)
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- +
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Figure 3. 16 Electrophoretic analysis of the attB>attP time course reaction. Strain DS941/ pZJ19off (BP) +
pZJ21 (Int) was cultured in L-Broth with glucose (glu) overnight. The overnight culture was diluted 40-fold in
L-Broth, precultured for 1.5 h to mid-log phase before adding arabinose (ara) for different induction time. Cells
were centrifuged and frozen by liquid nitrogen. DNA extracted from cells was digested with Xmnl and Nhel
(pZJ190ff, BP: 92 bp and 4562 bp, pZJ190n, RL: 806 bp and 3848 bp, pZJ21: 2980 bp, 2229 bp, 1499 bp, 411
bp, and 56 bp) to check the recombination result (bands smaller than 400 bp are not shown on the gel picture).

The DNA state visualized by gel electrophoresis represented the instantaneous state at each
time point, since all cellular activity was terminated instantaneously by a freezing in liquid
nitrogen as soon as cells were harvested for DNA purification. The recombination product

was first visible at 10 min, most of the substrate plasmids were recombined by 30 min, and
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reaction reached it final state by one hour (Fig.3.16). This suggests that the expression of Int
starts very quickly after adding inducer, and recombination starts very quickly and reaches

completion within one hour.

3.4 Conclusion and discussion

In this chapter, $C31 integrase and Gp3 were investigated for efficiencies of inversion
recombination in vitro and in vivo. For the in vitro assay, how recombination efficiencies
varied with different concentrations of proteins and reaction times were analysed
quantitatively. For the in vivo assay, how recombination efficiencies varied with different
Int or Gp3 expression levels and the relative concentrations between proteins and binding
sites were analysed qualitatively. In this section, results of these assays are discussed and
compared in order to interpret the behaviours of inversion recombination mediated by $C31

integrase.

Overall, $C31 integrase alone at its optimal concentration can efficiently mediate attB >attP
recombination reaction. Sufficient ¢C31 integrase and Gp3 together in an optimal
concentration can efficiently mediate the attR>attL recombination reaction. For both in vitro
and in vivo reactions, the maximum attB>attP reaction efficiency (in vitro: about 70%, in
vivo: about 100%) achieved was higher than the maximum attR>attL reaction efficiency (in
vitro: about 50%, in vivo: about 70%). This may be caused by the competition between the
attB>attP and attR>attL reactions in the presence of both Int and Gp3, since the attB>attP
reaction cannot be completely inhibited even with large amount of Gp3. To further improve

this efficiency, more information about recombination mechanism is required.

Lower recombination efficiencies had been achieved in vitro than in vivo for both attB>attP
and attR>attL recombination. The in vitro recombination efficiency cannot be further
improved just through increasing the concentrations of proteins, since the saturated
recombination efficiencies have been achieved even with medium protein concentrations
(Fig. 3.3 and 3.4). The explanation for the lower efficient in vitro reaction might be that some
inactive proteins bind to the sites and compete with the active proteins for recombination
sites, or some of the proteins lose activity before all of the substrates are recombined. In
living cells, the situation is different since the replication of substrate DNA may remove the
inactive proteins from the binding sites and these sites can be recombined by newly

expressed proteins to achieve highly efficient recombination. Different reaction conditions
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for in vivo and in vitro reactions might also be a reason for the different recombination

efficiencies.

In the in vivo test, intermolecular recombination was observed when recombining the high
copy-number substrate pZJ160ff, resulting in plasmid multimerisation. This problem was
mitigated by adding a cer recombination site into the substrate plasmid to construct substrate
pZJ18off. However, there was still a significant number of multimers produced from
substrate plasmid with a cer site. One possible explanation was that intermolecular
recombination produced large amount multimers in a short time, and Xer proteins in cells
were not sufficient to recombine the cer sites completely. To test this hypothesis, some future
work could be undertaken by retransforming multimer product from both pZJ16off and
pZJ18off into strain DS941 and then culturing the transformant cells to check the DNA state
from different multimers. If this hypothesis is right, some or most of the multimers with cer
sites should be recombined to monomers, but the multimers without cer sites will be retained

in the same form.

Later, the in vivo tests suggest that the recombination efficiency is influenced by the
expression levels of Int and Gp3, as well as the relative concentrations of protein to DNA
binding sites. Increasing the expression level of Int might contribute to a higher attB>attP
reaction efficiency and increasing the ratio of Gp3 to Int might contribute to a higher
attR>attL reaction efficiency. By lowering the substrate copy number and therefore reducing
the intracellular att sites concentration for Int, both attB>attP and attR>attL reaction

efficiencies were improved.

The time needed to complete the in vivo attB>attP reaction after induction (about one hour)
was longer than that used for in vitro recombination (about half hour). This is probably
because it takes time to express and accumulate sufficient Int for recombination, but Int was
supplied directly in the in vitro reaction. Furthermore, the condition for in vivo and in vitro
reactions can also influence the recombination rate. Cells completing recombination after
one hour induction suggests that a one hour pulse of inducer should be able to trigger
complete recombination since the expression of Int and the recombination cannot be abruptly
terminated after removing the inducer from medium. The attR>attL reaction in vivo was also
started with inducing the expression of Int by arabinose. Its kinetics was predicted to be same
as the attB><attP reaction since the recombination rates of both directions were about the

same in the in vitro time course.



106

In summary, the initial characterisation and testing demonstrates that efficient inversion
reactions can be achieved with ¢C31 integrase and there are three factors influencing the
inversion recombination result: 1) the relative concentration between Int and recombination
sites; 2) the relative concentration between Gp3 and Int; 3) the recombination time. These
factors will be considered during the construction of integrase-based synthetic gene circuits

in the following chapters.
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4 Design and engineering of plasmid-borne memory
devices

4.1 Introduction

The creation of genetic devices for cells to store and process information is a major goal in
Synthetic Biology. Biologists have successfully assembled these functional devices based
on diverse technologies, such as DNA recombination and regulation of transcription and
post-transcriptional process (Inniss and Silver, 2013). Encoding information into the DNA
sequence by site-specific recombination, which makes the information heritable and easily
detectable, and has low energy cost for the cells, is becoming an attractive technology (Ham
et al., 2008). During the past decade a number of recombinase-based memory devices have
been constructed and tested, including switches (Bonnet et al., 2012; Ham et al., 2008; Ham
and Lee, 2006), logic gates (Bonnet et al., 2013; Siuti et al., 2013), and counters (Friedland
et al., 2009). The design principles and behaviours of these devices have been introduced in

detail in chapter 1.

The early recombinase-based devices used single-write architecture to record information.
For instance, the promoter-inverting system based on A phage Int (Podhajska et al., 1985),
the inversion recombination switch based on FimE/FimB and Hin (Ham et al., 2008; Ham
and Lee, 2006), and the invertase cascade counter based on Flpe and Cre (Friedland et al.,
2009). In these systems, the amount of information stored was linearly proportional to the

number of recombinases used, limiting the information storage capacity.

In the subsequent studies, researchers started to apply large serine-type phage integrases into
genetic devices in order to increase the information storage capacity. The large serine-type
phage integrase can flip DNA in one direction (write information to DNA), and the same
integrase coexpressed with its Xis/RDF can flip the DNA in the reverse direction (rewrite
information to DNA). The only successfully constructed device that can write and rewrite
information to DNA is a recombinase addressable data module based on Bxbl integrase and
its RDF gp47 (Bonnet et al., 2012). However, this module cannot be used to record multiple
occurrences of a single event since its switching is triggered by two different input signals.
This property limited the design of a combinatorial genetic counter with this module. To
break this limitation and make the most of the DNA rewritable function of serine integrase,
new design principles are proposed in this chapter. Low copy-number plasmids are first used

as vector for storing information since more complete recombination reactions were
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achieved with low copy-number plasmid than with high copy-number plasmid as described

in chapter 3, and it is easier to manipulate the plasmid than chromosome.

In chapter 3, it was proved that $C31 integrase can invert the orientation of a specific DNA
sequence, and ¢C31 integrase coexpressed with its RDF gp3 can mediate the reaction in a
reverse direction. This chapter presents the design and engineering of plasmid-borne
memory devices by using ¢C31 integrase and RDF gp3 to invert and restore specific DNA

sequence.

First, a simple set-reset latch was constructed to test the function of ¢C31 integrase in
inverting and restoring the orientation of a specific DNA sequence. In this device, the
expression of proteins for different recombination directions (integrase for inverting DNA
sequence, and integrase and RDF for restoring DNA sequence) are controlled independently.
Depending on the orientation of the target sequence, the expression of a fluorescent reporter
can be in either the on or off state. Second, a state-based latch was constructed to explore
the possibility of controlling the change of state with a single repeating signal. In this device,
gp3 is placed in the invertible DNA sequence and its expression depends on the sequence
orientation and activation of an upstream promoter. There should be no Gp3 expressed when
the device is in BP state, and Gp3 expression should be activated when the device is in RL
state. If the Gp3 expression is only determined by the sequence state, this device should be
expected to change between BP and RL states with a single repeating input pulse. Last, the
state-based latch was modified to improve its reaction efficiencies in response to a single
input signal. This was done by introducing a time delay for Gp3 expression, resulting in the
third device, a binary counting module, which performed like a binary digit. The details
about how these devices were constructed, tested, and their performances under different

circumstances are introduced in the following sections.

4.2 Engineering of the genetic set-reset latch

4.2.1 Design and construction of the genetic set-reset latch

In electrical engineering, a latch is a circuit that uses two stable states to store information
and is a fundamental component in computer science. A biological device which can change
between two stable states will be a useful tool for living organisms to store information and

control biological processes.
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The inversion recombination based on ¢C31 integrase was tested and discussed in chapter 3.
The previous experiments tested the inversion recombination in a single directional reaction
starting from a substrate in either BP state or RL state. To investigate if Int can invert the
substrate DNA via the attB>attP reaction (set reaction) and restore the substrate DNA via
the attR>attL reaction (reset reaction) in a successive process, a set-reset latch was
constructed (Fig. 4.1). In this device, the control element consists of a set generator and a
reset generator, which is responsible for converting the extracellular input signals (arabinose
or aTc) to intracellular components (Int or Int with Gp3) to write and rewrite information
into the data storage. The data storage element is responsible for recording the information
in the DNA sequence and transforming the information into an output signal (GFP

expression).

This device has a similar structure to that of the rewritable recombinase addressable data
module constructed by Bonnet et al. (2012), but using ¢C31 integrase instead of Bxbl
integrase. $C31 integrase belongs to the same large serine integrase family as Bxb1 integrase
and functions in the same way as Bxbl (Smith et al., 2010). Both of these integrases and
their RDFs have been described in detail biochemically (Ghosh et al., 2006; Khaleel et al.,
2011).

Data storage element

J23104
[ara] [aTc]
\ Pgap attB gfp attP \ Prropg
—Cﬂ— OFF/ BP state
PC31 $C31 RDF
integrase integrase gp3

J23104

o atR &P atiL “
Set generator l Reset generator

)
ON/ RL state

Figure 4. 1 Diagram showing the design principle of set-reset latch. There are two elements in the set-reset
latch: in the middle is the data storage (the reporter gene gfp flanked by inverted repeat recombination sites
attB and attP. The constitutive promoter J23104 is outside of the invertible segment); both sides of the data
storage are the set generator (the ®C31 integrase gene under the control of the inducible Pgap promoter) and
reset generator (the ®C31 integrase and gp3 genes under the control of the inducible Pyto-1 promoter). For the
set reaction, the inducer arabinose drives the expression of Int, inverting the orientation of reporter gene gfp,
allowing its transcription from the promoter J23104, and switching on the expression of GFP. For the reset
reaction: the inducer aTc drives the expression of both Int and Gp3, restoring the orientation the invertible
sequence, placing the gfp gene in the opposite orientation to the promoter J23104, and switching off the
expression of GFP.
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To construct this system, the Int expression plasmid pZJ7, which led to efficient attB>attP
recombination in previous tests (section 3.3.2 and section 3.3.3), was selected to work as the
set generator. Plasmid pZJ123 was constructed by cloning the int gene and gp3 gene under
the control of an inducible Pytto-1 promoter (activated by aTc) to work as the reset generator.
The pZJ123 plasmid has the following characteristics: medium copy-number plasmid with
pBR322 origin of replication, ampicillin resistance gene, and gp3 (with a strong RBS
sequence, predicted translation initiation rate: 19612, Salis et al., 2009) downstream of the
int (with a weak RBS sequence, predicted translation initiation rate: 227, Salis et al., 2009),
which was expected to give a high ratio of Gp3 to Int.

The OFF-state data storage element pZJ118off (Fig. 4.1) was constructed by cloning a
synthetic sequence (inverted repeat attB and attP sites flanking a reporter gene gfp in the
opposite orientation to a constitutive promoter J23104 in pSWITCH2, details of sequence in
section 2.6) into the vector pMS183. The substrate plasmid pZJ118off has a pSC101 origin
of replication (~5 copies/cell) and kanamycin resistance gene. The ON-state data storage
element pZJ118on was selected from the in vivo recombination product of pZJ118off (as
described in section 2.31). All these plasmids were used to test the performance of the
genetic set-reset latch.

4.2.2 Investigations of the recombination efficiency with the set-
reset latch

Previously, the E.coli strain DS941 was used as the host strain for the in vivo tests, in which
the Preeto-1 IS @ constitutive promoter since the Tet repressor is absent from this strain. To
make the PLteto-1 promoter inducible, strain DS941 was modified to express the Tet repressor.
This was done by moving a Z1 module (Lutz and Bujard, 1997), containing two copies of
the lacl gene and one copy of the tetR gene (encoding the lactose repressor and the
tetracycline repressor) driven by the constitutive promoters Piaciqg and Pnas respectively, as
well as the spectinomycin resistance gene from E.coli strain MG1655Z1 to DS941 via P1
transduction (section 2.10). The new strain was named DS94171.

The substrate plasmids pZJ118off or pZJ118on (data storage element), Int expression
plasmid pZJ7 (set generator), and Int and Gp3 expression plasmid pZJ123 (reset generator)
were transformed into strain DS941Z1. Single directional recombination was first carried
out with DS94171/pZJ1180ff+pZJ7+pZJ123 and DS94171/pZJ118on+pZJ7+pZJ123. The
previous time course showed that the set reaction reached completion in one hour after the

expression of Int was activated by arabinose (Fig. 3.16). Therefore, one hour was used as
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the length of input pulse for these experiments. Transformant cells were first cultured in
medium with repressor (glucose) overnight, diluted 1:40 in medium without repressor and
inducer, and then precultured for 30 min before adding the input pulse. The pulse was
terminated by diluting cells 1:1000 in medium with repressor, and growing overnight prior
to preparing DNA for analysis (as described in section 2.27.2). The DNA states were
visualised by gel electrophoresis and the percentages of DNA in either BP or RL state under
different induction conditions were calculated though quantifying the bands on the agarose
gel (Fig. 4.2).
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Figure 4. 2 Electrophoretic analysis of the set-reset latch in the single directional reaction. (A) Expected
change of substrate plasmids upone the inversion recombination reaction. Int alone is expected to recombine
the substrate plasmid pZJ118off (BP) to pZJ118on (RL). In the presence of Gp3, Int is expected to recombine
the substrate plasmid pZJ118on to pZJ118off. Plasmid pZJ118off gives two fragments (size: 3145 bp and 1391
bp) and pZJ118on gives two fragments (size: 2419 bp and 2117 bp) after restriction digestion with Spel and
Kpnl (the drawing is not to scale). (B) Electrophoretic analysis of the set or reset reaction. DS94171 containing
substrate plasmid pzJ118off (BP) or pZJ118on (RL), Int expression plasmid pZJ7 and Int plus Gp3 expression
plasmid pZJ123 was induced with one hour pulse of arabinose or aTc (section 2.27.2). DNA extracted from
cells was digested with Spel and Kpnl (pZJ7: 7175 bp, pZJ123: 7154 bp and 776 bp) and run on the agarose
gel. (C) Percentages of DNA in either BP or RL states were calculated by quantifying the bands corresponding
to recombined and unrecombined DNA (section 2.33). Percentages shown in the grey boxes are discussed.
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The substrate plasmids maintained their initial state when cells were cultured in medium
without input signal (lanes 1 and 4, Fig. 4.2B). Highly efficient set reaction (75%) and less
efficient reset reaction (26%) were observed when cells were induced by the set input
arabinose (lanes 2 and 5, Fig. 4.2B). Whereas, less efficient set reaction (33%) and highly
efficient reset reaction (72%) were observed when cells were induced by the reset input of
aTc (lanes 3 and 6, Fig. 4.2B).

These results indicate that 1) Substrate DNA maintains its state well in the absence of any
input signal. 2) Arabinose can induce Int expression, changing substrate DNA to RL state
efficiently (~75%). 3) aTc can induce Int and Gp3 expression, changing substrate DNA to
BP state efficiently (~70%). 4) There might be some leakage of Gp3 expression during the
arabinose induction, resulting in the reset reaction (26%). 5) Similar final states can be

reached with the same induction regardless of the initial state.

Based on the indications above, it was predicted that the set and reset reaction efficiencies
would maintain the same when a full cycle of set and reset operations was conducted with
strain DS941271/pZJ1180ff+pZJ7+pZJ123. One hour induction time was used for the pulsed
induction (as described in section 2.27.2). The DNA states were visualised by gel
electrophoresis and the fluorescent state of cell cultures were checked using Bio-Rad blue
light Transilluminator (Fig. 4.3A). The percentages of DNA in either BP or RL states under
different induction conditions were calculated though quantifying the bands on the agarose
gel (Fig. 4.3B).
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Figure 4. 3 Electrophoretic analysis of the genetic set-reset latch in a full cycle of set-reset reaction. (A)
DS94171/pZ2J1180ff (BP) + pZJ7 (Int) + pZJ123 (Int, Gp3) was induced in a cycle of set (with one hour pulse
of arabinose) and reset (with one hour pulse of aTc) reactions (as described in section 2.27.2). DNA extracted
from cells after each induction was digested with Spel and Kpnl and run on the agarose gel. Cells after each
induction were centrifuged and the fluorescence of cell pellets in the bottom of microcentrifuge tubes was
checked using Bio-Rad blue light Transilluminator and shown below the gel picture. (B) Percentages of DNA
in either BP or RL states were calculated by quantifying the bands corresponding to recombined and
unrecombined DNA (as described in section 2.33).

Similar to the efficiencies achieved in the single induction process (Fig. 4.2), about 77% of
the DNA substrate was changed from BP state to RL state after cells were induced with
arabinose, and about 69% of the DNA substrate was restored to BP state following the aTc
induction according to the gel guantification results (Fig. 4.3B). The fluorescence of cell
pellets in microcentrifuge tubes were changed from weak, to strong, then to weak,
corresponding to the DNA states (higher percentage of RL state DNA would be expected to

express higher level of GFP, resulting in higher fluorescent signal, vice versa).

Both the set and reset reactions with this genetic latch were efficient, and it should be
possible to further improve the efficiency through adjusting the expression levels of Int and
Gp3 according to the results in chapter 3. The set-reset latch showed that $C31 integrase can
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invert the orientation of a specific DNA sequence and restore the sequence in a successive
operation, which confirmed the feasibility of applying this integrase in extending the
rewritable module and in the following design systems. As the set-reset latch is not the
primary subject of this study, no further characterisation and optimisation of this device was

undertaken.

4.3 Engineering of the state-based latch (two-signal
controlled system)

For the latch device described previously (section 4.2), the set and reset operations were
triggered by two different input signals. The ultimate aim of this study was to construct a
device that would be switched between two distinct states under the control of a single signal,
and its next state would depend on the current one. To take the project one step forward, a
new genetic device, named state-based latch was constructed. The engineering process is

described in this section.

4.3.1 Design and construction of the state-based latch

The device was named state-based latch because expression of RDF gp3 was connected to
the state of the device. The control element of this latch consists of only an Int generator, in
which Int expression is under the control of an arabinose inducible Pgap promoter. In the
data storage element, gp3 gene and the constitutive J23119 promoter are flanked by inverted
repeat recombination sites attB and attP, and the Pytto-1 promoter and the reporter gene gfp
are placed outside of the recombination sites (Fig. 4.4). The generator is responsible for
converting the extracellular input signal (arabinose) to an intracellular component (Int),
writing information into the data storage. The data storage element is responsible for
recording the information in the DNA sequence, transforming the information into an output

signal (GFP expression), as well as controlling the expression of RDF gp3.

In strain DS94171, the Piteto-1 promoter is an aTc regulated promoter. After induction with
arabinose, Int would mediate recombination between attB and attP (set reaction), changing
the device to RL state, allowing transcription of gp3 from the Pitt-1 promoter and
transcription of gfp from the J23119 promoter. Subsequently, the expression of Int and Gp3
would be induced with arabinose and aTc to mediate recombination between attR and attL
(reset reaction), restoring the device to BP state, placing gp3 gene to an opposite orientation
to promoter Pytto-1, and switching off the GFP expression. In this strain, the expression of

Gp3 would be controlled by both the sequence state and the inducible Pyto-1 promoter.
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In contrast, the Prtto-1 promoter is a constitutive promoter in strain DS941 and the device
would behave differently in this E. coli strain. After induction with arabinose, Int would
mediate recombination between attB and attP, changing the device to RL state, starting
transcription of gp3 from Preto-1 promoter and transcription of gfp from J23119 promoter.
The expression of Gp3 would be switched on automatically, allowing Int to restore the
device to BP state. The state of the system would be expected to be induced to switch both

from OFF to ON and from ON to OFF by a single signal (arabinose).

1) Control element  2) Data storage element

P Ltet0-1
[ara] attB RDF gp3 attP
° 723119 0 P &
\ Prap Set OFF/BP state Reset
_Cﬂ_ reaction reaction
EST 0 I-r.. J23119 "
integrase

altiR RDF gp3 attL zfp

!
O =

ON/RL state

Figure 4. 4 Diagram showing the design principle of the state-based latch. There are two elements in the
state-based latch: 1) the control element containing the set generator ($¢C31 integrase gene under the control of
the inducible Psap promoter), and 2) the data storage element (gp3 gene and the constitutive J23119 promoter
are flanked by inverted repeat recombination sites attB and attP, and the Pyt-1 promoter and reporter gene gfp
are outside of the invertible segment). For set reaction from OFF to ON state, inducer arabinose drives the
expression of Int, inverting the orientation of the gp3 gene and the constitutive J23119 promoter, placing gp3
gene in the same orientation as the Pitw-1 promoter and switching on GFP expression. For the reset reaction
from ON to OFF, Int expression can be induced with arabinose, and Gp3 expression can be induced with aTc
(in strain DS941Z71) or be on automatically (in strain DS941), restoring the sequence state and switching off
GFP expression.

The initially designed state-based latch described below was different from the one described
in Figure 4.4. For the data storage element in the initial design, both gfp and gp3 genes are
flanked by the inverted repeat recombination sites attB and attP (Fig. 4.5, in pPSWITCH1).
This device was expected to have the similar performance under set and reset operation, and
the potential to behave under the control of a single signal. However, experimental results
of this initial state-based latch showed undesirable performance, and a series of
recombination and optimisation experiments were carried out to improve the performance
this genetic device (Fig. 4.5). Finally, an optimal design for the state-based latch was

determined as described at the beginning of this section (Fig. 4.4)
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Figure 4. 5 Optimisation of the data storage element of the state-based latch.

(A) Pictures showing the architecture change of the data storage element (1-8).

1) Change pSWITCHJ1 to pZJ360ff. The codon optimised gp3 was changed to the natural $C31 gp3.

2) Change pZJ360ff to pZJ38off. The invertible substrate sequence was moved from high copy number vector (ColE1 origin) to low copy number vector (pSC101 origin).
3) Selection of the substrate plasmid pZJ38on from the recombination product of pZJ38off.

4) Change pZJ38on to pZJ51on.The architecture was changed by moving the gfp out of the recombination sites and having a constitutive promoter to control its expression.
5) Change pZJ51on to pZJ52on. The terminator B1002 was removed.

6) Select the substrate plasmid pZJ520ff from the recombination product of pZJ52on.

7) Change pZJ520ff to pZJ530ff. The gfp was mutated to remove the predicted promoter.

8) Selection of the substrate plasmid pZJ53on from the recombination product of pZJ53off.

(B) Performance of strains containing corresponding data storage element (a-f).

a) DS94171/pSWITCHL1 was cultured in L-Broth overnight. To check the fluorescent signal, two droplets (5 pl) of this culture on a clean plate were visualized by Bio-Rad blue light
Transilluminator (the droplets were highlighted by white circles)

b) DS94171/pzJ360ff was cultured in L-Broth overnight. To check the fluorescent signal, two droplets (5 pl) of this culture on a clean plate were visualized by Bio-Rad blue light
Transilluminator (the droplets were highlighted by white circles)

c-f) The set reactions were triggered by culturing strain containing substrate plasmid (BP state) and Int expression plasmid in L-Broth with glucose or arabinose overnight, DNA extracted
from cells was digested and run on the agarose gel ( I, glucose ;II, arabinose). The reset reactions were carried out by culturing strain containing substrate plasmid (RL state) and Int
expression plasmid in L-Broth with glucose or arabinose plus aTc overnight, DNA extracted from cells was digested and run on the agarose gel ( I, glucose; II, arabinose+aTc). The
overnight cultures from strain DS94121/pZJ530ff+pZJ7m or DS941Z1/pZJ530n+pZJ7m were centrifuged and the fluorescence of cell pellets in the microcentrifuge tubes were checked
using Bio-Rad blue light Transilluminator and shown below the gel pictures (f, the pellets are highlighted with white circles).
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To construct the initial designed state-based latch, the sequence for the data storage element
was synthesised by gene synthesis company GeneAurt (details of sequence in section 2.6).
The synthesised DNA is in a high copy-number plasmid named pSWITCHL1, which has a
ColE1 origin of replication and kanamycin resistance gene. Since in strain DS941Z1 (TetR")
the expression of Gp3 was more controllable, this strain was first used to test the

recombination efficiencies with the state-based latch.

After strain DS941Z1 was transformed with the plasmid pSWITCH1 and cultured in L-Broth
overnight, a strong fluorescent signal of DS941Z1/pSWITCH1 was detected (Fig. 4.5B-a).
The gfp gene was designed to be in an opposite orientation to the promoter Pyteto-1 which
should not be expressed when the substrate was in BP state. According to the online promoter
prediction program (Reese, 2001), there are two predicted promoters (Table 4.1) in the codon
optimised gp3 gene upstream of gfp gene, which might lead to the leakage of GFP. To
remove the predicted promoters, the codon optimised gp3 was replaced by the natural $C31
gp3 which does not have any predicted internal promoter sequence, resulting in plasmid
pZJ360ff (process as shown in Fig. 4.5A-1). Strain DS941Z1 containing the resultant
plasmid pzJ360ff showed much weaker fluorescent intensity than strain DS941Z1
containing substrate plasmid pSWITCH1 (Fig. 4.5B-a and 4.5B-b).

Then, the sequence for the data storage (from pZJ360ff) was cloned into a low copy-number
vector pMS183 (pSC101 origin of replication, kanamycin resistance gene) to construct
pZJ38off plasmid, containing convenient restriction sites (Sacl and BamHI) for easy
recombination results analysis (Fig. 4.5A-2). Since the gp3 gene was carried by a low copy-
number plasmid, Gp3 expression was expected to be low. Therefore, a weaker Int expression
plasmid (pZJ7m with a weak GTG start codon) was used in this section to provide a relative
high ratio of Gp3 to Int.

To test the performance of the newly constructed substrate plasmid, the set reaction was first
carried out with strain DS94171/pZJ380ff+pZJ7m in an overnight induction process, and
efficient set reaction (>90%, Fig. 4.5B-c) was achieved. To investigate the efficiency of the
reset reaction, the substrate plasmid pZJ38on was selected from the recombination product
of pZJ38off in vivo (section 2.31), which has the Prtto-1 promoter in the same orientation as
gfp and gp3 genes. The reset reaction was carried out with strain DS94171/pZJ38on+pZJ7m
in an overnight induction process. More than 80% of the data storage sequence was

recombined under the induction of arabinose and aTc (Fig. 4.5B-c).
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Though both set and reset reactions with this plasmid were efficient, it was difficult to
observe the fluorescence change of cells after recombination. The expression of GFP could
not be switched ON even when the substrate was in RL state, since the Piteto-1 promoter is
repressed in strain DS941Z1. To solve this problem, the sequence of the data storage element
was changed by placing a constitutive promoter between the recombination sites to control
the transcription of gfp which was moved outside the recombination sites, resulting in
pZJ51on (Fig. 4.5A-4). Thus, GFP would be expressed all the time when the substrate was
in RL state.

The newly constructed substrate plasmid pZJ51on gave decreased attR>attL recombination
efficiency (~20%, Fig. 4.5B-d), suggesting Gp3 was not being expressed at a high enough
level. It was hypothesized that gp3 transcript might be unstable because terminator B1002
was too close to the end of the gp3 gene, leading to rapid degradation of the mRNA by 3’ to
5’ exoribonucleases (Zuo and Deutscher, 2001). To solve this potential problem, the
terminator was deleted (Fig. 4.5A-5), as a result, the reset reaction efficiency was increased
from 20% to more than 90% with the new substrate plasmid pZJ52on (Fig. 4.5B-¢).

However, the set reaction from the corresponding substrate plasmid pZJ52off only had 50%
efficiency. Analysis of the gfp sequence revealed potential promoter sequences (Table 4.1)
which could lead to expression of Gp3 in the BP state, inhibiting the set reaction. The gfp
gene was therefore mutated to remove the potential promoters, resulting in the substrate
plasmid pZJ53off (Fig. 4.5A-7). Optimal set and reset reactions (greater than 90% efficiency)
were achieved with the final constructed substrate plasmid (pZJ53off and pzZJ53on,
respectively) in the overnight induction process (Fig. 4.5B-f). What is more, the fluorescence
of cells containing the final constructed state-based latch (based on substrate pZJ53off or
pZJ53on) showed the expected change after corresponding induction process (cell
fluorescence changed from weak to strong after set reaction; cell fluorescence changed from

strong to weak after reset reaction, Fig. 4.5B-f).
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Table 4. 1 Predicted promoters in Gp3 and GFP

Name | Sequence information

1.TTG GAC GCT GTT CAA AGT CCT GCA TGA AGC GGA GGA TGA TGT GGA GCG (0.92)
Gp3 2.TGG ACG CTC TTC AAG GTT CTG CAC GAA GCC GAA GAC GAC GTT GAG CGC
3. W T L F K \ L H E A E D D \ E R

1.GCG GAT GGT ATT CAC TGG GAC ATG AAA CTG TGG TTA AAT GGC AAG CTT (0.92)
Gp3 2.GCT GAC GGT ATC CAC TGG GAT ATG AAG CTT TGG CTG AAC GGC AAG CTG

1.CCG ATT CTG GTT GAA TTA GAT GGC GAT GTC AAC GGA CAT AAA TTC AGT (0.92)
Gfp 2.CCG ATC CTG GTT GAA CTG GAT GGC GAT GTC AAC GGA CAT AAA TTC AGT
3. P I L \Y% E L D G D \Y% N G H K F S

1.ACG GGT GTA GTA CCG ATT CTG GTT GAA TTA GAT GGC GAT GTC AAC GGA (0.97)
Gfp 2.ACG GGT GTA GTA CCG ATC CTG GTT GAA CTG GAT GGC GAT GTC AAC GGA
3. T G \ \ P I L \ E L D G D \ N G

The predicted promoter sequences are shown in the 1% line with promoter scores in parentheses (site-directed
mutagenesis nucleic acids are highlighted using grey box). The predicted promoter sequences were replaced
with the sequences shown in the 2" line. Changing of the nucleic acides did not change the corresponding
amino acid sequences as shown in the 3™ line.

4.3.2 Characterisation of the state-based latch

In this section, experiments were carried out in detail to test the performance of the state-
based latch under different conditions, such as varying induction times, Int expression levels,

and strains.
4.3.2.1 Process of continuous time induction reaction

To study instantaneous DNA states during different culture and induction stages, a
continuous time course including a full cycle of set and reset operations was carried out with
strain DS94171/pZJ530ff+pZJ7m (section 2.23.2). Cells were centrifuged and frozen to stop
the recombination at different induction time points from the same culture. Plasmids in the

cells were extracted, digested, and checked by gel electrophoresis (Fig. 4.6).
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Initial cells DS94171/pZJ530ff (BP)+pZJ7m (Int)
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Figure 4. 6 Electrophoretic analysis of the state-based latch under continuous induction time course.
DS94171/pZJ530ff (BP) + pZJ7m (Int) was inoculated in L-Broth with glucose overnight (lane 1). 4 ml of
overnight culture was centrifuged and washed into 160 ml L-Broth, precultured for 90 min to mid-log phase
before adding arabinose. Cells were centrifuged and frozen at different time points after adding arabinose (lane
2-10). After 12 hour induction, 5 ul of liquid culture was diluted into 5 ml L-Broth with glucose and cultured
overnight (lane 11). 4 ml of overnight culture was centrifuged and washed into 160 ml L-Broth, precultured
for 90 min to mid-log phase before adding arabinose and aTc. Cells were centrifuged and frozen at different
time points after adding arabinose (lane 12-20). After 12 hour induction, 5 ul of liquid culture was diluted into
5 ml L-Broth with glucose and cultured overnight (lane 21). To get roughly similar amount of cells, the volumes
of cell culture centrifuged at different time points were: 3 ml (lanes 1,8-11,18-21), 20 ml (2-4 and 12-14), 10
ml (lanes 5,6,15, and 16), 4.5 ml (lanes 7 and 17). DNA extracted from cells was digested with Spel (pZJ7:7175
bp, pZJ53off, BP:1459 bp and 3917 bp, pZJ53on, RL:2198 bp and3178 bp) and run on the agarose gel.
Percentages of DNA in either RL or BP state were calculated after gel quantification.

For the set operation, the substrate plasmid maintained BP state stably when cells were
cultured in L-Broth with glucose (Fig.4.6, lane 1). About 45% of the substrate plasmid was
recombined to RL state at 30 min with arabinose induction (lane 2, Fig.4.6) and the reaction
reached to a final state in two hour with about 90% efficiency (lanes 4, Fig.4.6). For the
subsequent reset operation, recombination started with a mixture of substrate plasmids in BP
or RL state (81% in RL state, lane 11, Fig.4.6), because the previous set operation did not
recombine all of the substrate plasmid to RL state. Nevertheless, more than 70% substrate

plasmid was restored to BP state in two hour (lane 14, Fig.4.6).
4.3.2.2 Reactions with different lengths of induction time

To test the influence of the length of induction time on recombination efficiency, different
lengths of induction were used in a pulsed time course reaction including a full cycle of set
and reset operations with strain DS94171/pZJ530ff+pZJ7m. This strain was cultured and
induced with the pulsed induction (section 2.23.2). After different pulses of induction, cell
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cultures were diluted 1:1000 in L-Broth without inducer and cultured overnight. Plasmids
from the overnight culture were extracted, digested, and checked by gel electrophoresis (Fig.
4.7).

Initial cells DS9417.1/pZJS3off (BP)+pZJ7m (Int)

Induction pulse ara (Set) ara+aTc (Reset)

Pulse length (min)| 0 |10 (20 (30 | 60 {120] 0 | 10|20 |30 | 60 (120

Lanenumber| 1 (2 | 3[4 | 5|6 (7| 8]9 (101112
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Figure 4. 7 Electrophoretic analysis of the state-based latch under pulsed induction time course.
DS94171/pZ23530ff (BP) + pZJ7m (Int) inoculated in L-Broth with glucose overnight. The overnight culture
was diluted 40-fold in 5 ml L-Broth, precultured for 90 min to mid-log phase before adding arabinose pulse
with different lengths, and then cells were diluted 1: 1000 into L-Broth with glucose and cultured overnight
(lanes 1-6). Each overnight culture was diluted 40-fold in 5 ml L-Broth, precultured for 90 min to mid-log
phase before adding arabinose and aTc pulse with different lengths, and then cells were diluted 1: 1000 into L-
Broth with glucose and cultured overnight (lanes 7-12). DNA extracted from cells after each induction was
digested with Spel and run on the agarose gel. Percentages of DNA in either RL or BP state were calculated
after gel quantification.

The pulsed induction time course indicated that both set and reset reactions reached the most
efficient recombination points (~75% and ~90%, respectively) within one hour induction
time (Fig. 4.7), and longer induction time did not improve the recombination efficiency.
However, the highest set reaction efficiency (~75%, lane 6, Fig. 4.7) achieved with pulsed
induction time was lower than the efficiency (~90%) achieved in the continue induction (Fig.
4.6). The reason might be that the concentration of Int decreased after removing its inducer

and the leakage of Gp3 may promote Int to reset some of the data storage to PB state.
4.3.2.3 Reactions with different Int expression plasmids

To study if the Int expression level influences the recombination efficiency, experiments

were carried out with the previously constructed Int expression plasmids (section 3.3.2.4).
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Both continuous and pulsed inductions were carried out with strain DS941Z71 containing
substrate plasmid pZJ53off (for set reaction) or pZJ53on (for reset reaction) and one of Int
expression plasmids (pZJ7, pZJ7m, pZJ20, pZJ21, or pZJ22, Fig.4.8). The details of these

integrase expression plasmids were described in chapter 3 (Table 3.1).

A. Overnight induction with arabinose

Reaction BP to RL (Set reaction)
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B. One hour induction with arabinose

Reaction BP to RL (Set reaction)
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C. Overnight induction with arabinose and aTc

Reaction RL to BP (Reset reaction)
Int| pzJ7 pZJ7m | pZJ20 pZJ21 pZJ22
ale| - [+ [ - |+ | - |+ | - |+ | - |+
ara | - + - + - + - + - +
glu| + - + - + - + - + _

Int—> gy o= Q) > QU == Gl == gu =

RL > == - S - -—
RL = s = R S -
BP >

Proportion of DNA

in BP state (%) 87 0 85 0 S3 0 47 0 16

D. One hour induction with arabinose and aTc

Reaction RL to BP (Reset reaction)
Int | pZJ7 PZJ7m | pZJ20 pZJ21 pPZJ22
. ara+ arat arat arat+ arat
Induction M h) | = Jape| ~ Jare| ~ |aTe| ~ |aTe| ~ |aTc
After induction glu o/n
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Figure 4. 8 Set and reset reaction of the state-based latch with different expression levels of Int. For the set
operation, DS94171 was transformed with substrate pZJ53off (BP) and Int expression plasmid pZJ7, pZJ7m,
pZJ20, pZJ21, or pZJ22, and induced with either overnight (12h, A) or pulsed (1 h, B) arabinose induction.
DNA extracted from cells was digested with Spel and run on an agarose gel. For the reset operation, DS94171
was transformed with substrate pZJ53on (RL) and Int expression plasmid pZJ7, pZJ7m, pZJ20, pZJ21, or
pZJ22, and induced with either overnight (12 h, C) or pulsed (1 h, D) arabinose and aTc induction. DNA
extracted from cells was digested with Spel and run on an agarose gel. The proportation of substrate in either
BP or RL state were calculated after gel quantification.
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The gel results indicated that different RBS sequences for Int affected recombination
efficiencies (Fig. 4.8). Recombination with plasmid pZJ7 and pZJ7m (same RBS sequence
and different start codons for Int) showed similar recombination efficiency in all these
reactions. Int expressed from plasmid pZJ20, pZJ21, and pZJ22 containing a weaker
predicted RBS sequence than that of pZJ7 and pZJ7m, showed insufficient recombination
ability, especially when it was used to mediate the set reaction. The inefficient set reaction
by Int from pZJ20, pZJ21, and pZJ22 suggested that there might be not enough Int expressed
from these plasmids or some leaky expression of Gp3 inhibiting the set reaction. Since highly
efficient set (~75%) and reset (~90%) reactions were achieved with Int expression plasmid

pZJ7 under one hour pulsed induction, this plasmid was used in the following tests.

4.3.2.4 Reactions in different strains

To determine whether the E. coli strain used had an effect on the recombination efficiency,
reactions were carried out in strain MG1655Z1 (rec*), DS941Z1 (recF), or DH5aZ1 (recAl).
Each strain containing substrate plasmid pZJ53off or pZJ53on and Int expression plasmid

pZJ7 was induced by either overnight or one hour induction (Fig. 4.9).
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Figure 4. 9 Performance of state-based latch in different strains. Strain DS94171, MG1655Z1 or DH5aZ1
was transformed with substrate plasmid pZJ53off (BP) or pZJ53on (RL), and Int expression plasmid pZJ7,
cultured and induced with either pulsed (1 h) or overnight (12 h) induction (using arabinose for the set reaction
and arabinose and aTc for the reset reaction). DNA was extracted from cells, and run cut with Spel (A) and
uncut (B) DNA on the agarose gel. The induction conditions used were: culturing in L-Broth with glucose
overnight (lanes 1, 4, 7, 10, 13, and 16); inducing by one hour pulse of arabinose (lanes 2, 5, and 8); inducing
by 12 h of arabinose (lanes 3, 6, and 9); inducing by one hour pulse of arabinose and aTc (lanes 11, 14, and
17); inducing by 12 h of arabinose and aTc (lanes 12, 15, and 18).

The digestion results suggested that recombination reached similar efficiencies in different
strains (Fig. 4.9A), except the pulsed set induction in strain DH5aZ1, which was less
efficient than the reaction in other strains (Fig. 4.9A, lane 8). Furthermore, the amount of
DNA collected from strain DH5aZ1 was lower compared to other strains under the same

culturing conditions. Strain DH5aZ1 has a recA mutation which may cause the cells to grow



127

slower and be unhealthy, so less plasmid DNA was harvested and the short induction time

might not be long enough to induce complete recombination.

The uncut DNA results revealed that more multimers were formed in strain MG1655Z1
compared to others, which was probably caused by homologous recombination (Fig. 4.9B).
The overnight induction appeared to reduce plasmid yield in all these strains (Fig. 4.9B,
lanes 3, 6, 9, 12, 15, and 18), more obviously in DS941 than in MG1655Z1. This might be
because the continuous protein expression increased the load for cells, affecting the cell
growth and plasmid yield. Or it was possible that some of the DNA was damaged under
continuous exposure to Int, and the damage can be repaired in strain MG1655Z1 (rec™) due
to the functional DNA repair system, while the plasmid DNA had a chance to recover in
overnight growth after removing the input signal in the one hour pulsed induction process
(Fig. 4.9B, lanes 2, 5, 8, 11, 14, and 17). In subsequent experiments, the pulsed induction
was used as a common way to induce the reaction, since it is less harmful to cell growth and
DNA vyield.

The strain types did not obviously influence the site-specific recombination efficiency, but
had some effects on the plasmid profiles (monomeric or multimeric) and the maintenance of
plasmid DNA in cells. Strain DS941Z1 was used as the host strain for the following test
because of the limited homologous recombination between plasmids due to the recF

mutation and good recombination performance under pulsed induction.

4.3.3 Further optimisation of the state-based latch by changing the
expression levels of RDF gp3

The relatively low efficiency (~75%) of the set reaction previously seen with Int expression
plasmid pZJ7 under one hour pulsed induction was suggested to be caused by the leakage of
Gp3 (section 4.3.2.3). It was possible that some unexpected promoters upstream of gp3 gene
lead to the leakage both in BP and RL states, or the leakage was from the Pyteto-1 promoter in
RL state. A weaker RBS sequence for Gp3 was expected to be helpful for lowering the
leakage and improving the set reaction efficiency. However, too weak RBS would lower the
efficiency of the attR>attL recombination. Therefore, a library of RBSs for Gp3 was built
and a selection process was used to find out the optimal Gp3 expression level for the most
efficient recombination in both directions. The whole process is outlined in Figure 4.10,
which include design, experimental construction, and screening of the RBSs library. First of
all, to make sure that functional Gp3 can be expressed from sequence after changing its RBS,

the library was constructed in the RL-state substrate and only the ones that can be
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recombined to BP state were selected. This was done by transforming the substrate plasmids
containing the RBSs library into E.coli cell already carrying Int expression plasmid,
culturing the transformants together, and inducing the culture with one hour pulse of
arabinose and aTc to recombine the substrate from RL (GFP ON) state to BP state (GFP
OFF). Only cells that changed from fluorescent to non-fluorescent were selected. Then
further characterisation was carried out to find out the optimal Gp3 expression for both
efficient set and reset reaction.

1) Design

F-gp3-RBS-:GCGCCTCTAGATTTAACTTTAAGNRRGNGRTATARATATGGCGAAGCGTTCGATC
R-gp3-RBS-: AAAACGCGTTTATTAACTAGTGTCGGCAATCGCGTCGTTGT
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Figure 4. 10 Process of seeking optimal Gp3 expression level for efficient recombination.

1) Design of primers containing the RBS library to amplify gp3, providing 128 different RBS sequences with
a range of predicted Translation Initiation Rate from 84 to 186955 (Salis et al., 2009).

2) Experimental construction of the substrate plasmids containing the RBSs library. The gp3 gene was
amplified using the designed primer, and the PCR products were digested, inserted to the substrate plasmid
pZJ53on (RL) to replace the original gp3 sequence, and transformed into strain DS941Z1 by electroporation.
Resultant colonies were washed from the plate, and the DNA extracted from the cell mixture was sequenced.

3) Experimental selection of substrate plasmids recombined by Int efficiently in vivo. The substrate plasmids
(RL state) containing RBSs library of gp3 were transformed into strain DS94171/pZJ7. The transformant
colonies were washed from plate, induced by one hour pule of arabinose and aTc to recombine the substrate
from RL (ON) state to BP (OFF) state. Next, the culture was diluted (108 folds) and spread (100 ul) on plate to
get single colonies (75% non-fluorescent), and 11 non-fluorescent colonies were picked randomly and
inoculated in L-Broth with glucose overnight. DNA extracted from cells was diluted (10 folds) and
retransformed into empty strain DS94171 to achieve cells only contain substrate plasmids. Then, the pure
substrate plasmids (BP) were purified from cells.
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Following the process of seeking optimal Gp3 expression level for efficient recombination
(Fig. 4.10), 11 random substrate candidates that switched from RL to BP state were proved
to have functional gp3 gene. They were picked and transformed into strain DS941Z1/pZJ7
separately. These substrate candidates were named pZJ53off-a to pZJ53-k. One and a half
cycles of set and reset operations were carried out with each tranformant cell, and the
fluorescence of cells were visualized and quantified using Typhoon Fluorimager (Fig. 4.11,

described as section 2.29.1).
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Figure 4. 11 Fluorescent analysis of cells containing substrate with different gp3 RBSs under set and reset
reactions. (A) Fluorescent scanning showing fluorescent strength of cell cultures. DS941Z1/pZJ7 (Int) was
transformed with substrate plasmid (a-k) selected from the gp3 RBSs library or the original one (ori). One and
half cycles of set (with one hour pulse of arabinose) and reset (with one hour pulse of arabinose and aTc)
reactions were carried. Cells after each induction were fixed, and the fluorescence of the cell cultures were
imaged using a Typhoon Fluorimager. (B) Quantification of the cell culture fluorescence. The GFP intensity
of each culture was quantified using Typhoon Fluorimager and the quantification numbers were normalized
by setting the highest one to 1.

According to the fluorescence quantification result (Fig. 4.11B), cells containing any of these
substrates changed in a “low-high-low-high” pattern of GFP intensity (Fig. 4.11B). The
fluorescent signal change indicated that cells containing the substrate mutation pZJ530ff-a,
pZJ53off-e, and pZJ530ff-k gave better set (high GFP intensity) and reset (low GFP intensity)
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reaction performance than that with the original substrate pZJ53off. To further confirm this
indication, plasmid DNA was extracted from these cells and analysed by restriction digestion
and gel electrophoresis (Fig. 4.12). The reactions with substrate pZJ53off-b (low GFP
intensity after set reaction), and pZJ53off-c (high GFP intensity after reset reaction) were
checked as negative control. All of these substrate plasmids were sequenced to analyse the
relationship between the Gp3 RBS sequence and the recombination efficiencies as

determined by quantitating the gel (Table 4.2).
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Figure 4. 12 Electrophoretic analysis of cells containing mutational state-based latch in a full cycle of set-
reset reaction. Strain DS941/pZJ7 was transformed with substrate plasmid (pZJ530ff, pZJ530ff-k, pZJ53off-
a, pZJ53off-e, p2J530ff-b, or pZJ530ff-c). Each resultant strain was induced in a cycle of set (with one hour
pulse of arabinose) and reset (with one hour pulse of arabinose and aTc) reactions. DNA extracted from cells
after each induction was digested with Spel and run on the agarose gel (pZ2J7:7175 bp, BP:1459 bp and 3917
bp, RL:2198 bp and3178 bp)

Table 4. 2 Effect of Gp3 RBS on reaction efficiencies

Plasmid DNA RBS sequence Plrr??'lcli;i?gn-rlgz?eﬂ(a; llj(;n Set Reset
pZJ53off AAGAAGGAGATATAAAT 19612 76% 89%
pZJ53o0ff-k AAGTAAGTGGTATAAAT 1106 95% 93%
pZJ53off-a AAGAAAGTGGTATAAAT 644 94% 92%
pZJ53off-e AAGGGAGTGGTATAAAT 3989 95% 92%
pZJ53off-b AAGCGGGAGGTATAAAT 23586 84% 88%
pZJ53off-c AAGGGGGTGGTATAAAT 34733 99% 76%

RBS with different sequence underlined. The predicted Translation Initiation Rate was calculated by an online
RBS Calculator (Salis et al., 2009). Recombination efficiencies were calculated through quantifying the bands
on the agarose gel (Fig. 4.12, described as section 2.33), and substrates shown better performance were
highlighted using grey shading.
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Substrate plasmid pZJ53off-k, pZJ53off-a, and pZJ53off-e in cells were recombined
efficiently in both set and reset reactions (Fig. 4.12). The set reaction on these mutants were
better than the recombination on the substrate plasmid pZJ53off under pulsed induction, and
reset reaction on these mutants maintained the same efficiency as the original plasmid. The
gp3 in these mutants had weaker predicted RBSs than that in pZJ53off, which supported the
previous hypothesis that lowering the Gp3 expression level by using a weaker RBS can

decrease the Gp3 leakage, improving the set reaction efficiency.

The control substrate mutant pZJ53off-b was recombined less efficiently in the set reaction
probably because strong RBS of Gp3 led to more leakage of Gp3 to inhibit the set reaction.
The control substrate mutant pZJ53off-c was recombined efficiently in the set reaction and
less efficiently in the reset reaction probably because the Gp3 expression was not enough
even with a strong predicted RBS (Table 4.2). This was the only sample that Gp3 expression
was inconsistent with the RBS strength prediction.

As shown in Figure 4.11 and Figure 4.12, all of the cell samples gave consistent fluorescent
and DNA state (higher fluorescent intensity corresponded to a larger proportion of substrate
plasmid in ON state and vice versa). One of the most efficient substrate plasmid pZJ53off-k
was used for the reliability test in the following section and its name was shortened to
pZJ80off.

4.3.4 Reliability test of the optimised state-based latch under
multicycle set-reset operation using two different input signals

To investigate the reliability of the final optimised state-based latch over multiple cycles of
operation, strain DS94171/pZJ800ff+pZJ7 was cultured and induced for five cycles using
one hour pulsed induction (arabinose for set reaction and arabinose plus aTc for reset
reaction). The DNA states were checked by agarose gel electrophoresis and the fluorescence

of cells was checked using a Typhoon Scanner (Fig. 4.13).
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Figure 4. 13 Five cycles of set-reset operation with the optimised state-based latch. (A) Electrophoretic
analysis of the recombination efficiencies starting from strain DS94171/pzJ800ff (BP) + pZJ7 (Int). Five
cycles of set (with one hour pulse of arabinose) and reset (one hour pulse of arabinose and aTc) reactions were
carried out. Plasmid DNA extracted from cells after each induction was digested with Spel and run on the
agarose gel. Cell cultures were fixed, the fluorescence of the cell cultures was imaged using a Typhoon
Fluorimager, and shown below the gel. (B) The percentages of substrate plasmids in RL state were calculated
though quantifying the bands on the agarose gel, and shown in the graph.

The substrate plasmid in the cells was set and reset efficiently multiple times with different
pulsed signals (arabinose for set reaction and arabinose plus aTc for reset reaction), and the
fluorescent intensities of cells changed between low and high accordingly (Fig. 4.13A).

Alternate set and reset reactions remained highly efficient (~95% set and ~90% reset) for
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five full cycles of operation, demonstrating the practical reliability of the state-based latch

in the multicycle operation.

4.3.5 Test of the state-based latch using Bxb1 integrase instead of
$C31 integrase

To build a genetic system which can record a large number, multiple binary memory
modules are needed. For example, a 4-bit genetic binary counter which can count up to 16,
would consist of four modules each using a different integrase. Each module would have
two states (“0” and “1”), and store a single binary digit. To use the state-based latch as the
submodule of a binary counter or some other system, other integrases would have to behave
as efficiently as ¢C31 integrase in the same architecture. Therefore, another well
characterised integrase, Bxb1 integrase, with its corresponding RDF gp47, were tested in the

state-based latch.

Bxb1 integrase gene was synthesised by total DNA synthesis by GeneArt (Life Technology)
and inserted into the Int expression plasmid pZJ7 to replace the ¢C31 integrase gene,
resulting in plasmid pZJ57. This plasmid has the following characteristics: medium copy-
number plasmid with p15a origin of replication and chloramphenicol resistance gene, Bxbl
integrase gene with the same RBS sequence (predicted translation initiation rate: 81, Salis et
al., 2009) as that for $C31 integrase gene (in pZJ7) under the control of the Psap promoter.
For the substrate plasmid, a sequence with inverted repeat Bxbl attR and attL flanking the
RDF gp47 gene ( with same RBS as that for Gp3, predicted translation initiation rate:10779,
Salis et al., 2009) and a constitutive promoter J23119 (from pGP47-INV-RL, section 2.27)
was used to replace the equivalent invertible sequence in pZJ53on, resulting in plasmid
pZJ6lon (Fig. 4.14A). To test the activity of Bxbl and RDF gp47, the reset (attR>attL)
reaction was first carried out in strain DS941Z1 with substrate plasmid pZJ6lon and Int
expression plasmid pZJ57 using a one hour arabinose and aTc pulse. The DNA states were

checked by agarose gel electrophoresis (left, in Fig. 4.14B).

To test the set (attB>attP) reaction, the substrate pZJ61off (Fig. 4.14A) was selected from
the in vivo recombination product of pZJ6lon as described in section 2.31. The set
(attB>attP) reaction was carried out in strain DS941Z1 with substrate plasmid pZJ61off and
Int expression plasmid pZJ57 using a one hour arabinose pulse. The DNA states were
checked by agarose gel electrophoresis (right, in Fig. 4.14B).
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Figure 4. 14 Reset or Set operation with the state-based latch based on Bxb1 integrase. (A) Expected change
of substrate plasmids upone the inversion recombination reaction. Int alone is expected to recombine the
substrate plasmid pZJ61off (BP) to pZJ6lon (RL), and place the gp47 gene in the same orientation as P teto-1
promoter and place J23119 promoter upstream of gfp. Int with Gp47 are expected to recombine the substrate
plasmid pZJ6lon (RL) to pZJ61off (BP) and restore the DNA state. Plasmid pZJ61off gives two fragments
(size: 3949 bp and 1450 bp) and pZJ6lon gives two fragments (size: 3172 bp and 2227 bp) after restriction
digestion with Spel (the drawing is not to scale). (B) Electrophoretic analysis of the reset and set reactions.
Strain DS94171/pzJ61on (RL) + pZJ57 (Int) was induced with one hour pulse of arabinose and aTc for the
reset reaction. DNA extracted from cells was digested with Spel (pZJ57: 6994 bp) and run on the agarose gel
(Left). Strain DS94171/pzJ610ff (BP) + pZJ57 (Int) was induced with a one hour pulse of arabinose for the
set reaction. DNA extracted from cells was digested with Spel and run on the agarose gel (Right). (C)
Percentages of DNA in BP and RL state before and after induction were calculated though quantifying the
bands on the agarose gel and shown in the table. Percentages shown in the grey boxes are discussed.

The reset reaction mediated by Bxbl integrase was very efficient (more than 90%, Fig.
4.14C), indicating that there were sufficient amount of Bxbl integrase and RDF gp47 in cells
for efficient attR>attL recombination. However, the set reaction was much less efficient (~
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20%, Fig. 4.14C). These results indicated that the set reaction might be inhibited by the

leakage of Gp47 in the absence of input signal aTc.

One possibility that caused the leaky Gp47 expression is that the RBS for Gp47 was too
strong (predicted translation initiation rate: 10779). If this is correct, the same process used
for optimising Gp3 expression level (section 4.3.3) could also be applied to optimise the
expression level of Gp47 to decrease its leakage. Another possibility is that attR or attP
upstream of gp47 gene have some promoter activities in E. coli, leading to the leakage. If so,
the location of the gp47 gene, or the orientations recombination sites might need to be
adjusted to remove the leakage caused by its nearby sequence.

4.4 Engineering of the binary counting module (single-
signal controlled system)

4.4.1 Developing the state-based latch into a binary counting
module to be controlled efficiently in strain DS941

Previous operations with the state-based latch (substrate showing in Fig. 4.15A) were carried
out in strain DS941Z1, in which the inducible Prtto-1 promoter is activated in the presence
of aTc. Whereas, in strain DS941 which does not express the Tet repressor, the expression
of Gp3 was expected to be governed only by the substrate sequence state. Therefore, when

the substrate is in the RL state, Gp3 should be expressed independent of any input signal.

With Gp3 expression controlled only by the state of the device, starting from the BP state a
single pulse of integrase would push the device to RL state through attB>attP recombination
(switch-on) reaction, switching on Gp3 and GFP expression. Then, the next pulse of
integrase together with Gp3 would push the device to BP state through attR>attL
recombination (switch-off) reaction, switching off Gp3 and GFP expression.

However, since the expression of Gp3 was likely to be switched on as soon as the device
was pushed to RL state, initial switching maybe inhibit further switch-on reaction and
promoting the switch-off reaction. It was predicted that by using a short enough pulse of
inducer to activate the expression of Int for a short time, Int might be degraded before the
Gp3 built up to high enough level to reverse the recombination reaction. In this way, the RL
state might be reached and maintained until the next pulse of induction. This was tested by

inducing strain DS941 containing substrate plasmid pZJ53off and Int expression plasmid
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pZJ7 with short pulses of arabinose (half hour or one hour). After induction, the DNA states

were checked by agarose gel electrophoresis (Fig. 4.15B).
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Figure 4. 15 The switch-on reaction of state-based latch in strain DS941. (A) The architecture showing the
switching of the state-based latch in switch-on and switch-off reactions. (B) Electrophoretic analysis of the
reaction. DS941/pZJ530ff (BP) + pZJ7 (Int) was induced with half hour or one hour pulse of arabinose for the
switch-on reaction. DNA extracted from cells after each induction was digested with Spel (pZJ7:7175 bp,
pZJ530ff:1459 bp and 3917 bp, pZJ530n:2198 bp and 3178 bp) and run on the agarose gel. Percentages of
DNA in RL were calculated after gel quantification.

Even with a short induction time (half hour), the switch-on reaction was very inefficient
(about 20%) with the state-based latch in strain DS941 (Fig. 4.15B). It was hypothesized
that the expression of Gp3 was very fast after the substrate DNA was recombined to RL (ON)
state, which might inhibit the switch-on reaction and promote the switch-off reaction before

the Int was sufficiently degraded or diluted with cell division.

To delay the expression of Gp3, a Tet repressor gene was cloned into the state-based latch
substrate sequence, resulting in plasmid pZJ68off (substrate sequence showing in Fig.
4.16A). In this device, the expression of Tet repressor is on when the substrate is in BP state.
The first pulse of integrase will push the device to RL state, switching on GFP expression
and switching off Tet repressor expression. The residual Tet repressor is expected to repress
the PLewto-1 promoter, delaying the Gp3 expression during switching. As the Tet repressor

degrades or is diluted by cell growth, Gp3 expression will be switched on, but by this point
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Int will have also degraded so that the device does not reset. However, at the next pulse of

integrase, there will be enough Gp3 to allow the switch-off reaction, resulting GFP

expression off.

To check the set reaction on this new substrate sequence, strain DS941 containing substrate
plasmid pZJ68off and Int expression plasmid pZJ7 was induced using short pulses of
arabinose (Fig. 4.16B). Following the set reaction, the reset reaction was carried out using
the same input pulse as used in the set reaction, to find out whether the substrate state can be

restored or not in a successive operation (Fig. 4.16B).
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Figure 4. 16 The switch-on and switch-off reactions of the new device in strain DS941. (A) The architecture
showing the switching of the new device in switch-on and switch-off reactions. (B) Electrophoretic analysis
of the reactions. Strain DS941/pZJ68off (BP) +pzJ7 (Int) was induced in a cycle of switch-on (with half or
one hour pulse of arabinose) and switch-off (with half or one hour pulse of arabinose) reactions. DNA extracted
from cells after each induction was digested with Spel (pzJ7:7175 bp, pZJ68off, BP: 2056 bp and 3917 bp,
pZJ68on, RL:2795 bp and 3178 bp) and run on the agarose gel. Percentages of DNA in either RL or BP state
were calculated after gel quantification.
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Compared to the switch-on reaction efficiency with the state-based latch in DS941 (~20%,
Fig. 4.15B), the efficiency was greatly improved with the new device (~90%, Fig. 4.16B)
after either half or one hour arabinose induction. This result indicated that adding tetR into
the substrate sequence increased the switch-on reaction efficiency. Meanwhile, the
efficiencies greater than 60% and 50% were achieved for the switch-off reaction with the
new device after the second half hour and one hour arabinose induction, respectively (Fig
4.16B).

The new device was demonstrated to change between two distinct states (high proportion of
BP or RL substrate) by using a single repeating signal pulse, and it was named binary
counting module. However, the best switch-off reaction (~60% efficiency with half hour
induction) was not as efficient as the switch-on reaction (90% efficiency). The following
sections present the experiments carried out to improve the efficiencies of the binary
counting module through tuning the Gp3 expression level. It was expected that a higher Gp3

expression would be helpful for improving the switch-off reaction efficiency.

4.4.2 Optimisation of the binary counting module by changing the
expression levels of RDF gp3

The efficiency of the state-based latch was improved by selecting Gp3 with optimized RBS
sequence from a library (section 4.3.3). To find out if this method could also improve the
efficiency of the binary counting module, a substrate library named pZJ68on-library (RL
state) was constructed by cloning the TetR gene into the pZJ53on-library constructed in
section 4.3.3. Cells containing these substrate plasmids would be changed from high
fluorescent to low or non fluorescent if the substrate plasmids could be recombined
efficiently from RL (GFP ON) state to BP state (GFP OFF). Based on this theory, strain
DS941/pZJ7 containing substrate plasmids with RBSs library were induced with a half hour
pulse of arabinose, followed by selection of cells that had a low fluorescence using the same
process described previously (Fig. 4.10). As time was limited, only five random plasmids
(named pZJ68off-a to pZJ68off-e) were selected from the library and their performances

were compared.

One and a half cycles of switch-on switch-off reaction were carried out with strain
DS941/pZJ7 containing these five selected plasmids using half hour arabinose pulses, the
fluorescence of cell cultures was visualized and quantified by Typhoon Fluorimager (Fig.
4.17).
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Figure 4. 17 Fluorescent analysis of cells containing substrate with different RBSs for Gp3 under switch-
on and switch-off reactions. (A) Fluorescent scanning showing fluorescent strength of cell cultures.
DS941/pzJ7 (Int) was transformed with substrate plasmid (a-€) selected from the gp3 RBSs library or the
original one (ori). One and half cycles of switch-on switch-off reactions with half hour pulse of arabinose for
both reactions were carried out. Cells after each induction were fixed, and the fluorescence of the cell cultures
were imaged using Typhoon Fluorlmager. (B) Quantification of the cell culture fluorescence. The GFP
intensity of each culture was quantified by Quantity One software and the quantification numbers were
normalized by setting the highest one to 1.

The fluorescent intensity of all cells was changed from low to high, then to low during the
first cycle of switch-on switch-off reaction (Fig. 4.17). After the 3™ time of arabinose
induction the fluorescent intensity of cells containing the original binary counting module
was not changed, but cells containing substrate mutant pZJ68off-d or pZJ68off-e showed

obvious change (Fig. 4.17).

Substrate pZJ68off-e was chosen for the further test due to its lowest fluorescent intensity
after the switch-off reaction (2" arabinose pulse) and its highest fluorescent intensity after
the second switch-on reaction (3" arabinose pulse, Fig. 4.17). This substrate was named
pZJ790ff and sequenced to analyse how RBS sequence affected the recombination efficiency.
Its RBS (sequence: AAGTGAGCGGTATAAAT) had a lower translation initiation rate

(predicted translation initiation rate: 393, Salis et al., 2009) than the one (sequence:
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AAGAAGGAGATATAAAT) in the original substrate sequence (predicted translation
initiation rate: 19612, Salis et al., 2009). This result might go against the previous
expectation that the switch-off reaction efficiency could be improved by increasing the Gp3
expression level. But the one selected from the library had a predicted low Gp3 expression
level because of its weaker RBS. Probably, lowering the Gp3 expression level decreased its
leakage, leading to more efficient switch-on reaction. This would switch off TetR expression
more completely, lowering its repression on Gp3 expression during the switching from RL
to BP state. However, more data are needed to support this surmise since only a slight
advantage of the cell fluorescence change was observed with the selected substrate (Fig.
4.17) and no more substrate was sequenced for analysing the relation between RBS strength

and recombination efficiencies.

4.4.3 Characterisation of the optimised binary counting module to
determine the optimal induction time

Previously, to obtain efficient protein expression, the pulsed inductions were started by
adding inducer during exponential growth (after 1.5 hour preculture). It was predicted that
extending the preculture length would lead to adequate Tet repressor accumulation when the
substrate was in the BP state, resulting in more efficient switch-on reaction. Meanwhile, a
longer preculture length would lead to adequate Gp3 accumulation when the substrate was
in RL state, resulting in more efficient switch-off reaction. To test this hypothesis, a switch-
on operation was carried out with strain DS941/ pZJ790ff+pZJ7 by adding input signal after
1.5 or 2 hour preculture. Substrate plasmid pZJ79on was selected from the recombination
product of pZJ790ff in vivo (as described in section 2.31). A switch-off operation was carried
out with strain DS941/pZJ79on+pZJ7. Cell cultures were spun down after each induction
and checked by Bio-Rad blue ligth Transilluminator (Fig. 4.18A), the fluorescent strengths

quantified using Quantity One software were shown in the diagram (Fig. 4.18B).



141

A
Preculture Pu“i;f;:lg)th
length . 0 10 15 20 30 60
(hour) Initial
Strain
DS9%41
15 (PZJ7+pZJ790ff)
0OD,,,~0.35
600 DS941
(pZJ7+pZJ790n)
DS941
(PZJ7+pZJ 790ff)
2
DS9%41
(pZJ7+pZJ790n)
B
1 )

—@—switch-on (1.5h)

switch-on (2h)

—>¢—switch-off (1.5h)

—8—switch-off (2h)

Normalized GFP Intensity

Length of induction pulse (min)

Figure 4. 18 Pulsed induction time course with the binary counting module by adding input signal after
different preculture length. (A) Fluorescent analysis of cell cultures after induction. DS941/pZJ790off (BP) +
pZJ7 (Int) and DS941/pZJ790n (RL) + pZJ7 (Int) were induced with pulsed induction. Each resultant colony
was inoculated in L-Broth with glucose overnight, and the overnight culture was diluted 40-fold in 5 ml L-
Broth. After 1.5 or 2 hour preculture, arabinose was added for different lengths of time followed by dilution
and growth in L-Broth with glucose overnight. Each overnight culture was centrifuged in a microcentrifuge
tube and the cell pellets labelled by white circles were checked using Bio-Rad blue light Transilluminator. (B)
Quantification of the fluorescence strengths of cell pellets. The GFP intensity of each cell pellet with different
induction time was quantified using Quantity One software, the quantification numbers were normalized by
setting the highest one to 1.
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Fluorescent signal change of cell pellets suggested that two hour preculture length leads to
fast response to input signal for both directional reactions (Fig. 4.18). A shorter length of
pulse was enough to change cells to a maximum opposite state (from low GFP intensity to
high GFP intensity or vice versa) when added after a longer preculture length (two hour, Fig.
4.18B). However, the preculture length did not influence the maximum efficiency for both
switch-on and switch-off reaction since cells reached to similar steady fluorescent state (Fig.
4.18B).

As cells gave a fast response to signal after two hour preculture, the time course with two
hour preculture length was continued and a full cycle of switch-on switch-off operation was
carried out to confirm the optimal pulse length for induction. DNA was extracted from cells
that were induced with different lengths of pulse, checked by restriction digestion, and

agarose gel electrophoresis (Fig. 4.19).
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Figure 4. 19 Pulsed induction time course of the binary counting module. (A) Electrophoretic analysis of
time course reaction starting with BP-state substrate. DS941/pZJ790ff (BP) + pZJ7 (Int) was induced in a cycle
of switch-off switch-on reaction with different lengths of arabinose pulse. DNA extracted from cells after each
induction was digested with Spel (pZJ79off, BP: 2056 bp and 3917 bp, pZJ79on, RL:2795 bp and 3178 bp,
pZJ7: 7175 bp) and run on the agarose gel. (B) Electrophoretic analysis of time course reaction starting with
RL-state substrate. DS941/pZJ790on (RL) + pZJ7 (Int) was induced in a cycle of switch-on switch-off reaction
with different lengths of arabinose pulse. DNA extracted from cells after each induction was digested with
Spel and run on an agarose gel. Percentages of DNA in either RL or BP state were calculated through gel
quantification, and shown below each gel. Cells after each induction were centrifuged and the fluorescence of
cell pellets in the microcentrifuge tubes was checked using Bio-Rad blue light Transilluminator and shown at
the bottom of figure A and B.
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In vivo time courses starting from either DS941/pZJ790ff+pZJ7 (containing substrate in BP
state) or DS941/pZJ790on+pZJ7 (containing substrate in RL state) showed that a pulse longer
than 15 min was good for highly efficient switch-on reaction (> 90% efficiency, lanes 3-6 in
Fig. 4.19A, and lanes 8-11 in Fig. 4.19B), but a specific range of pulse lengths (15 min to
30 min) was required for efficient switch-off reaction (~70% efficiency, lanes 8, 9, and 10
in Fig. 4.19A, and lanes 3, 4, and 5 in Fig 4.19B). The fluorescence of cell culture changed
consistently with the DNA state.

For fast and efficient induction, the two hour preculture length and the shortest workable
induction time 15 min (92% switch-on reaction efficiency, lane 3 in Fig. 4.19A, and 73%
switch-off reaction efficiency, lane 3 in Fig. 4.19B) were used in the following operation on

the binary counting module.

4.4.4 Reliability test of the binary counting module under
multicycle switch-on switch-off operation using a single input
signal

To study the reliability of the binary counting module in a multicycle switch-on switch-off
operation, strains DS941/pZJ79off+pZJ7 and DS941/pZJ790on+pZJ7 were cultured and
induced for four cycles using a 15 min induction pulse of arabinose. The DNA extracted

from cells was checked by restriction digestion and agarose gel electrophoresis (Fig. 4.20)



145

A B
Initial cells DS941/pZJ790ff (BP)+pZJ7 (Int) Initial cells DS941/pZJ790n (RL)+pZJ7 (Int)
t d d th th th th th t d d th th th th th
Pulse length (15 min)| 0 15912001 350 4% ST 6% 70 | 8 Pulse length (15 min)| ¢ 15t | 2n¢ [ 3rd | 4t ) S™ L 6™ | 7™ 8
ara|ara|ara|ara|ara|ara|ara|ara ara|ara|ara|ara|ara|ara|ara|ara
Int—> e -— - ] Inté-—n——-——-
BP% c— —_—— —_—— _—— — BP» - —— — -—— - -
. o — e C— — - RL—> ™=~ — — - -
BP—> — BP—> .
% 100%
< 100% O < ek 87% 87%
Z 80% | 76% S0% 7o% 4 80% | B 30% [ 78%
(=T (=
Gy V= [, ‘C-!.
© S 60% © = 60%
?nﬁ 40% 43% 0 8,3 39%
S 4% f 32% 36% Eed 40% f Jao 20%
= = 28% 29%
g 8 g 8
% 20% | z 20% | 12% H H
=" 0% [~
0% 0% N l:l I T R T A . ;
& T FFFF S
3 P I

N & A % b 8 R %

Figure 4. 20 Multicycle operations with the binary counting module. (A) Electrophoretic analysis of the recombination efficiencies starting from BP-state binary counting module.
DS941/pzJ790ff (BP) +pZJ7 (Int) was induced with 15 min pulse of arabinose for eight times. Plasmid DNA extracted from cells after each induction was digested with Spel and run
on the agarose gel. The percentages of substrate plasmids in RL state were calculated though quantifying the bands on the agarose gel, and shown in the graph below the gel. (B)
Electrophoretic analysis of the recombination efficiencies starting from RL-state binary counting module. DS941/pZJ790n (RL) + pZJ7 (Int) was induced with 15 min pulse of arabinose

for eight times. Plasmid DNA extracted from cells after each induction was digested with Spel and run on the agarose gel. The percentages of substrate plasmids in RL state were
calculated though quantifying the bands on the agarose gel, and shown in the graph below the gel.
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The state of the substrate plasmid was changed multiple times by the induction with an
arabinose pulse. In the absence of any input signal, the counting module was maintained in
its initial state, either fully OFF (BP) or ON (RL). With the first pulse of arabinose, the
counting module was efficiently changed from BP to RL (~95% efficiency, Fig. 4.20A)
through the switch-on reaction, or from RL to BP (~90% efficiency, Fig. 4.20B) through the
switch-off reaction. The efficiency for subsequent switch-on and switch-off reactions went
down to about 80% and 60%-70% respectively, and the alternation between 80% switch-on
reaction and 60%-70% switch-off reaction could be maintained for three cycles. These
results demonstrated the reliability of the binary counting module in a multicycle reaction.

To observe the fluorescence of cell cultures after each reaction, cell samples collected from
the experiment described above were fixed and checked by Typhoon Scanner (liquid in the
wells, Fig. 4.21A and B). To further investigate the fluorescence of individual cells, the fixed
samples were checked by CyAn ADP Analyzer (as described in section 2.29.3). The
fluorescent data for 30, 000 cells of each sample was collected and analysed (flow cytometry
images, Fig. 4.21A and B).
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Figure 4. 21 Fluorescent analysis of cell cultures and individual cells containing the binary counting
module in multicycle reactions. (A) DS941/pZJ790ff (BP) + pZJ7 (Int) was induced eight times with 15 min
pulses of arabinose (Same process as Fig. 4.20). Fluorescence of cell cultures was recorded using Typhoon
Flourlmager (top), and fluorescence of individual cells was analysed using Flowjo program after gating cells
by forward and side scatter (bottom, cells in high and low fluorescent state are divided by dashed line). (B)
DS941/pzJ790n (RL) + pZJ7 (Int) was induced eight times with 15 min pulses of arabinose (Same process as
Fig. 4.20). Fluorescence of cell cultures was recorded using Typhoon Flourlmager (top), and fluorescence of
individual cells was analysed using Flowjo program after gating cells by forward and side scatter (bottom,
cells in high and low fluorescent state are divided by dashed line). (C) The percentages of cells in high
fluorescent state detected by Flowjo program are shown in the diagram.

The fluorescent states of cells changed with each arabinose pulse, alternating between
predominantly fluorescent and predominantly non-fluorescent each time. In the absence of
input signal, strain DS941/pZJ790ff+pZJ7 retained non-fluorescent and strain
DS941/pZJ790n+pZJ7 retained high GFP fluorescence. With the first pulse of arabinose,

nearly all of the non-fluorescent cells were changed to express high-level GFP (98% cells in
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high fluorescent state, Fig. 4.21A) through switch-on reaction, and most of the highly
fluorescent cells were changed to express low-level GFP (79% cells in low fluorescent state,
Fig. 4.21B) through switch-off reaction. The efficiency for the subsequent switch-on and
switch-off reactions went down to about 80% and 50%-70% respectively (based on the
fluorescence change of cell population, Fig. 4.21A and B), and the alternation between
switch-on reaction and switch-off reaction carried on for three cycles at the same efficiencies.
These results agreed with the recombination efficiencies based on the overall DNA state (80%

switch-on efficiency and 60%-70% switch-off efficiency, Fig. 4.20).

It was noticed that cells containing the binary counting module produced a mixed fluorescent
state population (Fig. 4.21A and B). This was more obvious after the switch-off reaction:
some cells switched to complete off of GFP expression; some cells entered an intermediated
level of GFP expression; while others retained high GFP expression. The inconsistency of
the cell fluorescence might be because the substrate DNA sequence was in a multi-copy
plasmid, and that the proportion of plasmid in BP or RL state in each individual cells

influenced their fluorescent intensity of each individual cell.

4.5 Conclusion and discussion

In this chapter, three main plasmid-borne memory devices were constructed, which are 1)
set-reset latch, 2) state-based latch, and 3) binary counting module. The set (or switch-on)
and reset (or switch-off) reactions with these devices were based on an inversion
recombination mediated by serine integrase. These reactions, which can change the device
between two states (GFP ON and GFP OFF), were triggered using either the same or
different input pulses. The induction condition and the range of recombination efficiencies
(through checking the overall DNA state) of each device are described (Table 4.3), and the
advantages and disadvantages of each device are discussed in this section.
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Table 4. 3 Induction times and recombination efficiencies for different memory devices

A cycle of set-reset reaction
Device Architecture of the Set reaction (BP to RL) Reset reaction (RL to BP)
substrate in BP state Inout Length of — Length of
P induction | Efficiency | . P induction | Efficiency
signal signal
pulse pulse
J23104

Set-reset — . o . o

latch ara 60 min ~75% aTec 60 min ~70%

aftB attP
P
el anB

State- ara

based ara | 60 min | ~95% 60 min | ~90%

latch attP +aTC

J23119
P Lret0-1

Binary
counting ara 1S min | 80-95% ara 15 min | 60-90%
module attB attP

J23119

ara, arabinose; aTc, anhydrotetracycline.

4.5.1 Set-reset latch

An efficient set-reset latch was described at the beginning of this chapter. This device has a
similar architecture to the rewritable recombinase addressable data module described by
Bonnet et al. (2012), but using $¢C31 integrase to record information into plasmid DNA
rather than using Bxbl integrase to record information into chromosome. Both the set
(attB>attP) and reset (attR>attL) operations led to distinct DNA state and fluorescent signal
change, which proved that ¢C31 integrase is an efficient tool to write information into DNA.
The advantage of this latch system is that the components (set control, reset control, and data
storage) are decoupled from each other, enabling flexible change or selection of any of these

components to fulfill different application requirements.

There should be space to further improve the recombination efficiencies (now is 75% for set
reaction and 70% for reset reaction) of the set-reset latch. Experiments described in chapter
3 proved that the recombination efficiencies can be improved through adjusting the integrase
and RDF expression levels, which was not tested with the set-reset latch. It was possible that
placing the RDF gene downstream of the int gene might lead to some leaky expression of
RDF from the reset generator, inhibiting the set reaction. The result in Figure 4.2 showed
that even just activating Int expression, the attR>attL recombination was observed, which

supported the assumption of Gp3 leakage. Additionally, the gp3 gene was far away from the
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promoter, which might result in insufficient Gp3 expression for highly efficient attR>attL
recombination. To overcome these deficiencies, future work could be done by changing the
position of $C31 int and gp3 genes on the reset operator. It might also be necessary to tune

the expression levels and the degradation rates of Int and RDF for more efficient reactions.

4.5.2 State-based latch

Next, the state-based latch was constructed. It was recombined efficiently to switch on and
off the expression of GFP using different signals. The performance of this device was
improved in three ways: 1) exchanging the positions of genetic parts, 2) modifying specific

DNA sequence, and 3) tuning the strength of expression regulatory part, RBS.

Adjusting the position of the genetic parts (genes, recombination recognition sites, promoters,
and terminators) can minimize the unwanted interacting between each part, and help give
the desired protein expression. For example, the behaviour of reporter protein expression
was improved by changing gfp’s position and placing a constitutive promoter in the
invertible sequence to control GFP expression (section 4.3.1). The position of genetic parts
in circuits is crucial for a device’s behaviour, especially when a large number of genetic parts
are involved. This should be considered during the design process and sometimes need to be

adjusted according to the experimental results.

Unexpected promoters were one of the main factors that interfered with the performance of
the genetic circuits made in this study. The attB>attP recombination was thought to be
inhibited by the leaky Gp3 expression caused by the unexpected promoters upstream of gp3
(section 4.3.1). These promoters were removed from the sequence by introducing silent
mutation. Sequence modification is useful when part order should be fixed and adding a

terminator between two parts is not applicable if they are sharing the same promoter.

Tuning the strength of the RBS sequence varied the expression levels of the RDF gp3 and
allowed selection of improved behaviour (section 4.3.3). A RBSs library was constructed
with expected range of strength according to the calculation from an online program (Salis
et al., 2009). Using a functional screening process, one of the device with new RBS for Gp3
was proved to be more efficient than the original one (section 4.3.3), which indicated the

practicability of the RBS screening process.

Using these methods summarized above, the efficiency of the state-based latch was increased

to greater than 95% for set reaction and greater than 90% for reset reaction in a successive
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set-reset reaction. This latch was also demonstrated to be highly reliable during a multicycle
set-reset reaction according to the quantification result of the substrate DNA state (section
4.3.4). These results suggest that $C31 integrase behaves as well as Bxb1 used by Bonnet et
al. (2012) in recording information into DNA sequence. The state-based latch is an important
step towards building a system controlled by a single signal.

Integrase Bxb1 was also used to test the usability in the state-based latch (section 4.3.5).
After induction, the reset reaction was efficient, whereas, the set reaction was inefficient. It
was inferred that the reason for the inefficient set reaction was the leakage of RDF gp47 due
to its strong RBS or the promoter activity in nearby sequence, such as the Bxbl attP and
attR sites. In order to improve the efficiencies of the Bxbl integrase based device, future
work need to be done to reduce the Gp47 leakage through tuning the RBS strength or
changing the position of gp47.

4.5.3 Binary counting module

Though the state-based latch was recombined efficiently under the operation of two different
signals (set reaction: arabinose; reset reaction: arabinose and aTc) in strain DS941Z1, the
device did not perform as anticipated, switching between BP and RL state under the control
of a single signal in DS941 (section 4.4.1). The switch-on reaction was very inefficient in
DS941 even with a very short pulse of arabinose. It was hypothesized that the inefficient
switch-on reaction was caused by the expression of Gp3 as soon as the device started
switching, inhibiting further switch-on reaction. To extend the interval between degradation
of Int and expression of Gp3, a delay for Gp3 expression was added by inserting the tetR
gene under the control of sequence state, resulting in the binary counting module. The

expected performance of the binary counting module is described as below (Fig. 4.22).
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Figure 4. 22 Expected performance of the binary counting module with single induction pulse. This device
can be switched between state 0 (BP) and state 1 (RL) by the Int pulse induced using a single input signal. The
change of protein expression level is represented using symbols (1, increase; |,decrease).

In this module (with tetR), the expression of Gp3 was delayed and the switch-on reaction
efficiency (with 30 min arabinose pulse) was improved to about 90% compared to the device
without tetR (section 4.4.1).

It was proved that using a slightly longer preculture length (two hour) could promote quicker
recombination reactions. The explanation might be that the induction of Int was more
efficient later in the exponential growth phase. It was also thought that there would be more
Tet repressor accumulated in cells at this time point, leading to tighter repression of Gp3 and
improved switch-on reaction. Furthermore, a longer preculture length might also beneficial
to accumulate Gp3 when the substrate was in RL state, improving switch-off reaction

efficiency.

Such binary counting module proved the ability of changing state in response to a single

repeating input signal. After encountering an odd number of input signal, the device switched
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to an opposite state to the initial one. Whereas, after encountering an even number of input
signal, device switched to same state as initial. By tuning the RBS strength of gp3 and using
optimal induction conditions (two hour preculture length and 15 min length of input pulse),
the efficiencies of the binary counting module maintained a range of 80%-95% for switch-
on reaction and 60%-90% for switch-off reaction during a muticycle operation (Fig. 4.20).
There was no obvious degradation in efficiency after multiple induction operation, but the
fluctuations of efficiencies were obvious. These fluctuations might be caused by the
stochastic factors during the culture and induction (such as temperature, inducer, and time).
More repeated experiments are needed to confirm these performances and to find out an

optimal operation condition.

It was noticed that starting the recombination from the pure substrate plasmid (BP state or
RL state) showed better recombination efficiency than starting from a mixture with the same
induction pulse (e.g. 94% of lane 2 in Fig. 20A compared to 87% of lane 3 in Fig. 4.20B;
88% of lane 2 in Fig.4.20B compared to 60% of lane 3 in Fig. 4.20A). The explanation might
be that the module state had great influence on the recombination efficiency since the
expressions of both Gp3 and TetR were governed by the state of the substrate sequence.
Starting from pure BP substrate (TetR expression on, Gp3 expression off), all of the cells
expressed sufficient amount of Tet repressor to delay Gp3 expression, resulting in more
efficient switch-on reaction; starting from pure RL substrate (TetR expression off, Gp3
expression on), none of the cells expressed Tet repressor to repress Gp3 expression, resulting

in more efficient switch-off reaction.

A limitation with the binary counting module is that the reaction efficiencies are influenced
by the length of the induction pulse, and only a small range of pulse lengths can fulfill the
requirement of high recombination efficiency. The previously constructed recombinase-
based counter (Friedland et al., 2009) and push-on push-off switch (Lou et al., 2010) lost
function with a long time input signal. To avoid this problem, Subsoontorn and Endy (2012)
proposed the design principle of an activation-inhibition toggle flip-flop by connecting two
independent recombinase based set-reset latches to store state during and between input
pulses (Subsoontorn and Endy, 2012). However, this system is complex and two integrases
are involved in recording one bit information which limits the information storage capacity.
Thus, the future direction of developing the binary counting module constructed in this study

is to extend its functional pulse width.
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Though the plasmid-borne memory devices gave promising recombination efficiency when
viewing the overall DNA states, the individual cell states were not consistent because mixed
populations of multi-copy substrate plasmids were generated in each cell. To solve this
problem, the invertible substrate sequence could be integrated into the genome, which would
decrease the copy number to one. This change was expected to divide cells into either a
completely OFF or completely ON state, without any other intermediate states. The next
chapter will discuss how to transfer the substrate sequence into the chromosome of E. coli

strain and the performances of different chromosomal memory devices.
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5 The design and engineering of chromosomal
memory devices

5.1 Introduction

In chapter 4, three different plasmid-borne memory devices, the set-reset latch (section 4.2),
the state-based latch (section 4.3), and the binary counting module (section 4.4), were
constructed. All three devices showed efficient recombination performances as measured by
the overall substrate DNA state (Fig. 4.3, Fig. 4.13, and Fig. 4.20). The fluorescent
performance of individual cells which contained the binary counting module was checked
by flow cytometry. These cells showed variant fluorescent intensities after recombination,
especially after the attR>attL recombination (Fig. 4.21). The mixed cell populations were
thought to be generated by recombination on a multi-copy substrate plasmid, so that each
individual cell can contain a mixture of plasmids in different states (Brophy and Voigt, 2014;
Moon et al., 2011). In order to mitigate the inconsistency of cell states and increase the
stability of the genetic device, the target sequence was integrated into the chromosome of
E.coli strain DS941 or DS94171 as a single copy. It was expected that this change would
also improve the recombination efficiency, since the initial data collected in chapter 3
showed more efficient recombination on a low copy-number substrate plasmid than that on

a high copy one (section 3.3.2 and section 3.3.3).

In the first part of this chapter, the method used to construct the chromosomal memory
devices is introduced. To integrate a single copy substrate sequence into the chromosome,
the invertible substrate sequence (from the state-based latch or the binary counting module)
was placed on a suicide ISY100 transposon delivery plasmid and mobilized by RP4

conjugative machinery (Demarre et al., 2005; Ferriéres et al., 2010; Urasaki et al., 2002).

Later in this chapter, methods used to check the recombination efficiencies of the
chromosomal devices are discussed. These methods include fluorescence microscopy, flow
cytometry, and colony PCR. Flow cytometry was found to be an efficient method and was
therefore used to check the behaviours of the chromosomal devices in all the subsequent
experiments. Based on this initial characterisation, tests of the chromosomal devices are

presented and ways to improve their efficiencies are discussed.
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5.2 Chromosomal delivery of memory devices using
ISY100 transposition

ISY100 is a member of 1S630/Tc1/mariner superfamily, and is demonstrated to transpose in
E.coli at a very high frequency (Urasaki et al., 2002). What is more, in vitro studies have
demonstrated that 1S630/Tcl/mariner members do not need host factors to perform
transposition (Feng and Colloms, 2007; Lampe et al., 1996). Any piece of DNA flanked by
two ISY100 inverted repeat sequence (IRs) can be mobilised on expression of the
transposase. Therefore, ISY100 transposon was used to integrate the substrate sequence into

the chromosome.

The invertible substrate sequences of the state-based latch and the binary counting module
were integrated into the chromosome of E. coli using suicide ISY100 transposon delivery
plasmids mobilised by broad-host-range RP4 conjugation machinery (Fig. 5.1). The suicide
plasmid pSW23T is based on the oriVR6KYy origin of replication which is dependent on the
pir encoded protein for plasmid replication, and contains the oriT transfer origin of the broad
host-range conjugative plasmid RP4 (Demarre et al., 2005). The invertible substrate
sequence between ISY100 IRs was cloned into this plasmid along with a kanamycin
resistance gene, and the manipulation was carried out in a pir® strain 3 (Demarre et al.,
2005). The pSW23T based plasmid will be unable to replicate in pir~ stain, therefore
selection for a marker (antibiotic resistance gene) adjacent to the invertible segment between

ISY100 IRs will select for chromosomal integration of the sequence.

It was reported that delivery of this conditionally replicating plasmid (e.g. pSW23T) through
transformation was highly inefficient (Ferriées et al., 2010), and this was confirmed in this
study too. So, plasmid pSW23T containing the oriT transfer origin was mobilized through
RP4 conjugation (Thomas and Smith, 1987). Strain MFDpir (Ferrieres et al., 2010) was used
as the donor strain for the RP4 conjugation. This strain contains the pir gene for the
replication of plasmid pSW23T (oriVR6KYy) and functional region for RP4 conjugation on
the chromosome. This strain is also auxotrophic for diaminopimelic acid (DAP), allowing
counterselection on rich complex media lacking DAP after conjugation (Ferriéres et al.,
2010). When the suicide delivery plasmid was moved into the target strain DS941 (pir’) or
DS94171 (pir’) through conjugation, the successful ex-conjugants containing the invertible
substrate sequence on the chromosome would be selected efficiently using medium

containing the appropriate antibiotic and lacking DAP.
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Figure 5. 1 Process of integrating the invertible substrate sequence into the chromosome.

1) Construction of the transposable element (TE). The TE was first constructed on a high copy number (ColE1
origin) plasmid pZJ71 containing a kanamycin resistance gene (between the ISY100 IRs, IRL and IRR) and
ISY100 transposase gene (outside of the ISY100 IRs) in tandem and controlled by the same constitutive
promoter. One of the invertible substrate sequence of memory device (from the state-based latch or the binary
counting module) was cloned between the 1ISY100 IRs on plasmid pZJ71.

2) Construction of the suicide transposon delivery plasmid. The sequence containing the TE and transposase
gene was moved to the suicide plasmid pSW23T and transformed into pir* strain 73. The newly constructed
plasmid pZJ-XX was extracted from n3.

3) Mobilization of the suicide transposon delivery plasmid. Both transformation and conjugation were used to
move the suicide plasmid into target strain DS941 (pir’) or D9S41Z1 (pir’). No transformants were obtained
after either chemical transformation or electroporation. For the conjugation reaction, plasmid pZJ-XX was
introduced into strain MFDpir by transformation, and conjugation was carried out between strain MFDpir/
pZJ-XX and DS941 or DS941Z1. The donor strain (MFDpir) is a diaminopimelic acid (DAP) auxotroph, and
only grows in medium supplement with DAP. The recipient cell (DS941 or DS94171) is kanamycin sensitive.
The successful ex-conjugant strain (named DS941-MXX or DS94171-MXX) containing a copy of TE
sequence (including the kanamycin resistance gene) on the chromosome was selected on a kanamycin selection
L-Broth agar plate without DAP.

The “XX” represents different plasmid or strain constructions. Chromosomal DNA is represented as a wiggly
line, and plasmid is shown as circle. The drawing is not to scale.

Since the gp3 gene was part of the invertible substrate sequence for both the state-based latch
and the binary counting module, its expression was expected to be lower in these single copy
chromosomal devices than in the previously characterised plasmid-borne devices. To keep
sufficient Gp3 expression for the attR>attL recombination, the substrate sequences
containing stronger RBSs for Gp3 were chosen to create chromosomal switches. The
invertible substrate sequence for the state-based latch was from pZJ53off (section 4.3.1), and
the invertible substrate sequence for the binary counting module was from pZJ68off (section
4.4.1).

5.3 Methods used to analyse the performance of the
chromosomal device

To construct the chromosomal state-based latch (module 1, M1), the invertible substrate
sequence (shown in Fig.4.4) from pZJ53off was integrated to the chromosome of E. coli
strain DS941Z1 using the process described above (section 5.2), resulting in strain
DS94171-M1. The performance of this strain was tested using fluorescent microscopy, flow

cytometry, and colony PCR.

Strain DS941Z1-M1 was transformed with Int expression plasmid pZJ7 (Int expression
plasmid constructed in section 3.3.1), resulting in strain DS94171-M1/pZJ7. The Int gene

was under the control of an arabinose inducible Peap promoter, and gp3 was under the
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control of the invertible switch and the aTc inducible Prtto-1 promoter. It was hypothesized
that a short pulse induction should be enough to complete the recombination on the single
copy substrate (section 4.3.2.2), so a half hour induction pulses of arabinose (for the set
reaction), and arabinose and aTc (for the reset reaction) were used as an initial test condition
to trigger the reaction. The recombination efficiencies were assayed by checking the

fluorescence and DNA sequence states of cell samples (Fig. 5.2).
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Figure 5. 2 Methods used to check the recombination performance of the chromosomal device.

(A) The architecture of the substrate sequence in BP (OFF) or RL (ON) state, and expected performances of cells containing either sequence on the chromosome. Cells containing the
OFF state substrate sequence should not be fluorescent and the colony PCR product is 1125 bp with primers P1 and P2. Cells containing the ON state substrate sequence should be
fluorescent and the colony PCR product is 955 bp with primers P3 and P2.

(B) Analysis of the recombination efficiencies. Strain DS941Z1-M1/pZJ7 was induced in a cycle of set (with half hour pulse of arabinose) and reset (half hour pulse of arabinose and
aTc) reactions (as described in section 2.27.2). Cells collected after each induction were checked by three methods:

1) Fluorescent microscopy, the phase contrast images (top) and fluorescent images (bottom) were recorded using fluorescent microscope (scale bar: 5um).

2) Flow cytometry, the population distribution GFP (y axis) and side scatter (x axis) levels are shown using the data collected from the CyAn ADP Analyzer (cells were gated by forward
and side scatter, and the proportion of cells on either the ON or OFF state is shown on top of the each image);

3) colony PCR, the overnight culture (1 pl) of cells was used for colony PCR (in the Thermo Scientific Taq master mix solution, with two pairs of primers P1 and P2, P2 and P3
respectively), products were visualized by agarose gel electrophoresis (lanes 1-6, overnight cultures amplified with corresponding primers; lane 7, the control plasmid DNA containing
the substrate sequence in OFF state was amplified by P1 and P2 primers; lane 8, the same control plasmid was amplified by P2 and P3 primers).

In each area separated by dashed lines, the tested cells were from the same cell population.
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The fluorescent state of individual cells was visualized using fluorescent microscopy and
also analysed by flow cytometry. Both methods indicated similar fluorescent states of cell
populations. The whole population remained non-fluorescent before induction. Nearly 100%
of cells were changed to fluorescent state by set induction with 30 min pulse of arabinose,
and then nearly 50% of cells were restored to non-fluorescent state by reset induction with
30 min pulse of arabinose and aTc (Fig. 5.2B). Microscopy images showed the fluorescent
state of individual cells, but visualising a large number of cells using microscope was
relatively difficult, and long-time exposure to blue light caused GFP bleaching, which might
influence the counting result. Flow cytometry results revealed the fluorescent strength of
individual cells in a large population (30,000 cells) and showed the fluorescent strength of
individual cells. Therefore, in the following sections, flow cytometry was used as the main

method for checking recombination reactions.

PCR was performed on liquid cell culture directly to check the state of the substrate DNA
on the chromosome. The relative amount of substrate in OFF or ON state within one sample
was indicated by the corresponding PCR products. Only OFF state product was amplified
from cells before induction, much less OFF state product than ON state product was
amplified from cells induced by arabinose for 30 min, and about the same amount of OFF
and ON state products were amplified from cells induced by arabinose and aTc for 30 min
(Fig. 5.2B). This method is able to detect if a specific DNA sequence is present in cells or
not, but is not reliable for indicating the relative amounts of the substrate sequence in OFF
or ON state. To achieve precise ratios of OFF/ON substrates, more accurate technology
should be used, like real-time PCR.

It was predicted that cells containing a single chromosomal copy of the invertible substrate
sequence should either be in the ON or the OFF state and it should not be possible for a
single cell to be in an intermediate state. In agreement with this prediction, flow cytometry
results showed that cells were in one of two different states (fluorescent or non-fluorescent),
with very few cells (< 0.5%) in an intermediate fluorescent state (Fig. 5.2B). Therefore, the
single copy chromosomal substrate avoided the multiple cell states caused by different ratios
of OFF/ON substrate plasmids in different cells. However, it was noticed that after the reset
operation (30 min arabinose and aTc induction), only part of the cell population was restored
to the OFF state and there were two distinct cell populations. The efficient set reaction (30
min arabinose induction, converting 99% of cells to ON) demonstrated that sufficient Int for

attB>attP recombination was expressed with 30 min induction pulse. Therefore, insufficient
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expression of Int was probably not the reason for the inefficient attR>attL reaction. Three
possible reasons were proposed: 1) induction time was not enough for activating the
expression of sufficient Gp3; 2) the expression level of Gp3 from a single copy DNA
sequence was low, resulting in insufficient ratio of Gp3 to Int; 3) Int with Gp3 caused both
set and reset reaction. Based on these speculations, experiments were carried out to

characterise and improve the behaviours of the chromosomal state-based latch.

5.4 Investigation of factors affecting recombination
efficiencies of chromosomal state-based latch

5.4.1 Effects of induction pulse length on recombination
efficiencies

Since the gp3 encoded gene within the substrate sequence was integrated into the
chromosome, the 30 min induction pulse might not be long enough to express sufficient Gp3
protein for efficient attR>attL recombination. A time course was carried out by inducing
strain DS94171-M1/pZJ7 with different lengths (Omin, 10 min, 20min, 30min, 1h, and 2h)
of arabinose pulse for the set reaction to test if a short induction was the reason for inefficient
recombination. Subsequently, the reset reaction was carried out using same length (30min,
1h, and 2h) of arabinose and aTc as the pulse used for the set reaction. The fluorescent states
of cell populations were checked by flow cytometry (Fig. 5.3). Since the set recombination
with 0 min, 10 min, or 20 min induction pulse was not efficient (Fig. 5.3), no subsequent

reset operation was conducted using these lengths of pulse.
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Figure 5. 3 Flow cytometry analysis of the chromosomal state-based latch under pulsed induction time
course. Strain DS94171-M1/pZJ7 was induced in a cycle of set-reset reaction with different lengths (0-120
min) of arabinose pulse for the set reaction and different lengths of arabinose and aTc (30-120 min) for the
reset reaction. After pulses of indicated lengths of time, cells were diluted 1:1000 into LB-medium with glucose
and allowed to grow overnight. (A) Cells collected after each overnight culture were centrifuged, fixed, and
checked by CyAn ADP Analyzer. The data were analysed by flowJo software, and the population distribution
GFP (y axis) and side scatter (x axis) levels are shown in cytometry images (cells are gated by forward and
side scatter). (B) The proportion of fluorescent cells in each sample is shown in the graph. The dark grey bars
represent the samples after the set reaction, and the light grey bars represent the samples after the reset reaction.

Reactions reached their maximum efficiencies in one hour for both set reaction (greater than
99%) and reset reaction (greater than 83%, Fig. 5.3). The set reaction efficiency (93%, Fig.
5.3) with 30 min arabinose induction was slightly lower than that achieved previously (99%,
Fig. 5.2). These results suggested that the 30 min length of induction pulse might not be
enough for stable and efficient set and reset reactions. Therefore, the one hour length of

induction pulse was used in the following tests.

The efficiency of attR>attL recombination was still not ideal even with longer induction

pulse. The possible way to improve this efficiency was raising the ratio of Gp3 to Int or
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increasing the relative degradation rate of Int to Gp3. To raise the ratio of Gp3 to Int, the
Gp3 expression level could be increased or the Int expression level could be decreased
through adjusting their RBS strengths. To increasing the relative degradation rate of Int to
Gp3, an ssrA-mediated degradation tag could be added to the C-terminus of Int (Andersen
et al., 1998; Keiler and Sauer, 1996). Since the gp3 gene was on the chromosome and the
plasmid can be altered more easily than the chromosome, experiment was carried out to

change the expression levels and degradation rate of Int.

5.4.2 Effects of Int expression level and degradation rate on
recombination efficiencies

It was hypothesized that lower Int expression level and faster Int degradation rate might be
helpful for efficient attR>attL recombination, since the ratio of Gp3 to Int would be high
enough. To test this hypothesis, Int expression plasmid pZJ7m (weaker start codon and lower

predicted translation initial rate than pZJ7, Table 5.1) was used to reduce Int expression level.

A degradation tag was added to the C-terminus of Int to attempt to increase its degradation
rate. Proteins carrying a C-terminal AANDENYALAA peptide tag, are recognized and
rapidly degraded by tail-specific Tsp proteases present in both the cytoplasm and periplasm
of E. coli. (Andersen et al., 1998; Keiler and Sauer, 1996). Mutants in the last three residues
of this peptide consensus sequence are known to alter protein stability (Andersen et al., 1998;
Keiler and Sauer, 1996). Protein with peptide sequence AANDENYALAA (LAA) was
suggested to be less stable than protein with peptide sequence AANDENYAAAYV (AAV)
(Andersen et al., 1998). New Int expression plasmids were constructed by cloning a
nucleotide sequence corresponding to these two peptides just before the stop codon of Int in
plasmid pZJ7, resulting in pZJ46 (LAA) and pZJ47 (AAV) (Table 5.1).

It was suggested that the use of degradation tags might decrease the steady state
concentration of protein (Arpino et al., 2013). To maintain sufficient steady state Int
concentration, a stronger RBS (predicted translation initial rate: 7263, Salis et al., 2009) was
also used, replacing the RBS (predicted translation initial rate: 227, Salis et al., 2009) for
Int in plasmid pZJ7, pZJ46, and pZJ47, resulting in plasmid pZJ88, pZJ91(LAA), and
pZJ94(AAV), respectively. This gave a total number of seven different Int expression
plasmids with either different predicted translation initiation rates or degradation rates (Table
5.1).
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To test the effects of the Int expression levels and degradation rates on recombination
efficiencies, one cycle of set-reset operation was carried out with strain DS941Z1-M1
containing each of these seven Int expression plasmids (Table 5.1), using one hour induction
pulses (arabinose for set reaction, and arabinose and aTc for reset reaction). The fluorescence

of cell populations were then checked by flow cytometry (Fig. 5.4).
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Figure 5. 4 Recombination efficiencies with different Int expression and degradation conditions. Strain DS941Z1-M1 containing different Int expression plasmids (pZJ7, pZJ7m,
pZJ46, pZJ47, pZJ88, pZJ91, and pZJ94) was induced in a cycle of set (with one hour pulse of arabinose) and reset (one hour pulse of arabinose and aTc) reactions. Induced cells were
diluted 1:1000 in LB-medium with glucose and allowed to grow overnight. The overnight cultures were centrifuged, fixed, and checked by CyAn ADP Analyzer. (A) The data were
analysed by flowJo software, and the population distribution GFP (y axis) and side scatter (x axis) levels are shown in cytometry images (cells were gated by forward and side scatter)
with information of Int expression plasmids above. (B) The proportions of fluorescent cells are shown both on the corresponding flow cytometry images and in the graph.
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Table 5. 1 Int expression plasmids and recombination performance abtained

Predicted Degradation Efficiency
Name RBS sequence and Start codon translation 8 0
s . tag Reset
initiation rate (au)
pZ)7 | GAGCTCAGGAGTAACATATG 227 None 99% 83%
pZ)7m | GAGCTCAGGAGTAACATGTG 144 None 99% 85%
pZJ46 Same as pZJ7 227 LAA 81% 49%
pZJ47 Same as pZJ7 227 AAV 92% 70%
GAGCTCCAGCTCGAGAGGAG o o
pZJ88 GTACATATG 7263 None 97% 79%
pZJ91 Same as pZJ88 7263 LAA 98% 83%
pZJ9%4 Same as pZJ88 7263 AAV 99% 84%

Comparing the recombination behaviours mediated by Int without degradation tag (pZJ7m,
pZJ7, and pZJ88), similar efficiencies were obtained for attB>attP recombination, but Int
with higher predicted translation initiation rate mediated slightly less efficient attR>attL
recombination (Fig. 5.4). These results showed that the amounts of Int expressed from all
three plasmids were enough for efficient attB>attP recombination (with greater than 95%
efficiency, Fig. 5.4). However, it appears that a higher Int expression level leads to lower

ratio of Gp3 to Int, resulting in poor efficiencies of attR>attL recombination.

Comparing the recombination performances mediated by Int with weaker RBS sequence
from pZJ7, pZJ46 (LAA), and pZJ47 (AAV), Int with degradation tag mediated less efficient
attB>attP and attR>attL recombination than Int without a tag, and the strong degradation tag
LAA caused a great reduction in recombination efficiency (Fig. 5.4). These results can be
explained by the statement that the degradation tag reduces the induced steady state
concentration of Int, resulting in inefficient recombination. Using stronger predicted RBS
sequence (predicted translation initial rate: 7263, Salis et al., 2009) to replace the weaker
RBS of Int, both the attB>attP and attR>attL recombination efficiencies were increased
(comparing pZJ91 with pZJ46, and pZJ94 with pZJ47, Table 5.1). These results suggested
that tuning the RBS strength of Int could compensate for the decrease of steady state protein

levels caused by the addition of degradation tag.

Furthermore, comparing the recombination performances mediated by Int with stronger RBS
from pZJ88, pZJ91 (LAA), and pZJ94 (AAV), the tagged Int from pZJ91 and pZJ94 showed

higher recombination efficiencies, especially for the attR>attL recombination (Fig. 5.4). This
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indicated that by adding a C-terminal degradation tag to Int, an optimised ratio of Gp3 to Int
was achieved or an effective ratio was maintained during the proteins degradation stage after

removal of arabinose and aTc.

In summary, either by reducing the expression level of Int (pZJ7m), or by combining a high
expression level with a strong degradation tag (pZJ94), attB>attP recombination of greater
than 95% and attR>attL recombination of greater than 85% could be obtained.

5.5 Reliability test of the chromosomal state-based latch
under multicycle set-reset operation

The Int expression plasmids pZJ7m and pZJ94, which showed the best recombination
efficiencies were selected to test the reliability of the chromosomal state-based latch in a
multicycle set-reset operation. Reactions were carried out with strain DS941Z1-M1/pZJ7m
and strain DS94171-M1/pZJ94 for five cycles using one hour induction pulse (arabinose for
set reaction and arabinose plus aTc for reset reaction). The distribution of fluorescence
intensities from different cells was checked by flow cytometry (Fig. 5.5).
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Figure 5. 5 Five cycles of set-reset operation with chromosomal state-based latch. (A) DS941Z1-M1 strain
was transformed with Int expression plasmid pZJ7m. Resultant colony was inoculated and induced by five
cycles of set (with one hour pulse of arabinose) and reset (one hour pulse of arabinose and aTc) reactions. Cells
collected after each induction, were centrifuged, fixed and checked by CyAn ADP Analyzer. The data were
analysed by flowJo software, and the proportions of fluorescent cells are shown in the graph. (B) DS941Z1-
M1 strain was transformed with Int expression plasmid pZJ94, and same cycles of operation were carried out
as described in (A).

The proportions of fluorescent cells changed repeatedly with alternating arabinose and
arabinose plus aTc induction pulses (Fig. 5.5). Int from both Int expression plasmids (pZJ7m
and pZJ94) mediated highly efficient set (attB>attP) reaction (greater than 95% of cells were
switched to GFP ON state) and efficient reset (attR>attL) reaction (about 75% of cells were

restored to GFP OFF state), and no apparent decrease of efficiency was detected during these
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five cycles operation. This demonstrated that the state-based latch operated reliably for at

least five set-reset cycles.

However, the recombination efficiencies were not totally consistent in different cycles, and
the highest recombination efficiencies achieved in this experiment were slightly lower than
that achieved in the previous testing (Fig. 5.4). It was possible that the culture and induction
conditions were not identical during different induction time, resulting in the fluctuation of
recombination efficiencies. For instance, the freshness of inducers might affect the strength
of the inducible promoters. It was reported that inducer aTc binds to TetR with a higher
affinity in the presence of Mg®* (Leypold et al., 2004), thus different batches of medium
containing various amounts of Mg?* might lead to different induction of Ptet-1 promoter for

Gp3 expression.

5.6 Test of the chromosomal devices with a single signal

The chromosomal state-based latch performed reliable set (attB>attP) and reset (attR>attL)
recombination under multicycle operation with two alternative input signals (arabinose for
set, and arabinose and aTc for reset). As the purpose of this study was to construct a device
that can change between two distinct states in response to a single signal, this section mainly
talks about the performance of the chromosome devices when using a single repeating signal

to trigger the reaction.

To control the change of this system with a single signal, the invertible substrate sequence
of the state-based latch (from pZJ53off) was integrated into the chromosome of the DS941,
a strain lacking the Tet repressor, resulting in strain DS941-ML1. In this strain, the Pyteto-1
promoter is a constitutive promoter, and Gp3 expression will be determined only by the
substrate sequence state. In constrast to the state-based latch where the set reaction was
triggered by arabinose, and the reset reaction was triggered by arabinose and aTc (section
5.4 and 5.5), arabinose was used as the single input signal to trigger both switch-on
(attB>attP) and switch-off (attR>attL) reactions in the following experiments. It was
expected that the first arabinose pulse would turn on the expression of Int, mediating
attB>attP recombination and switching the device from the BP (GFP and Gp3 OFF) state to
the RL (GFP and Gp3 ON) state. Ideally, Gp3 would not be expressed quickly enough to

reverse the reaction, but then Gp3 would be present for the second pulse of integrase
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allowing attR>attL recombination and switching the device from the RL (GFP and Gp3 ON)
state back to the BP (GFP and Gp3 OFF) state.

In chapter 4, the efficiency of the plasmid borne single-signal controlled system was
improved by introducing a time delay for Gp3 expression, allowing the construction of a
binary counting module. To test if the binary counting module (module 2, M2) could also
perform higher recombination efficiency on the chromosome, the invertible sequence of the
binary counting module (from plasmid pZJ68off, section 4.4.1) was integrated into the
chromosome of DS941 (tetR"), resulting in strain DS941-M2. Delay of Gp3 expression from
Tet repressor was expected to be helpful for efficient attB>attP recombination.

The Int expression plasmids pZJ7m and pZJ94 which showed the best recombination
performance among all of the tested Int expression plasmids (section 5.3.2) were used to
execute recombination in DS941-M1 and DS941-M2. Different lengths of arabinose pulse
were used in a full cycle of switch-on switch-off time course reaction to investigate the effect
of induction pulse length on recombination efficiencies. The fluorescent states of cell

populations were checked by flow cytometry (Fig. 5.6 and Fig. 5.7).
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Figure 5. 6 Pulsed induction time course with chromosomal state-based latch (without time delay from TetR) using a single repeating signal. Strain DS941-M1/pZJ7m (left) and
DS941-M1/pZJ94 (right) were induced for the 1% time with two hour preculture time and different lengths (5-30 min) of arabinose pulse followed by dilution and growth overnight in L-
Broth with glucose. Subsequently, arabinose pulses with the same length (5-30 min) as used for the 1t induction were used for the 2" induction followed by dilution and growth overnight
in L-Broth with glucose. Cells collected after each induction were centrifuged, fixed and checked by CyAn ADP Analyzer. The data were analysed by flowJo software, and the population
distribution GFP (y axis) and side scatter (x axis) levels are shown in cytometry images (cells were gated by forward and side scatter). The proportions of fluorescent cells in each sample
are shown in the graph. The dark grey bars represent the samples after the 1t induction and the light grey bars represent the samples after the 2" induction.
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Figure 5. 7 Pulsed induction time course with chromosomal binary counting module (with time delay from TetR) using a single repeating signal. Strain DS941-M2/pZJ7m (left) and
DS941-M2/pZJ94 (right) were induced for the 1%t time with two hour preculture time and different lengths (5-30 min) of arabinose pulse followed by dilution and growth overnight in L-
Broth with glucose. Subsequently, arabinose pulses with the same length (5-30 min) as used for the 1t induction were used for the 2" induction followed by dilution and growth overnight
in L-Broth with glucose. Cells collected after each induction were centrifuged, fixed and checked by CyAn ADP Analyzer. The data were analysed by flowJo software, and the population
distribution GFP (y axis) and side scatter (x axis) levels are shown in cytometry images (cells were gated by forward and side scatter). The proportions of fluorescent cells in each sample
are shown in the graph. The dark grey bars represent the samples after the 1%t induction and the light grey bars represent the samples after the 2" induction.
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To analyse the data shown in Figure 5.6 and Figure 5.7, the proportion of fluorescent
cells after the first induction and second induction are represented by “F1” and “F>”,
respectively. The switch-on and switch-off reaction efficiencies are represented by “X”
and “Y”, respectively. It was assumed that: 1) the proportion of cells changing from non-
fluorescent to fluorescent or changing from fluorescent to non-fluorescent remains
constant for a given pulse length; 2) the attB>attP recombination efficiency equals to the
proportion of fluorescent cells after the first induction (X=F1), since the reaction started
with pure BP substrate and all of the RL product was regarded to be generated through
attB>attP recombination. Using these assumptions, the attR>attL recombination

efficiency can be calculated according to the recombination process and equation shown

in Figure 5.8.

A

15t Pulse 20d Pylse
Fluorescent cells 1-Y Fluorescent cells
X Fi=X X F
Non-fluorescent cells
100% v
Non-fluorescent cells Non-fluorescent cells
1-X
1-F; 1-X 1-F,
B

Proportion of cells changed
to non-fluorescent

!

FxY+(1-F )x(1-X)=1-F,

/

Proportion of Proportion of residual ~ Proportion of cells Proportion of
fluorescent cells non-fluorescent cells remaining non- non-fluorescent cells
after 1% pulse after 1% pulse fluorescent after 274 pulse

Figure 5. 8 Recombination process with chromosomal single-signal controlled module and the equation
used to estimate switch-on and switch-off reaction efficiencies. (A) Schematic representation of a cycle of
switch-on and switch-off reaction using a single repeating signal. After the first induction, cells changed from
complete non-fluorescent (BP) to fluorescent (RL) with a switch-on efficiency of ‘X’, resulting in a proportion
of cells (F1=X) fluorescent. After the second pulse, some of the residual non-fluorescent cells switched to
fluorescent with an switch-on efficiency of ‘X’, and some of the fluorescent cells switched to non-fluorescent
with a switch-off efficiency of “Y’, resulting in the proportion of fluorescent cells changed from ‘F1’ to ‘F»’.
The states of the cell population are shown in the boxes, and the changes caused by each induction are shown
near the line arrows. (B) Equation used to estimate the efficiency of attR>attL recombination. After the second
pulse, the fluorescent cells (F1) changed to non-fluorescent with an efficiency of “Y’, the non-fluorescent cells
(1-F1) retained non-fluorescent with an efficiency of ‘1-X’. As ‘F1’, ‘F2’, and ‘X’ can be achieved from the
figure, the switch-off efficiency ‘Y~ can be calculated using this equation.
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Using the equation described in Figure 5.8, the switch-on reaction efficiency (X) and the
switch-off reaction efficiency (Y) were calculated for different pulse lengths (5-30 min),
chromosomal constructs (M1 or M2), and Int expression plasmids (pZJ7m or pZJ94) and

shown in Table 5.2.

Table 5. 2 Recombination efficiencies of chromosomal devices controlled by a single signal

Pulse length M1/pZJ7m M1/pZJ94 M2/pZJ7m M2/pZJ94
(min) X Y X Y X Y X Y
5 33% - 22% - 52% - 21%
10 51% 46% 29% 49% 60% 26.2%
15 48% 68% 55% 64% 57% 52%
30 33% 78% 36% 69% 55% 66% 60% 80%

‘-> indicates the calculated efficiency is a negative number, the best switch-on efficeicnies and the best
switch-off efficiencies are highlighted using boxes and underlines, respectively.

In vivo time courses with all of these modules showed that a specific range of pulse
lengths (10-15 min) was required for the most efficient switch-on reaction (~50% for
module 1 and ~65% for module 2, boxes in Table 5.2), while a longer pulse length led to
higher switch-off reaction (>60% with 30 min, underlines in Table 5.2). The decrease of
the switch-on recombination efficiency observed for longer induction times (>10 min for
reactions with pZJ7m; >15 min for reactions with pZJ94) might be because Gp3 starts to
be produced shortly after the substrate sequence is recombined to the RL (ON) state.
However, a higher maximum switch-on efficiency was achieved with module 2 (with
tetR delay) than that with module 1 (without tetR delay), which indicates that the addition

of tetR is working to delay the Gp3 expression.

It was expected that the system could be switched from ON to OFF by the second
induction pulse. According to the calculated recombination efficiencies, short induction
times (5 min and 10 min) appear to be too short to trigger stable and efficient switch-off
recombination. The switch-off (attR>attL) was more efficient with a longer induction
time (maximum switch-off efficiency reached 80% after 30 min induction with DS941-
M2/94, Table 5.2). However, this was difficult to observe through checking the final
proportion of fluorescent cells because not all cells were in ON state after the first

induction pulse.
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5.7 Conclusion and discussion

In this chapter, the behaviours of chromosomal state-based latch and the chromosomal
binary counting modules were explored. Experiments showed that host cells containing
these devices fell into either GFP ON or GFP OFF group, indicating that the mixed cell
population observed with the plasmid-borne devices was no longer a problem after

integrating substrate sequence on the chromosome as a single copy.

5.7.1 Transposons as a tool to deliver a single copy substrate
sequence into the E.coli chromosome

The substrate sequence was successfully moved into the chromosome of E.coli using
ISY100 transposition. However, their insertion occurs at random locations throughout
the genome, potentially resulting in insertional mutagenesis or inappropriate activation
of nearby genes in host cells. If a fixed location is required, site-specific recombination-
based chromosomal integration (St-Pierre et al., 2013) or the recently reported approach
coupling the CRISPR/Cas9 system to lambda Red recombineering (Pyne et al., 2015)
could be used as delivery systems. Since there was not any detrimental effect on cell
growth and viability observed, only one strain for each chromosomal module was tested
and introduced in this chapter.

To deliver the transposon into the target strain, it was placed on a suicide plasmid. Using
strain MFDpir as a donor, this plasmid was conjugated into a recipient cell in which the
plasmid cannot replicate. The conjugation reaction had a higher efficiency than
transformation in mobilizing the suicide plasmid. It should be noticed that transforming
the ligation product of the suicide delivery plasmid (step 2, Fig. 5.1) into MFDpir (ArecA)
strain directly was less efficient than transforming strain x3 (rec*). This might because
of the constitutively expressed transposase from the plasmid, as it was reported that the
transposase influences the cell growth, but the recA™ strain had better tolerance of this
influence (Urasaki et al., 2002). To solve this problem, it might be better to place the
transposase gene under the control of an inducible promoter, and activate transcription

when the transposition reaction is required.
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5.7.2 Efficient and reliable recombination reaction with the
chromosomal state-based latch (two signals controlled system)

The substrate sequence of the state-based latch was successfully integrated into the
chromosome of E. coli DS941Z1. It was confirmed that fluorescence microscopy and
flow cytometry could be used accurately to determine the state of the chromosomal
switch, while colony PCR confirmed that the inversion reaction was taking place but

could not be used to check the recombination efficiencies so precisely.

Highly efficient attB>attP recombination (>95%) was achieved with the state-based
latch on the chromosome (Fig. 5.5), but attR>attL recombination was less efficient
(~80%, Fig. 5.5) under the induction of two different input signals. This might be due to
reduced expression of Gp3 from a single gene copy on the chromosome, compared to
expression from a multicopy plasmid.The state-based latch used had been optimised for
attB>attP recombination on a plasmid borne device, by reducing the Gp3 RBS strength
to decrease Gp3 expression. It appeared that Gp3 expression levels were still sufficient
for the attR>attL recombination though a weaker RBS for Gp3 was used. However,
different from the optimisation process used on the plasmid-borne device, for
chromosomal attR>attL recombination might require increasing Gp3 RBS strength in
order to increase the Gp3 to Integrase ratio.

As tuning the Gp3 expression through manipulating the sequence on the chromosome is
time-consuming, instead, the Int expression level and degradation rate were adjusted to
attempt improving the ratio of Gp3 to Int. This was done by using a weaker start codon
and adding a fast degradation tag to Int. More efficient attR>attL reactions were achieved
with these new Int expression plasmids (pZJ7m and pZJ94, Fig. 5.4). However, the way
in which the degradation tag of Int influenced the recombination efficiency was not
confirmed. It was reported that adding the degradation tag decreased the steady state
concentration of protein and increased the degradation rate of protein (Arpino et al.,
2013). Therefore, it was possible that the attR>attL recombination benefited from a
higher ratio of Gp3 to Int since the steady concentration of Int was decreased by the
degradation tag. Another possibility is that the ratio of Gp3 to Int remained high during
the protein degradation stage after removal of arabinose and aTc because of the fast
degradation of Int relative to Gp3. To confirm the reason, the kinetics of the reaction
need to be analysed in a time course experiment or the expression condition of Int should

be checked by experiments (such as Western blot assay).
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The chromosomal state-based latch has similar properties to the rewritable recombinase

addressable data module (Bonnet et al., 2012). The architectures, operation, and

performances of these two devices are listed in the table below (Table 5.3).

Table 5. 3 Comparison between the state-based latch and the rewritable recombinase addressable data

module

Device

State-based latch

Recombinase addressable data
module

Architecture

Py
®C31
integrase

P Ltet(-1

Bxbl integrase

PBA.D

PLm‘HagB gp47  Bxblintegrase
-C‘- J23119
attB
attP
J23119
attP
Integrase/ RDF ¢C31 integrase/ Gp3 Bxbl integrase/ Gp47
Host strain DS94171 DH5aZ1
Incubation condition L-Broth (37 <C) M9 (37 )
Doubling time 30 min 90 min
Input/ pulse arabinose/ 1 h arabinose/ 4 h
attBx length
attP
Efficiency > 95% > 95%
Input/ pulse arabinose+aTc/ 1 h atc/4h
attRx length
attL
Efficiency ~ 80% > 90%

The same efficiency (greater than 95%) attB>attP recombination was achieved

compared to the previously constructed rewritable recombinase addressable data module

(Bonnet et al., 2012). For the state-based latch, though the RDF gp3 gene was integrated

into the substrate sequence and placed on the chromosome as a single copy, efficient

attR>attL recombination (about 80% efficiency) was observed. It should be possible to
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achieve higher attR>attL recombination efficiency through increasing the Gp3
expression level. The chromosomal state-based latch constructed in this study suggested
the potential of $C31 integrase for efficient writing and rewriting information into DNA,
and suggested that it could be used to construct combinatorial data storage together with

other orthogonal integrases.

The state-based latch performed reliably when cells were cultured in rich medium, with
a significately shorter doubling time than used by Bonnet et al. The state-based latch
described here worked efficiently with a short input pulse (one hour), suggesting its
advantage in transient signal detection or saving of inducers during industrial production.
Most importantly, placing the RDF gene into the substrate sequence provides the
possibility of controlling the system with a single input signal, making it a candidate to
be developed into a binary counting module. The performances of the device controlled
by a single signal and its improvements are discussed below.

5.7.3 Ways to improve the single-signal controlled systems

The invertible substrate sequence of state-based latch (without tetR) was integrated into
the chromosome of strain DS941 (tetR"). In this strain, the Prwto-1 promoter would be
active all the time, resulting in automatic expression of the Gp3 as soon as the substrate
goes into the RL (ON) state. The first Int pulse (triggered by the arabinose pulse) was
expected to switch the device from BP (OFF) to RL (ON), turning on the expression of
Gp3. The second Int pulse (again triggered by arabinose) together with Gp3 was expected
to switch the device from RL (ON) to BP (OFF). In this way, the device could be
controlled by a single repeating pulse.

The performance of the chromosomal state-based latch induced by a single input signal
indicated that no optimal length of pulse could trigger an efficient switch-on reaction
(Fig. 5.6). A short pulse cannot active sufficient Int expression, and it appeared that a
long pulse allowed switching back to BP due to the rapid accumulation of Gp3. Even
with an optimal length of input pulse, the state of the chromosomal state-based latch did
not change any more at the cell population level after the first induction pulse (e.g.
DS941-M1/pZJ94, with a 15 min pulse length, Fig. 5.9A), indicating that each pulse led

to equal amount exchange between fluorescent cells and non-fluorescent cells.
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The same limitation happened to the plasmid-borne devices, and was overcome by
introducing the tetR gene into the substrate sequence (section 4.5.3). This method was
also applied to the chromosomal system to delay Gp3 expression. With this change, an
increase switch-on efficiency from ~50% to ~65% (Table 5.2) was achieved. However,
the switch-off efficiency was decreased more than 10% when using pZJ7m as Int
expression plasmid (after 15 min and 30 min pulse induction with DS941-M2/pZJ7m
and DS941-M1/pZJ7m, Table 5.2). It was possible that the expression level of Gp3 was
decreased by adding tetR to repress the Pytto-1 promoter for gp3 transcription, resulting
in less efficient switch-off reaction. No obvious decrease of switch-off efficiency was
seen when using pZJ94 (Int with tag) Int expression plasmid, which might be because

the ratio of Gp3 to Int was still sufficient for switch-off reaction in this circumstance.

Strain DS941-M2/PZJ94 gave the best performance that 60% of cells switched from OFF
to ON with the first 30 min arabinose pulse, and 80% of cells switched from ON to OFF
with the second 30 min arabinose pulse. This module showed obvious change of
fluorescent state after the first and second induction, and it was predicted that the state
can be changed one more cycle before approaching a steady state at the cell population
level according to its recombination efficiency (Fig. 5.9B). To improve the efficiency of
the chromosomal binary counting module, especially the attB>attP recombination
efficiency, the Gp3 expression should be further delayed, or the expression and
degradation rates of Int, Gp3, and Tet repressor should be adjusted. Once attB>attP and
attR>attL reaction efficiencies are improved to 80%, three cycles of switch-on switch-
off behaviour can be achieved, and more than five cycles can be achieved if the
efficiencies reach 90% (Fig. 5.9B and C).
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Figure 5. 9 Predicted performance of modules with different reaction efficiencies. (A)Strain DS941-
M1/pZJ94 was induced by 15 min arabinose pulse. (B) Strain DS941-M2/pZJ94 was induced by 30 min
arabinose pulse. The proportions of fluorescent cells (on solid line) after the 15t and 2" induction were obtained
from experimental test, and the proportions of fluorescent cells (on dash line) after more times of induction
were predicted according to the estimated recombination efficiency (A and B). (C) Predicted cell fluorescent
state of an optimised module with 80% efficiency for attB>attP and attR>attL reaction. (D) Predicted cell
fluorescent state of an optimised module with 90% efficiency for attB>attP and attR>attL reaction. Proportion

of fluorescent cells were calculated using the equation in Fig. 5.8.

It is worth mentioning that the expected performance of cells is based on the assumptions
that the same length of pulse will lead to fixed attB>attP and attR>attL recombination

efficiencies, and the attB>attP recombination efficiency equals to the proportion of

fluorescent cells after the first induction. Though these assumptions are reasonable,

replicated experiments are necessary to account for data reliability, and more times of

pulses should be applied to confirm the prediction. Those calculations for the attR>attL
recombination efficiencies (Table 5.2) also need to be tested by isolating a pure cell
population containing only the RL (ON) substrate and subjecting to the same input pulse.

Another interesting approach to further investigate the swiching performance might be

following the fate of individual cells using microfludic chip.
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6 Final discussion

Engineered genetic counters could be employed in a variety of applications, such as
recording the age of an organism, executing cell death after a specified number of cell
generations, or recording the number of occurrences of a specific environmental event.
To record the occurrences of a particular event or process, a counter requires several
characteristics, including a fast response time, capability to count large numbers, distinct
outputs for each number, and no limitation of event lengths. Currently, none of the
engineered biological counters can fulfill all of these requirements. The overall aim of
this study was to investigate design principles for a new genetic counting module that

could be further developed to a counter containing most of these characteristics.

Inversion recombination systems based on large serine integrases have the potential to
meet the design requirements mentioned above. For example, the rewritable memory
module from Bonnet et al. (2012), demonstrated the possibility of storing one bit of
information in DNA using a set of Int-RDF. In contrast to a counter using one
recombinase to store each event in a linear fashion, a combinatorial counter with N
rewritable memory modules would be expected to count from 0 to 2N-1, resulting in an
increase of information storage capacity per recombinase. Another example is the toggle
flip-flop designed by Subsoontorn and Endy (2012), which requires both the rising edge
and the falling edge of an input signal to complete the transition from one state to the
other. Thus, it is insensitive to the duration of the input pulse. However, these designs
still have their own deficiency. The rewritable memory module cannot be used to record
multiple repeats of a single event, while the toggle flip-flop needs two sets of Int-RDF to
record one bit of information, and is too complex to construct. Therefore, new designs

need to be tested to boost the development of engineered genetic counters.

Three recombinase-based genetic devices were constructed in this study. A set-reset latch
(architecture shown in Fig. 4.1) was first constructed to confirm the application of $C31
integrase inversion recombination system to the engineered memory device. The output
of this device is a function only of the two input signals. Then, a state-based latch
(architecture showing in Fig. 4.4) was constructed to use the current state of the device
as a control element for the output state. Based on its design principle, the main
construction objective, a binary counting module (architecture shown in Fig. 4.16) was

finally developed. It can switch between two states in response to a single repeating
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signal and the states can indicate whether an odd number or an even number of input
signal has been encountered by the device. Both the state-based latch and the binary
counting module were tested on plasmids background and on host chromosome. The
results presented in previous chapters are summarised and discussed in this chapter,
including the initial characterization of ¢C31 integrase-Gp3 pair, construction of
plasmid-borne genetic devices and chromosomal devices, and tests of their performances
(Fig. 6.1).

Chapter 4: Primary data suggests that ®C31 integrase is a good candidate

for construction of genetic switches.

s N
1. In vitro data confirmed efficient inversion recombination by ®C31 integrase,
and indicated how recombination efficiencies were influenced by the
concentration of integrase and its RDF.

2. In vivo results confirmed the efficiency and specificity of ®C31 integrase,

and suggested ways to improve the recombination efficiencies.

Chapter 5: Plasmid-borne devices based on ®C31 integrase behaved
efficiently.

2. The state-based
latch indicated the

3. The binary countin
module realized the

1. The set-reset
latch proved the

efficient information
rewriting function
of ®C31 integrase
and Gp3.

feasibility of
controlling Gp3
expression using
DNA inversion state.

goal of repeatedly
altering device output
using a single repeating
input signal.

Chapter 6: Chromosomal state-based latch behaved efficiently, but the
efficiency of chromosomal counting module need to be further improved.

1. The state-based latch proved reliable chromosomal DNA rewriting function

of ®C31 integrase.

2. The chromosomal binary counting module generated two different outputs in
response to a single signal but there is still room for improvement.

Figure 6. 1 Summary of the results presented in previous result chapters
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6.1 Primary data suggested ¢$C31 integrase was a good
candidate for construction of genetic devices

In chapter 3, in vitro reactions showed that both attB>attP and attR>attL recombination
efficiencies changed as the concentration of $C31 integrase and its RDF gp3 were varied.
A Gp3to ¢C31 integrase ratio greater than 1:2 was found necessary to activate attR>attL
recombination and to inhibit attB>attP recombination (section 3.2.1.2). These in vitro
data supported the conclusion that Gp3 acts with Int stoichiometrically rather than
catalytically or by binding to recombination site during the recombination (Khaleel et al.,
2011).

The highest efficiency of reaction observed in vivo in this study was higher than that
observed in vitro (section 3.3.3.1). Nearly 100% attB>attP recombination was achieved
in vivo, while the highest attB>attP recombination efficiency was 70% in vitro. The in
vivo attR>attL recombination went to 70% completion, and it might be further improved
by increasing the ratio of Gp3 to Int, while the highest attR>attL recombination
efficiency was 50% in vitro. Possible reasons for the lower recombination efficiency in
vitro include inactive protein occupying the binding sites on substrate DNA, protein
becoming inactive in the reaction buffer over time, or non-optimal recombination
condition. To test these hypothesises, experiments could be done in which fresh protein
is added after the reaction has reached completion. If the recombination sites are blocked
by inactive protein, they may not be recombined by adding new protein. However, if it
is because the lack of active proteins, adding new proteins into the reaction may result in
more substrate DNA being recombined. To determine the optimal reaction conditions,
the effects of parameters, such as pH, temperature, metal ions, and other agents, on Int

activity can be investigated (Zhang et al., 2008).

The in vitro data collected in this study and other existing data (Khaleel et al., 2011;
Thorpe et al., 2000) on the kinetics of recombination catalysed by ¢C31 integrase (with
or without Gp3) could be used to help build up a model to further understand the
recombination process. Work is ongoing in the lab to build such a mathematical model
(Alexandra Pokhilko, unpublished). Efficient models would be necessary in construction
of synthetic circuits since it becomes increasingly impractical to test even a small portion
of possible component combinations as engineered biological systems become more

complex (Purnick and Weiss, 2009). The important role of mathematical modelling has
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been described for some of the engineered circuits introduced in chapter 1 (Bonnet et al.,
2012; Elowitz and Leibler, 2000; Friedland et al., 2009; Gardner et al., 2000). The
construction and optimising process described in chapter 4 also indicated how time
consuming optimising such genetic circuits can be. Thus, a mathematical model of the
recombination reaction (and devices based on large serine integrases) might help this

optimisation process.

During in vivo tests of the inversion reactions, several methods were used to tune the
parameters of parts in order to improve the recombination efficiencies. The substrate
plasmid multimerisation problem was mitigated by adding a cer recombination site
(section 3.3.2.2), the expression level of Int was regulated by changing its RBSs and start
codon (section 3.3.2.4), and the substrate plasmid concentration in cells was adjusted by
changing its origin of replication (section 3.3.3). In most cases, positive results were
obtained with these methods, and the initial test of inversion recombination mediated by
Int showed efficient recombination results, paving the way for the later construction of

integrase-based devices.

In addition to ¢C31 integrase, more and more efficient integrases have been discovered
and engineered (Xu et al., 2013), all these integrases will be potential candidates for
construction of efficient and large capacity genetic devices. For instance TG1 integrase,
which has recently been tested in vitro and showed higher recombination efficiency than
¢C31 integrase (Femi Olorunniji, unpublished results), and 34 new integrases identified
using bioinformatics (Yang et al., 2014).

6.2 Plasmid-borne devices behaved efficiently

In chapter 4, three genetic devices: 1) the set-reset latch (section 4.2), 2) the state-based
latch (section 4.3), and 3) the binary counting module (section 4.4) constructed on a
plasmid backbone, were reported. They were engineered to perform efficiently in vivo.
Here, the performance of these devices are summarized and some possible ways to

further improve their efficiencies are discussed.
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6.2.1 The set-reset latch proved that ¢$C31 integrase could
efficiently set and reset information in DNA

The bidirectional inversion recombination mediated by ¢C31 integrase was first tested
in an engineered set-reset latch. In this device, the Int expression was controlled by a
Pesap promoter (arabinose inducible promoter) and the Int and Gp3 expressions were
controlled by a Pitto-1 promoter (aTc inducible promoter). The invertible substrate
sequence can be set to one direction through attB>attP recombination with over 75%
efficiency, and reset to the opposite direction through attB >attP recombination with over
70% efficiency by input signals arabinose and aTc, respectively. This is the first time
that $C31 integrase and its RDF gp3 have been used in this way. More efficient reactions
should be obtainable via optimisation of the Int and RDF expression levels and
degradation rates. This was not done since the set-reset latch was not the major objective

of this study.

6.2.2 The state-based latch demonstrated that expression of
RDF could be controlled by the DNA inversion state

After efficient bidirectional inversion recombination was demonstrated by the set-reset
latch, a more complex device, the state-based latch, was constructed and optimised. In
contrast to the set-reset latch, RDF gp3 expression in the state-based latch is determined
not only by an inducible promoter, but also by the state of the invertible substrate
sequence. This design was intended as a stepping stone towards a system where Gp3
expression was controlled by the DNA inversion state alone. In this way, the input signal

used to activate Int expression would be the only input signal to trigger the whole system.

The state-based latch was initially tested in strain DS941Z1 expressing the Tet repressor
and therefore inhibiting expressing Gp3. To achieve an efficient state-based latch, the
switch was optimised in multiple steps, including changing gene order and site-directed
mutagenesis to prevent read through transcription, and tuning gene expression levels.
Finally, this device drove recombination to RL state with 95% efficiency (at DNA level)
after the set operation, and back to BP state with 90% efficiency (at DNA level) after the
reset operation (section 4.3.3). The state-based latch was the most efficient recombinase

addressable device for encoding information into plasmid-borne DNA.
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Although using Int and its RDF to set and reset an inversion switch is conceptually simple,
a practical demonstration was more difficult than anticipated, since recombination
becomes bidirectional in the presence of the RDF. It is thought that free Int inverts DNA
by recombining attB and attP, and the Int-RDF complex inverts DNA by recombining
attR and attL (Purcell and Lu, 2014). To further improve the performance, it might be
necessary to find new Int-RDF pairs or engineer the existing pairs to obtain more efficient
attR>attL recombination. In addition, Int-RDF fusion proteins constructed and tested in
our group (unpublished results) will potentially mediate more efficient attR>attL
recombination, since no free Int molecule is present to mediate attP>attB recombination.

6.2.3 The binary counting module realised the goal of altering
outputs using a single repeating input signal

In the absence of the Tet repressor, where RDF expression was controlled solely by the
DNA inversion state, it was thought that the state-based latch might switch from BP state
to RL state and back again in response to repeating pulse of Int expression. However, the
state-based latch failed to exhibit this behaviour in the DS941 (tetR’) strain. This was
thought to be because the short interval between the Int degradation and Gp3 expression.
To overcome this problem, a time delay for Gp3 expression was introduced into the

system.

By introducing state-based tetR expression to delay Gp3 expression, attB>attP
recombination efficiency reached 80%-95%, attR>attL recombination efficiency reached
60%-90% (at DNA level) under the control of the same input signal (section 4.4.4), and
the reliability of this device was proved in a multicycle reaction process. The new device,
called the binary counting module, behaved like a single binary digit that can switch
between two distinct states in response to a single signal. Such a device was first
constructed based on inversion site-specific recombination system of serine integrase.
Since using DNA to store information has many advantages (stable, heritable, and easily
detectable) (Ham et al., 2008) and it is demonstrated that orthogonal serine integrases
can be layered to record large amount information (Yang et al., 2014), it is reasonable to
believe that the integrase-based binary module is a key step towards construction of a

powerful biological binary counter.

A limitation of using state-based tetR expression as time delay is that production of Tet

repressor during the attR>attL recombination might interfere with Gp3 expression,
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preventing efficient attR>attL recombination. To further improve the performance of the
binary counter, other technologies could be tried to extend the interval between Int
degradation and Gp3 expression. The Int degradation rate could be increased by addition
of a degradation tag, such as the C-terminal peptide tag recognised by tail-specific Tsp
proteases (Keiler and Sauer, 1996). The transcription of gp3 could be delayed by placing
one or more genes in front of gp3, since the transcription delay for a gene depends upon
its distance from the transcription initiation site (Arpino et al., 2013; Gotta et al., 1991).
Another approach to delay the expression of Gp3 at both transcription and translation
levels would be to introduce an intein, which can be transcribed and translated together
with the target protein (Gogarten et al., 2002). The functional protein would be produced
after the intein’s self-excision and splicing of the target protein exteins. All of these
approaches have the risk of changing the Gp3 expression level, and a tuning process
would probably be needed to achieve optimal Gp3 expression.

6.3 Making single copy memory devices

The mixed state observed for single cells with plasmid-borne devices was addressed by
integrating the invertible sequence onto the host chromosome as a single copy. In strain
DS941Z1 (tetR™), the chromosomal state-based latch was able to drive the recombination
to RL state with greater than 95% efficiency and drive the recombination back to BP
state with about 80% efficiency at the single cell level, using different input signals
(section 5.5).

In strain DS941 (tetR"), the performance of the chromosomal binary counting module
was better than that of the state-based latch when triggered by a single signal (section
5.6). When triggering the chromosomal binary counting module with an optimal length
of pulse for different number of times, different proportions of fluorescent cells was
achieved, and the highest switch-on efficiency of 60% and switch-off efficiency of 80%
was achieved (Fig. 5.7). However, the performance of the chromosomal binary counting
module was not as good as the plasmid-borne one, since the gp3 and tetR genes were
integrated into the chromosome as a single copy, resulting in the reduction of their
expression and recombination efficiencies. It should be possible to further improve
recombination efficiencies of these chromosomal devices by optimising the expression

level and degradation rates of recombination related proteins (Int, Gp3, and TetR).
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Apart from suboptimal recombination efficiency, another possible factor that can lead to
incomplete switching behaviour is cell-to-cell variability. Early studies suggest that
isogenic microbial populations growing in homogenous conditions generate cell-to-cell
differences in physiological parameters such as growth rate, gene expression level, and
resistance to stress (Lidstrom and Konopka, 2010). In this study, experiments showed
that preculture length prior to addition of inducers affected the recombination behaviours
(section 4.4.3). This indicates that cells in different growth phases response to induction
differently. Even in an isogenic microbial culture, cells with different growth rates are
likely to generate different states when encountering the same pulse of input. Using the
chromosomal binary counting module as an example (Fig. 5.6 and Fig. 5.7), a specific
length of pulse might not be sufficient to trigger recombination in slow growing cells,
but too long so that it triggers unwanted back-switching in fast growing cells, leading to
mixed cell populations as observed.

In nature, bacteria use quorum-sensing systems to synchronize particular behaviours on
a population-wide scale, and some systems have been well characterised and described
(Waters and Bassler, 2005). One of these quorum-sensing systems has been applied in
an engineered network to generate synchronized oscillations (Danino et al., 2010).
Inspired by this, cell-to-cell difference observed in this study might be addressed by

introducing a quorum-sensing system to synchronize behaviour throughout the culture.

Given the time-consuming process of chromosome manipulation, the conditionally
amplifiable bacterial artificial chromosomes (BACs) could be an effective substitute for
the host chromosome to carry the invertible substrate sequences. These conditionally
amplifiable BACs are stably maintained as single copy vectors, or give high yield when
conditionally induced (Wild et al., 2002). Compared to plasmid vectors, BACs can carry
extremely large DNA molecules and are stable in cell culture. Compared to the host cell
chromosome, BACs are easy to manipulate. However, large BACs are likely to contain
sequences that lead to unexpected gene expression or some random homologous
recombination (Liu et al., 2011). Therefore, whether the BAC-based devices could be
used to carry integrase based genetic devices as expected needs to be clarified with

practical experiments.

After improving the efficiency of a genetic module based on one kind of integrase, the

next step is to test other integrases under the same architecture. In this study, another
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integrase (Bxb1) was tested in the state-based latch architecture simply by replacing the
¢C31 integrase gene, its RDF gene, and the att sites with Bxb1 equivalents, and keeping
all other sequences the same (section 4.3.5). However, the new system did not behave
well as expected, and it is likely that regulatory signals will have to be tuned for each
different recombinases even under the same architecture. It is also possible that other
integrase and RDF genes and att sites contain transcriptional signals (promoters) that
interfere with designed function. Once more modules using orthogonal recombinases are
constructed, they can be layered using the recombinase expressed from an upstream
module to mediate recombination of a downstream module, to execute more complex
computational functions, such as a multibit ripple counter. One such hypothetical
example is illustrated in Figure 6.2, which uses two sets of integrase-RDF to record two
bits information, and can count from zero to three. Addition of another integrase-RDF
pair would give a three-bit counter that could count up to seven. Results presented in this
thesis suggest that a delay on expression of each Int and RDF might be required for

proper function of this device.
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Figure 6. 2 A schematic diagram showing the hypothetical architecture of a two bit binary counter.
Different copies of the same inducible promoter are used to control the expression of integrase and RDF
genes. The first integrase Intl is controlled directly by this promoter. Its corresponding RDF (RDF1), the
second integrase Int2, and an inverted constitutive promoter are placed between inverted repeat
recombination sites for Intl. The inducible promoter and a reporter gene gfp are placed outside of the
recombination sites. The RDF2, Int3 and an inverted promoter are placed between inverted repeat
recombination sites for Int2. The inducible promoter and a reporter gene rfp are placed outside of the
recombination sites. The first input pulse turns on Intl expression, resulting in B1>P1 recombination and
switching on gfp expression. The circuit state is changed from 0 to 1. The second input pulse turns on Intl,
RDF1 and Int2 expression, resulting in the R1>_1 and B2>P2 recombination, switching off gfp expression
and switching on rfp expression. The circuit state is changed from 1 to 2. Similarly, the circuit state is changed
to 3 and back to 0 with the third and fourth input pulses. By introducing a third module which can be
recombined by Int3, a 3-bit device is created that can count up to seven.
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Although much work remains to be done, large serine integrases hold promise in the
development of memory devices. As one of the exciting memory devices, the synthetic
binary counter could be applied in a variety of applications in the future development.
For example, by using a cell cycle factor as the input signal, a counter could count the
number of times a cell has divided. This operation could be further applied to isolate cells

of a specific age, which might be useful in stem cell engineering.
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