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Abstract

Abstract

The core goal of synthetic biology as a discipline is to design, develop and
characterize biological parts in order to precisely control cellular behaviour. Much of
the research in this field has been focused on the development of gene regulatory
networks, namely switches and oscillators. The study of synthetic gene oscillators
has attracted significant attention in the past decade due to their intriguing
dynamics and relevance in controlling inflammatory, metabolic and circadian
signalling pathways. Additionally, the precise expression dynamics and molecular
mechanisms that underlie the mammalian circadian clock structure are not fully
understood.

The work presented herein regards the design and implementation of a
tuneable mammalian synthetic gene oscillator with a novel biological structure. To
this end, an approach based on a combination of in silico design and in vivo part
validation, in conjunction with a comparative analysis of previously implemented
synthetic gene oscillators, was taken when assembling the proposed system. The
topology of the system relies on a delayed negative feedback loop, consisting of the
coupled regulatory activities of the transcription regulators Lacl, tTA, and Gal4.

The numerical solution and stability analysis of an ODE-based model
describing the dynamics of the system are indicative that the proposed system is
capable of generating sustained oscillations across a wide range of parameter values.
The biological parts that comprise the system have been monitored and validated in
HEK293T cells through time-lapse fluorescence microscopy and image analysis. The
in vivo performance of the proposed mammalian synthetic gene oscillator was also
assessed in the HEK293T cell line, and monitored using time-lapse fluorescence
microscopy. Damped fluorescence oscillations were observed: these could be tuned
by a differential IPTG concentration gradient and abolished by doxycycline.

The proposed mammalian synthetic gene oscillator provides valuable insight
into the gene expression regulatory processes leading to oscillatory behaviour, and

has the potential to foster progress in future synthetic biology-based therapies.
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“Thus the system of the world only oscillates around a mean state from which it
never departs except by a very small quantity. By virtue of its constitution and the
law of gravity, it enjoys a stability that can be destroyed only by foreign causes, and
we are certain that their action is undetectable from the time of the most ancient
observations until our own day. This stability in the system of the world, which
assures its duration, is one of the most notable among all phenomena, in that it
exhibits in the heavens the same intention to maintain order in the universe that
nature has so admirably observed on Earth for the sake of preserving individuals and
perpetuating species.”

Pierre-Simon Laplace (1786), Sur I’Equation Séculaire de la Lune
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1. Introduction

The core goal of synthetic biology as a discipline is to design, develop and
characterize biological parts in order to precisely control cellular behaviour
(Mukherji & van Oudenaarden, 2009; Purcell, Savery, Grierson, & di Bernardo, 2010).
Specifically, synthetic biologists work in the development and synthesis of biological
networks, circuits and devices that perform desired functions in a predictable way
(Endy, 2005; Purcell et al., 2010; Serrano, 2007). A dynamic and continuous
combination of in vivo and in silico analysis is required to achieve these goals (Purcell
et al., 2010). Synthetic biology can thus be regarded as a multi-disciplinary field,
combining concepts of engineering, mathematics and biology (Mukherji & van
Oudenaarden, 2009; Purcell et al., 2010). Recent accomplishments for synthetic
biology have been based on the engineering of cells resulting in practical
applications, namely in the areas of biofuel production (Steen et al., 2008; Waks &
Silver, 2009), bioremediation (Gilbert, Walker, & Keasling, 2003), and biosensing
(Rajendran & Ellington, 2008), as well as clinical applications (Abil, Xiong, & Zhao,
2014; Anderson, Clarke, Arkin, & Voigt, 2006; Khalil & Collins, 2010; Khosla &
Keasling, 2003; Kis, Sant’Ana Pereira, Homma, Pedrigi, & Krams, 2015; Lienert,
Lohmueller, Garg, & Silver, 2014; Lu, Khalil, & Collins, 2009; Mukherji & van
Oudenaarden, 2009; Ro et al., 2006; Ruder, Lu, & Collins, 2011; Serrano, 2007;
Tavassoli, 2010; Ye & Fussenegger, 2014).

The development of such applications is usually accomplished through the
design and synthesis of artificial gene networks that elicit specific biological functions
(O’Brien, Van Itallie, & Bennett, 2012). Genetic networks can be defined as “intricate
webs of interactions between regulatory elements controlling protein productions”
(O’Brien, Van ltallie, et al.,, 2012). Given the topological similarities observed
between these networks and electronic devices, the term “genetic circuit” is often
used to refer to a genetic network (Hasty, McMillen, & Collins, 2002; McAdams &
Shapiro, 1995; O’Brien, Van lItallie, et al., 2012). Generally, naturally occurring gene
networks are complex systems, usually comprised of hundreds to thousands of

interacting genes (Pedraza & van Oudenaarden, 2005). Conversely, synthetic gene
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circuits are simple circuits, made of a few interacting genes (O’Brien, Van ltallie, et
al., 2012). However, even being relatively simple systems, the introduction and
subsequent behaviour of synthetic gene circuits is highly affected by inherent
cellular noise (Pedraza & van Oudenaarden, 2005). The fluctuation of reaction rates
(e.g. for transcription and translation) due to stochastic variation in the cellular pool
of housekeeping genes is a good example of this, amongst many others (Pedraza &
van Oudenaarden, 2005; Rao & Arkin, 2003). This intrinsic complexity in
implementing synthetic gene circuits is usually dealt with by synthetic biologists
through the creation of mathematical models as an aid to system design. Indeed,
numerous theoretical gene circuit designs have been modelled and proposed for
eukaryotic and prokaryotic in vivo implementation over the past few years (Purcell et
al., 2010). However, only a fraction of these theoretical systems is successfully
implemented in host cells.

Since the work developed by Becksei & Serrano (2000) and Elowitz & Leibler
(2000), two main types of synthetic gene networks have drawn much attention in
the field of synthetic biology: switches and oscillators (Purcell et al., 2010; Tyson,

Albert, Goldbeter, Ruoff, & Sible, 2008):

* Switches and switch-based circuits are relatively simple networks that can output
gene expression routines in response to a stimulus-based input. These systems
have yielded most of the pioneering synthetic biology applications. Kis et al.
(2015), Auslander & Fussenegger (2013) and Karlsson & Webber (2012) have
extensively reviewed some of the most iconic switches and switch-based circuits
developed to date (Ausldnder & Fussenegger, 2013; Karlsson & Weber, 2012; Kis
et al., 2015);

* Oscillators are comprised of biological elements that present periodic expression
profiles. Unlike switches, their design takes into account dynamical systems
properties such as delay and feedback. There is growing interest in the
development of synthetic gene oscillators mainly due to their applicability to

cyclic cellular processes, from circadian rhythms to anti-inflammatory responses
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(Dibner, Schibler, & Albrecht, 2010; Goldbeter, 1995; Gonze, 2010; Hoffmann,
Levchenko, Scott, & Baltimore, 2002; Kemler & Fontana, 1999; Kobayashi &
Kageyama, 2010; Kwon, Choe, Son, & Kim, 2011; Monk, 2003; Nelson et al.,
2004; Susaki, Stelling, & Ueda, 2010; Tigges, Marquez-Lago, Stelling, &
Fussenegger, 2009; H. R. Ueda, 2007; Hiroki R Ueda et al., 2005; Ukai & Ueda,
2010; Ukai-Tadenuma, Kasukawa, & Ueda, 2008).

Pioneering synthetic biology studies focused on the implementation and
standardization of network components in prokaryotic cells (Michael B Elowitz &
Leibler, 2000; Gardner, Cantor, & Collins, 2000; Kis et al., 2015). However, more
recent applications have emerged in eukaryotes, namely in yeast and mammalian
cells (Church, Elowitz, Smolke, Voigt, & Weiss, 2014; Khalil et al., 2012; Kis et al.,
2015; Purcell, Peccoud, & Lu, 2014; Tigges & Fussenegger, 2009). In contrast to
prokaryotes, eukaryotic cells have developed innate complex pathways to resist the
introduction of foreign genetic material, making them harder to work with in a
synthetic biology context (Kis et al., 2015). Their highly compartmentalized
morphology also poses an obstacle to the implementation of synthetic gene
networks (Kis et al., 2015). Over the past decade, synthetic biology applied to
mammalian cells has greatly evolved from the development of simple gene switches
and networks to oscillators and therapy-oriented circuits (Church et al., 2014; Khalil
et al.,, 2012; Kis et al.,, 2015; Purcell et al., 2014; Tigges & Fussenegger, 2009).
Currently, mammalian synthetic biology enables the development of strategies and
technologies that can be applied to gene- and cell-based therapies, namely in the
areas of personalized medicine, artificial insemination, cardiovascular disease, and
treatment of metabolic and immune disorders (Church, Elowitz, Smolke, Voigt, &
Weiss, 2014; Kis et al., 2015; Tigges & Fussenegger, 2009).

Despite the continued progress in synthetic biology there are still challenges
to be addressed. One of these is the development of a robust mammalian synthetic
gene oscillator. Indeed, a viable implementation of such a system would (i) greatly
increase our understanding of mammalian gene expression mathematical models,

(i) provide a framework to study cyclic cellular processes with unprecedented
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accuracy, and (iii) potentially lead to the development of therapies in the fields of
cell cycle regulation and inflammatory responses (Tigges, Dénervaud, Greber,
Stelling, & Fussenegger, 2010; Tigges et al., 2009). Several designs for such a system
have been proposed (O’Brien, Van ltallie, et al., 2012), but only two systems have
been implemented in vivo (Tigges et al., 2010, 2009). These implementations,
however, lack the desired level of robustness to achieve the goals mentioned above:
oscillatory behaviour was reported to be irregular and occurred only for a small
percentage of the transfected cellular population (Purcell et al., 2010; Tigges et al.,
2010, 2009). Several implementation-related aspects have been proposed to explain
this, namely the dynamical complexity of bi-directional mRNA expression in
mammalian cells, and encoding of the network in different plasmids thus reducing
the probability of having all the system components in the same cell (Purcell et al.,
2010; Tigges et al., 2009). Moreover, the period of previously implemented
mammalian synthetic gene oscillators can only be altered through the variation of
transfected system component relative dosages (Purcell et al., 2010; Tigges et al.,
2009). This limits the potential physiological applicability of these systems: this
frequency tuning strategy depends entirely on the chosen experimental setup,
rather than in a tangible, real-time biochemical interaction between tuning agent
and system components.

The aim of this work is to design and implement a novel mammalian
synthetic gene oscillator that shows an increase in robustness and biochemical
tunability range in comparison to previous designs. The remainder of this thesis is

structured as follows:
* Chapter 2 provides a comprehensive review of the most iconic synthetic gene
oscillators developed to date. Additionally, a list of fundamental principles

underlying the design of biochemical oscillators is established;

* Chapter 3 addresses the in silico design of a novel synthetic gene oscillator from

a topological and dynamical perspective. The numerical solution for a lumped
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parameter kinetic ODE model is presented and its parametric space is analyzed

through bifurcation analysis;

Chapter 4 addresses the biological design and construction of a novel
mammalian synthetic gene oscillator. The construction of system pre-
components, as well as the individual validation of their activity in mammalian

cells, is presented;
Chapter 5 presents the in vitro assembly and in vivo implementation results of a
synthetic gene oscillator system in mammalian cells, as well as an extensive

discussion of experimental results;

Chapter 6 presents an overall conclusion of this work and proposes future

research directions.
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2. Introduction to gene oscillators

Gene oscillators are one of the most studied types of synthetic gene circuits (O’Brien,
Van ltallie, et al., 2012). These circuits are comprised of collections of genes that are
expressed periodically. Consequently, the concentration of the proteins encoded by
these genes also varies in a periodic manner. Numerous implementations and
theoretical designs of synthetic oscillatory gene circuits have been reported over the
past years. These range from in vitro systems to in vivo implementations in both
prokaryotic and eukaryotic host cells (O’Brien, Van ltallie, et al., 2012). The first
successful attempt to design and implement a synthetic gene oscillator was reported
by Elowitz and Leibler (2000), with the development of the “repressilator” (Michael B
Elowitz & Leibler, 2000; O’Brien, Van ltallie, et al., 2012). Synthetic gene oscillators
have greatly evolved since this report, with more recent reports showing circuits
involving more complex regulatory logic and implementation techniques (Atkinson,
Savageau, Myers, & Ninfa, 2003; Balagaddé, You, Hansen, Arnold, & Quake, 2005;
Danino, Mondragoén-Palomino, Tsimring, & Hasty, 2010; Michael B Elowitz & Leibler,
2000; Fung et al., 2005; Montagne, Plasson, Sakai, Fujii, & Rondelez, 2011; O’Brien,
Van ltallie, et al., 2012; Stricker et al., 2008; Tigges et al., 2010, 2009).

There are two main reasons why gene oscillators are heavily studied. First,
oscillatory patterns of gene expression have been found to play a major role at
several levels of organismal development, ranging from neuronal rhythms to
metabolic oscillations and circadian clocks (Goldbeter, 1995, Gonze, 2010).
Moreover, it has been reported that some stress response signalling pathways
respond to external stimuli with transient oscillations (Hoffmann et al., 2002; Kemler
& Fontana, 1999; Kobayashi & Kageyama, 2010; Monk, 2003; Nelson et al., 2004).
Although the oscillations do not persist indefinitely, the dynamical properties of the
oscillations are able to specifically determine the downstream response (Hoffmann
et al.,, 2002; Kobayashi & Kageyama, 2010; Nelson et al., 2004). This has been
specifically reported for the NF-kB, Hesl and p53 pathways (Monk, 2003). Thus,

understanding the regulatory mechanisms behind these naturally occurring gene
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oscillators is an important step to understand cellular physiology (O’Brien, Van Itallie,
et al., 2012). Furthermore, this knowledge is pivotal for the development of
therapies for diseases that affect the dynamical properties of these systems at the
regulatory level. The construction of synthetic gene oscillators is useful in this
context as it allows for the breakdown of highly complex systems into isolated
modules that can be easily analysed.

The second reason why genetic oscillators are heavily studied regards the
general understanding of their theoretical behaviour. For instance, synthetic gene
oscillators are often simple circuits presenting rich dynamical properties (O’Brien,
Van ltallie, et al., 2012). This provides a solid framework for testing mathematical
models of gene regulation.

The design principles and dynamical requirements for biochemical oscillators
are discussed in this section. Additionally, a comprehensive review of the most iconic

synthetic gene oscillators developed to date is provided.
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2.1. Fundamental principles underlying the design of biochemical
oscillators

Understanding the basis of molecular oscillations in a cellular context is more than a
biochemistry or genetic experimentation exercise (Novak & Tyson, 2008). Indeed,
oscillators have systems-level properties (such as entrainment and periodicity) that
transcend the properties of their individual molecular components, and involve the
full network topology (Novak & Tyson, 2008). These systems-level properties can
only be fully understood upon analysing experimental data in combination with a
theoretical perspective of the system based on quantitative mathematical modelling
and model analysis (Novak & Tyson, 2008). Generally, these models address
fundamental concepts of linear systems theory such as feedback, delay and
bistability. This theoretical perspective of the dynamics of biochemical oscillators
allows us to pinpoint some essential design requirements for these systems.
According to Novak and Tyson (2008), there are four main requirements for
the design of biochemical oscillators. First, negative feedback is required for a
network to be carried back to its ‘oscillation start point’. Second, the time delay in
which the negative feedback is effected must be sufficiently large not to allow the
system to settle on a stable steady state. Time delay can be added to a biological
system through several mechanisms, such as introduction of physical constraints to
biological processes (e.g. bio-molecular transport of chemical species within a cell),
existence of numerous reaction intermediates (e.g. such as in an enzymatic
pathway), and/or positive feedback-induced dynamical hysteresis (Novak & Tyson,
2008). Third, non-linearity in the kinetic laws that describe the reactions in the
system is essential to destabilize the steady state. Generally, in mathematical models
of gene regulatory networks (GRNs), nonlinearity is fundamentally based on the
cooperativity action of transcription factors (i.e. described by a Hill coefficient).
Fourth, the reactions that describe the synthesis and degradation of the involved
bio-chemical species must occur in time-scales that allow the system to generate and

sustain oscillations.
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Feedback can be described as a propagation of effects among the
components of a (biological) system in which one component inevitably predicts an
increase or decrease in its own rate of production (E. D. Conrad, Tyson, Rogers, &
Day, 1999). The diagram in figure 1 represents a generalized example of a feedback
loop. Each of the arrows directed from x; to xi.1 represents either a positive or
negative effect on the production rate of x;;; (E. D. Conrad et al., 1999). Indeed, a
positive effect can arise from activation of processes leading to the synthesis or from

inhibition of processes leading to the degradation of x;.1.

Figure 2.1. Diagram of a feedback loop. Arrows directed in and out of x; represent
processes that contribute to the synthesis and degradation of x;.. Arrows directed
from x; to x;;1 represent either a positive or negative effect of x; on the dynamics of

the next variable in the chain.
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It would not make sense to begin illustrating the abovementioned concepts
with fully detailed models of cellular rhythms for two main reasons. First, naturally
occurring oscillatory systems are highly complex and generally coupled to one or
more biochemical networks. Indeed, the network coupling properties, as well as the
parametric space that shape them, remain obscure for most biological systems.
Secondly, systems exhibiting complex cellular rhythms are likely to be overlaid by
several control signals thereby disguising their core dynamical properties (Novak &
Tyson, 2008). Thus, we will start illustrating the abovementioned concepts in a
simple example of a negative feedback-based model of a single protein repressing its
own production, by transcription down-regulation (Novak & Tyson, 2008). Let us
consider that the rate of change in concentration of protein X, with respect to time,

is given by:

ax K}

— =k S —% kX
dt leK5+XP ks

(2.1)

The first and second terms on the right hand side of this ordinary differential

equation define the synthesis and degradation of component X, respectively. The

14
Ky
p P’

Kd+X

synthesis term is proportional to signal S, multiplied by the Hill function

which describes how protein X down-regulates its own transcription. The term Kj is
the dissociation constant for the binding of X to the regulatory site upstream of its
target gene (i.e. in this case, this gene encodes protein X); the term p is the Hill
coefficient, it defines the multimerization index at which protein X binds to its
regulatory site (monomer, dimer, tetramer, etc.); the term k; is the maximal rate of
production of X, proportional to the strength of signal, S. In the degradation term,
the constant k; is the turnover rate of protein X (Novak & Tyson, 2008). The above
equation, like most models describing rate laws in biological systems, follows the
Law of Mass Action, which states that the rate of change in the concentration of a

component in a biochemical system is proportional to some product of
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concentrations of the chemical components present in the system (E. D. Conrad et
al., 1999).

Simulating this model with a biological plausible choice of parameter values
(first proposed by Mackey and Glass in 1977 and adapted by Novak and Tyson, 2008)
will show us that the system does not present oscillatory behaviour, or any
overshoots and undershoots. Instead, the concentration of protein X will be drawn
to its steady-state value X,, thus illustrating that the system enters a homeostatic
behaviour.

However, let us now consider an explicit time delay in the system, by
assuming that the rate of protein synthesis at time t depends on some value of
concentration of protein X in the past (t — 1), whereby tis the time delay required for
transcription and translation (Novak & Tyson, 2008). Thus, the above equation can

be re-written as follows:

dx(t) K?
dt VT KP+X(t-1)P

— ky. X()

(2.2)

For specific choices of model parameters and time delay, this equation
exhibits oscillations. Essentially, this is because the time delay forces the negative
feedback to overshoot and undershoot the steady state repeatedly. Effectively, what
is meant by “specific choices” of model parameters and time delay is that the kinetic
parameters (i.e. S, p, Km, and T) must satisfy three main constraints (Novak & Tyson,
2008). First, the time delay, 7, must be sufficiently long. That is, there is a minimum
time delay value tmin below which oscillations are impossible, for fixed values of
parameters S, p and Km (Novak & Tyson, 2008). Second, there must be sufficient
nonlinearity in the system. Essentially, oscillations become “easier” if the
nonlinearity (i.e. the p and Km values) in the system increases, which means that T,
becomes smaller. Third, the model parameters must be in the same timescale, in

order to allow for an appropriate balance of the synthesis and degradation terms.
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The applicability of these concepts is illustrated in subsections 2.2-2.6
through the review of previous designs and implementations of synthetic gene

oscillators that can be found in the literature.

2.2. The Goodwin oscillator: singular self-repression

The Goodwin oscillator was theoretically conceived over 40 years ago — it was the
first genetic oscillator to be studied and analyzed (Goodwin Waddington, Conrad
Hal, 1963; Purcell et al.,, 2010). Unsurprisingly, it is also the simplest oscillator

developed so far. It comprises a single gene encoding a repressor that down-

regulates its own production (figure 2.2).

PLlacO—l

; lacl

Figure 2.2. Adapted from Purcell et al., 2010. (Left) Schematic representation of the

Goodwin oscillator topology. (Right) The circuit design by Lutz and Bujard (1997) for

in vivo implementation.

The first biological design of the Goodwin oscillator for in vivo
implementation was based on a Lacl gene under the regulation of a PLlacO-1
promoter (Lutz & Bujard, 1997), capable of driving transcription at a sufficiently high
level when unrepressed (Purcell et al., 2010). It was implemented in E.coli cells (Lutz
& Bujard, 1997). The lac repressor, encoded by the /acl gene, down-regulates its own
production by binding to the PLlacO-1, thus forming a negative feedback loop
(Purcell et al., 2010; Stricker et al., 2008). The in vivo performance of this system was

assessed by placing the same promoter upstream of a gene encoding a fluorescent
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protein (i.e. yemGFP — monomeric yeast-enhanced green fluorescent protein) (Lutz
& Bujard, 1997). Additionally, this design included the presence of ssra tags in both
the lac repressor and yemGFP protein (Lutz & Bujard, 1997). These tags are natively
recognized by E.coli as signals for protein degradation; they were used by Lutz and
Bujard (1997) to achieve faster dynamics in the system (Purcell et al., 2010). Indeed,
the half-life of wild-type GFP has been reported to be between 15 and 26 hours,
depending on the organism it is expressed in (Corish & Tyler-Smith, 1999). Such a
long half-life leads to over-accumulation and “masking” of the oscillatory signal, and
degradation tags are an efficient way of preventing this (Lutz & Bujard, 1997; Purcell
et al., 2010). The system was transformed into E.coli cells that were deficient in the
lac operon in order to minimize interference with native pathways encoded by the
host genome (Lutz & Bujard, 1997; Purcell et al., 2010).

Some of the experimental results obtained by Lutz and Bujard (1997) were
consistent with simulation results (Stricker et al., 2008): oscillations were irregular,
and the period was largely unaffected by the addition of IPTG (i.e. a chemical inducer
of Lacl, which acts by inhibiting it thus relieving repression) (Purcell et al., 2010).
However, the period of oscillations reported by Lutz and Bujard (1997) was 30
minutes — slightly longer than the value obtained from simulations (Stricker et al.,
2008). The percentage of cells that showed oscillations was not reported, which
means that an assessment of robustness is not possible (Purcell et al., 2010).

In addition, a different in vivo implementation of the Goodwin oscillator was
reported by Becksei and Serrano (2000) and, in further agreement with simulations,
has also validated the mathematical results regarding the nonlinearity requirements
governing repression dynamics that lead to oscillations (Purcell et al., 2010). Unlike
the Lutz and Bujard (1997) implementation, which had Lacl as the negative feedback
effector, the Becksei and Serrano implementation (2000) was based on the TetR
repressor (Purcell et al., 2010). One of the essential differences between these two
transcriptional repressors is that Lacl functions as a tetramer, whereas TetR
functions as a dimer. An important implication of this is that TetR-mediated
repression will thus be described by a lower Hill coefficient than Lacl-mediated

repression. Indeed, the implementation using TetR as the negative feedback effector
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did not oscillate, showing highly stable dynamics instead (Becskei & Serrano, 2000;

Purcell et al., 2010).

2.3. Repressilators: delayed negative feedback in multi-repressor

systems

A repressilator can be thought of as an extension of the Goodwin oscillator (Purcell
et al,, 2010). It can be defined as “a regulatory network of one or more genes, with
each gene repressing its successor in the cycle” (Miller et al., 2006; Purcell et al.,
2010). The term “repressilator” was first used by Elowitz and Leibler (2000) to
describe a system containing a 3-gene closed feedback loop (Michael B Elowitz &
Leibler, 2000; Purcell et al., 2010). Thus, a repressilator containing a single gene
would be the abovementioned Goodwin oscillator.

The study of repressilators began over 30 years ago as a logical and
conceptual extension to the Goodwin oscillator, using Boolean-like simulations
(Fraser & Tiwari, 1974; Purcell et al., 2010). Subsequently, continuous models were
studied using DDEs (Smith, 1987; Wang, Jing, & Chen, 2005), ODEs (Michael B Elowitz
& Leibler, 2000; Midller et al., 2006; Samad, Vecchio, & Khammash, 2005), and
discrete stochastic simulations based on the Gillespie algorithm (Purcell et al., 2010;
Rajala, Hakkinen, Healy, Yli-Harja, & Ribeiro, 2010).

The first in vivo implementation of a multi-gene repressilator was published
by Elowitz and Leibler (2000). The network was implemented in E.coli. This system
was based on a three-gene topology, namely Lacl (from E.coli), TetR (from the Tn10
transposon), and cl from the A phage (Michael B Elowitz & Leibler, 2000; Purcell et
al.,, 2010). The regulatory logic of this network and its effectors are illustrated in
figure 2.3. The Lacl repressor downregulates tetR expression, TetR downregulates c/
expression, and cl downregulates lacl expression, thus completing the negative
feedback.

The experimental results showed that 40% of cells exhibited oscillations, with

a period of 60 minutes (+40) — in agreement with deterministic simulations — and
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significant amplitude variations — in agreement with stochastic simulations (Michael
B Elowitz & Leibler, 2000). The oscillations, reported by GFP fluorescence, failed to
return to a zero-level, as opposed to what was predicted in simulations (Michael B
Elowitz & Leibler, 2000). This has been theorized to be due to the higher stability of
GFP relative to the rapidly degrading repressor proteins in the system (Purcell et al.,
2010). Indeed, it has been previously shown that the addition of ssra tags to the A ¢/
gene reduces the half-life of cl from more than 60 minutes to c. 4 minutes (Keiler &

Sauer, 1996). The addition of these same tags to the gfp gene reduces the GFP half-

life to 30 to 40 minutes (Andersen et al., 1998).
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Figure 2.3. Adapted from Elowitz and Leibler, 2000; and Purcell et al., 2010. (Top) Diagrammatic
representations of the network topology, promoters and genes used in the Elowitz and Leibler
repressilator. (Bottom) Representation of the plasmids containing the system core regulatory

modules and the reporter construct.
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Despite the variability in amplitude, oscillations in progeny were correlated
for a significant amount of time after cell division, thus showing that the network
state is passed on to daughter cells (Michael B Elowitz & Leibler, 2000; Purcell et al.,
2010). The timing of oscillations, as well as frequency and amplitude, were not
correlated with cell division dynamics (Michael B Elowitz & Leibler, 2000). This shows
that the repressilator dynamics were de-coupled from the cell division-regulating
pathways. However, entry of E.coli cells in stationary phase arrested oscillations,
indicating that the dynamics of the system are coupled to the global metabolic and
growth cellular pathways. A possible explanation for this interference with the
system is the concentration increase in 0% transcription initiation factor during
stationary phase (Purcell et al., 2010). This would compete with 6’ (i.e. responsible
for transcription initiation from the repressilator promoters) for RNA polymerase
and may affect transcription dynamics significantly (Purcell et al., 2010).

Even though it was conceived after the Goodwin oscillator, the Elowitz and
Leibler (2000) repressilator was considered the first successful in vivo
implementation of a synthetic gene oscillator (Purcell et al., 2010). However, the low
percentage of cells exhibiting oscillations suggests that this implementation lacked
robustness (Michael B Elowitz & Leibler, 2000; Purcell et al., 2010). Although not
fully understood, noise may play a role on this (Michael B Elowitz & Leibler, 2000;
O’Brien, Van ltallie, et al., 2012; Purcell et al., 2010). As mentioned above, possible
interference with native, global cellular pathways could also explain the lack of
robustness in this implementation.

In addition, theoretical studies have shown that the addition of positive
feedback loops to any of the repressilator components increases the parametric
region over which the system exhibits oscillations (O’Brien, Van ltallie, et al., 2012;
Purcell et al., 2010; Tsai et al., 2008; Wang et al., 2005). This addition of positive
feedback loops to the system has also been shown to allow the repressilator to
oscillate with a wide range of different frequencies for a given amplitude, thus

increasing its tunability (Tsai et al., 2008).
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2.4. The Atkinson oscillator: amplified negative feedback

The abovementioned genetic oscillators in 2.2 and 2.3 are exclusively formed by
repressive links. The next logical step in the area of gene oscillator design was to
incorporate positive interactions between genes and thus obtain new system
topologies. The simplest of these amplified negative feedback topologies contains
two genes, say A and B. Gene A upregulates itself and also gene B, while gene B
downregulates gene A, effecting the negative feedback (Purcell et al., 2010). Three
distinct versions of this topology have been investigated in the literature: (a)
repression by transcriptional control, (b) repression by proteolysis, and (c) repression
through dimerization-based sequestration (Atkinson et al., 2003; Barkai & Leibler,
2000; E. D. Conrad et al., 1999; E. Conrad, Mayo, Ninfa, & Forger, 2008; Guantes &
Poyatos, 2006; Purcell et al., 2010). The only in vivo implementation of this class of
oscillators was the Hopf-driven Atkinson oscillator (2003), a system based on
repression by transcriptional control.

This oscillator consists of two modules. One module encodes an activator,
NRI, the other encodes a repressor, Lacl (Atkinson et al., 2003). Figure 2.4 illustrates

the topology and genetic components of this system.
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Figure 2.4. Adapted from Purcell et al., 2010. (Left) Diagrammatic representation of
the topology Atkinson oscillator topology. (Right) lllustration of the activator (red)

and repressor modules (blue).
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The activator module was constructed by fusing the g/InG gene (encoding
NRI), to an upstream control sequence based on a g/nA promoter (Atkinson et al.,
2003; Purcell et al., 2010). This promoter was regulated by two upstream, high-
affinity, adjacent binding sites for NRIp (i.e. phosphorylated NRI), forming an
enhancer and two lac operators — one upstream and one downstream of the
enhancer (Atkinson et al., 2003; Purcell et al., 2010). Indeed, the design of this
system intended to utilize DNA looping as a contributor to regulatory dynamics:
during repression, the Lacl protein induces loop formation by binding to the two
operator sites, ensuring stable repression; during activation, NRIp interacts with
promoter-bound RNA polymerase also through a DNA loop (Atkinson et al., 2003).
These two loops act antagonistically, as their formation is mutually exclusive
(Atkinson et al., 2003; Purcell et al., 2010).

The repressor module was built by fusing the lacl gene to a regulatory control
sequence based on the g/inK promoter and upstream enhancer formed of adjacent
low-affinity and high-affinity NRIp binding sites (Atkinson et al., 2003; Purcell et al.,
2010). Thus, lacl expression from the g/nK promoter is only fully induced upon high
concentrations of NRIp (Atkinson et al., 2003). The system was transformed in E.coli
cells that were lacl deficient, thus ensuring that the only source of Lacl repressor was
the repressor module (Atkinson et al.,, 2003). On a population level, Lacl dynamics
were assayed through PB-galactosidase activity, which was modulated by the
interaction of Lacl with the chromosomal-encoded lacYZA operon (Atkinson et al.,
2003). At a single-cell level, dynamics were monitored by CFP (Cyan Fluorescent
Protein) under regulation of a Lacl-repressible promoter (Atkinson et al., 2003).

In vivo B-galactosidase dynamics closely matched modelling predictions
(Purcell et al.,, 2010). Three damped oscillations were initially observed, as
theoretically predicted (Atkinson et al., 2003). This was further increased to four
damped oscillations by moving the activator module to a origin of replication where
copy numbers were four times higher (Atkinson et al., 2003; Purcell et al., 2010).
Additionally, amplitude and frequency were comparable between experimental
results and modelling predictions; this was highlighted by investigating the effect of

cellular doubling time (through controlled growth medium composition) on oscillator
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dynamics (Atkinson et al., 2003). Single-cell observations matched those at the
populational level, showing that damping is not a consequence of individual cells
oscillating out of phase (Purcell et al., 2010). As in the Elowitz and Leibler
repressilator implementation, the percentage of oscillating cells was not reported by
Atkinson et al. (2003), meaning that robustness cannot be assessed.

Although this implementation showed damped oscillations, the significant
agreement between experimental and theoretical results highlighted that simple
mechanistic, dynamical models can capture the quantitative and qualitative
behaviour of synthetic gene networks (Purcell et al.,, 2010). However, the
guantitative agreement was only considerable at the population level. Indeed,
further analysis is required to ascertain the applicability of such mathematical
models to individual cell behaviour (Guantes & Poyatos, 2006; Purcell et al., 2010).
Such an analysis would most likely help reveal the role of noise in the behaviour of
synthetic gene networks, so far assumed to be of little importance (Guantes &

Poyatos, 2006; Purcell et al., 2010).

2.5. The Fussenegger oscillators

The Fussenegger oscillators (published by Tigges et al., 2009, 2010) are the
only successful implementations of synthetic gene oscillators in eukaryotic hosts
(Purcell et al., 2010). Indeed, Tigges et al. have chosen to implement their system in
Chinese hamster ovary (CHO) cells (Tigges et al., 2009). The design of synthetic gene
networks for eukaryotic cell implementation represents an important step forward
in synthetic biology, as these cells exhibit a much more complex molecular biology
landscape than prokaryotic cells.

The original Fussenegger oscillator design is based on two genes encoding
transactivators PIT (Pristinamycin-Induced transactivator) and tTA (Tetracycline-
dependent TransActivator), with both antisense and sense transcription occurring at
the tTA gene (Purcell et al., 2010; Tigges et al., 2009). The components and topology

of this system are illustrated in figure 2.5.
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The sense tTA transcript is translated and the resulting protein upregulates
its own expression (completing a positive feedback loop), while also upregulating
expression of the pit gene. PIT upregulates antisense expression of the tTA gene
(Tigges et al., 2009). The resulting transcript is not translated. Instead, it hybridizes
with the sense tTA transcript, thus downregulating tTA expression at the translation
level (Purcell et al., 2010; Tigges et al., 2009). This downregulating effect of antisense
tTA mRNA completes the negative feedback. Hence, the Fussenegger oscillator is an
amplified negative feedback oscillator (Purcell et al., 2010). However, unlike other
previously designed amplified negative feedback oscillators (e.g. the Hopf-driven
Atkinson oscillator), it contains an additional step before repression can occur,

increasing the delay in negative feedback (Purcell et al., 2010).
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Figure 2.5. Adapted from Tigges et al. (2009) and Purcell et al. (2010). (Left)
Interaction map of the components that comprise the original Fussenegger oscillator
design. (Right) Diagrammatic representation of the system topology, where A and C

represent tTA and PIT, respectively; B represents antisense tTA mRNA.
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The system was constructed by placing the sense expression of tTA and PIT
under the regulation of tTA-responsive promoters (i.e. Pncwv+.1) (Purcell et al., 2010;
Tigges et al., 2009). Production of the antisense tTA transcript was put under
regulation of a Ppjr promoter (PIT-responsive), a chimeric promoter constructed by
fusing the Pprr promoter from Streptomyces pristinaespiralis with the Drosophila
melanogaster minimal hsp70 promoter (Fussenegger et al., 2000; Weber, Kramer,
Fux, Keller, & Fussenegger, 2002). Expression of gene encoding fast-degrading GFP
was also put under the regulation of Ppcwy+.1, allowing monitoring of system
dynamics (Purcell et al., 2010; Tigges et al., 2009). Additionally, the activity of
transactivators tTA and PIT could be inhibited by tetracyline and pristinamycin,
respectively (Tigges et al., 2009). The tTA, pit and gfp genes were each placed on
different plasmids and further transfected in CHO-K1 cells (Tigges et al., 2009).

Sustained, undamped oscillations were observed, with periods of 170 + 71
minutes (Purcell et al.,, 2010; Tigges et al., 2009). This confirmed the predicted
effectiveness of considering extra delays in negative feedback-based networks
(Purcell et al., 2010). However, the fact that eukaryotic implementations are
predicted to have longer delays (e.g. in transcription initiation, diffusion, translation)
may also play a role in the overall negative feedback delay (Purcell et al., 2010). Like
in past oscillator implementations, significant cell-to-cell variability was observed, as
predicted by stochastic simulations based on the Gillespie algorithm (Purcell et al.,
2010). Additionally, the nonlinear relationship between amplitude and period, and
relative gene dosage, also matched predictions from mathematical modelling,
showing that the system could be predictably tuned (Purcell et al., 2010). In further
agreement with predictions from theoretical work, tetracycline-mediated inhibition
of tTA abolished oscillations (Tigges et al., 2009). However, in contrast with
simulations, pristinamycin-mediated inhibition of PIT had a significant dynamical
effect, leading to increasing fluorescence intensity, instead of oscillations (Purcell et
al., 2010). Effectively, this occurs because pristinamycin-mediated inhibition of PIT
prevents upregulation of antisense tTA mRNA, i.e. the negative feedback effector.
This means that the tTA gene becomes unrepressed (while still in a positive feedback

loop), which leads to an accumulation of its product and, consequently, GFP.
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Additionally, Tigges et al. (2010) have constructed a ‘low-frequency’ variant
of the Fussenegger oscillator, using direct interference by siRNAs instead of the
indirect antisense mRNA-based repression mechanism (Purcell et al., 2010; Tigges et
al., 2010). Although a step in repression has been removed in this alternative design,
the delay in negative feedback was still enough to support sustained oscillations
(Tigges et al., 2010). Indeed, robust oscillations, with a period of c¢. 26 hours, were
observed (Tigges et al., 2010). To date, this is the longest oscillatory period of any
synthetic gene oscillator (Purcell et al., 2010). Unlike the original Fussenegger
oscillator, the ‘low-frequency’ variant could not be tuned by altering relative plasmid
dosages (Tigges et al., 2010).

The implementation of both versions of the Fussenegger oscillator represent
an important step forward in synthetic biology: these were the first oscillators to be
implemented in eukaryotic systems and to make use of sense-antisense RNA
interactions (Purcell et al., 2010). However, these oscillators are not robust, having

at most 18 % of cells exhibiting oscillations (Purcell et al., 2010).

2.6. The Smolen / Hasty oscillator: design and implementation of

robust oscillators

None of the abovementioned gene oscillators are robust. Indeed, the percentage of
cells exhibiting oscillations is either not reported, or low (Purcell et al.,, 2010).
Effectively, robustness is a fundamental part of implementation if synthetic gene
oscillators are to be coupled to large synthetic networks, or interact/regulate with
natural biological systems (Lu et al., 2009; Purcell et al., 2010).

The Smolen oscillator comprises two genes (Smolen et al., 1998). One of the
genes (gene A) upregulates its own expression, while also upregulating expression of
the other gene (gene B) (Smolen et al., 1998). Gene B represses its own expression
and that of gene A (Smolen et al., 1998). In fact, the self-repression loop effected by
the expression product of gene B differentiates the Smolen oscillator from amplified

negative feedback oscillators in topological terms (Purcell et al., 2010). The Smolen
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oscillator was extensively studied from a theoretical point of view: ODE-based
models can be found in Smolen et al. (1998), Hasty et al. (2002) and Stricker et al.
(2008). Additionally, DDE- and SDE-based models were also presented in Smolen et
al. (1998, 1999) and Wang et al. (2005), respectively. Figure 2.6 illustrates the
Smolen oscillator topology, as well as the components used for its in vivo
implementation (accomplished by Stricker et al., 2008).

The in vivo implementation was highly based on the hybrid promoter Pja¢/ara-1,
first developed by Lutz and Bujard (1997). Pic/ara-1 cOntains two adjacent AraC
binding sites upstream of the promoter region (allowing AraC-mediated
transactivation) and three Lacl operator sites, two upstream and one downstream of
the promoter region (Stricker et al., 2008). The araC and lac/ genes were
independently placed under the control of Pjac/ara-1 promoters (Purcell et al., 2010;
Stricker et al., 2008). Additionally, the yemGFP gene was also controlled by a Pjac/ara-1
promoter, allowing system performance to be monitored (Stricker et al., 2008). All
protein components contained ssra tags, allowing faster degradation times (Stricker
et al., 2008). The activator and repressor modules were placed in separate plasmids
and transformed into araC- and lacl-deficient E.coli cells (Stricker et al., 2008), thus
minimizing interference with the host genome.

Over 99 % of cells exhibited oscillations, with a period of ¢c. 40 minutes
(Purcell et al., 2010; Stricker et al., 2008). This was in agreement with simulations
and clearly demonstrated robustness (Purcell et al., 2010). Oscillatory state was
transmitted to progeny and population-level oscillatory synchrony was lost after a
few periods (Purcell et al., 2010; Stricker et al., 2008). In further agreement with
simulations, the oscillations were tunable, showing that the period could be altered
between 13 and 58 minutes over a wide range of IPTG and arabinose concentrations,
growth temperatures, and media sources (Stricker et al., 2008).

Individual cells showed an unexpected gradual increase in period, possibly
due to the dynamics of the reporter used (Purcell et al., 2010; Stricker et al., 2008).
This was not accounted for in the mathematical models (Stricker et al., 2008).

Although cell doubling time in Luria Broth and minimal media differed by c. 1 hour,
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the period of oscillations was comparable, demonstrating that system dynamics

were de-coupled from cell cycle dynamics (Purcell et al., 2010; Stricker et al., 2008).
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Figure 2.6. Adapted from Stricker et al. (2008) and Purcell et al. (2010). (Left)
Diagrammatic representation of the gene network constructed by Stricker et al.
(2008) for the in vivo implementation of the theoretically designed Smolen oscillator
(Smolen et al., 1998). (Right) The Smolen oscillator topology (top); the activator and
repressor modules used for in vivo implementation (Stricker et al., 2008; Purcell et

al., 2010).

As mentioned above, the in vivo implementation of the Smolen oscillator is
highly tunable and robust. These are typical characteristics of natural oscillators:
tunability provides utility, while robustness provides reliability (Purcell et al., 2010).
This is encouraging for the future construction of synthetic gene oscillators (Purcell
et al., 2010). Indeed, the construction of the Smolen oscillator was followed up on by
the assembly of a synchronized quorum of genetic clocks: the only synchronized
synthetic gene network implemented to date (Danino et al., 2010). Studies on time
delay are inconclusive at this stage, but the successful implementation of the
Fussenegger oscillators suggests that an eukaryotic implementation of the Smolen

oscillator may be successful (Purcell et al., 2010; Stricker et al., 2008).
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2.7. The need for new oscillator designs

A path of increasing design complexity has been taken since the early theoretical
design of the Goodwin oscillator to the recent construction of the Smolen oscillator
and the sophisticated Fussenegger oscillators (Purcell et al., 2010). Mathematical
models describing the dynamics of oscillatory gene expression have evolved thanks
to the experimental construction of the systems reviewed above (O’Brien, Van ltallie,
et al.,, 2012). However, there are still new topologies and implementations to be
theoretically tested and experimentally constructed. This will provide considerable
insight in the task of understanding and modelling genetic regulatory processes
leading to oscillations (O’Brien, Van ltallie, et al., 2012). Additionally, comparisons
between previously designed oscillators remain hindered by the lack of
standardization and characterization of biological parts (Purcell et al., 2010). The
design complexity that arises from this is further amplified by the variability in
implementation features observed in the oscillators constructed so far, i.e. different
biological components, topologies and host organisms. A summary of the
implementation features reviewed throughout this chapter is presented in table 2.1.

In vivo implementations have almost exclusively been in prokaryotic hosts
(i.e. E.coli), with the exception of Fussenegger oscillators (Purcell et al., 2010).
Indeed, the molecular biology landscape of prokaryotes is simpler and easier to
manipulate than that of eukaryotes. Additionally, the biological components
required to assemble synthetic gene networks in prokaryotes are better
characterized and standardized in comparison to eukaryotes.

Oscillatory periods vary between 13 minutes and 26 hours (for the Smolen
and low-frequency Fussenegger oscillators, respectively). The reason for this
significant variability is not yet well understood, and it has been hypothesized that
the interplay of topological structure with noise plays a determining role in
determining oscillatory period and amplitude (Purcell et al., 2010). In addition,
period and amplitude of oscillations have been shown to be prone to tuning via
several mechanisms, e.g. temperature, chemical inhibitors, medium composition,

gene dosage. In terms of robustness (herein assessed as the percentage of host cells
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exhibiting oscillatory behaviour), only the Smolen oscillator (implemented by Stricker
et al., 2008) can be considered to be robust (Purcell et al., 2010). To date, there are
still no available mammalian oscillator designs that are both robust and highly
tunable. The main objective of the next chapters is to propose and highlight the

theoretical and biological design features of such a system.
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Table 2.1. Comparison between different in vivo implementations of synthetic gene

oscillators.
Robustness
(in % cells Period Number
Oscillator Tunability
exhibiting (min) of genes
oscillations)
Goodwin Not reported 30 No E.coli 1
Repressilator Coupled to
(Elowitz and 40 160+40 cell growth E.coli 3
Leibler) regulation
Yes

600 —-1200 (Period and

Atkinson Not reported (damped amplitude, E.coli 2
oscillations) via cell
doubling)
Yes
(Period and
Fussenegger Not reported 170171 amplitude, CHO-K1 2
via gene
dosage)
Fussenegger
(low- 18 15601510 No CHO-K1 2
frequency)
Yes
(Period, via
Smolen 99 13-58 E.coli 2
IPTG and
arabinose
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Chapter 3

Design of a novel mammalian synthetic
gene oscillator
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3.1. Introduction

Synthetic gene oscillators have systems-level properties such as frequency,
amplitude, feedback and delay. As such, the design of such a system requires more
than a genetic engineering or molecular biology experimentation exercise (Novak &
Tyson, 2008). Indeed, in order to fully understand and control these system-level
properties one must have a theoretical perspective of the system based on
guantitative mathematical modelling and analysis, in addition to experimental
testing (Novak & Tyson, 2008). As established in 2.1, there are four fundamental

requirements for the design of an oscillator:

* Negative feedback is required for a system to be carried back to its “starting
point”;

* Time delay in the negative feedback prevents the system from settling on a
stable steady state;

* Non-linearity in kinetic laws describing the system provide additional de-
stabilization of the steady state;

* Time-scales of the synthesis and degradation reactions must be balanced

across all system components;

Thus, the theoretical design of a synthetic gene oscillator must be based on a
mathematical model that reflects these requirements while providing a
comprehensive description of gene regulation processes within the system. The
development of such a model for a novel synthetic gene oscillator is presented in
this chapter.

In synthetic biology, descriptive mathematical models are unable to provide a
fully detailed representation of all the processes happening within and around
systems. This is largely due to the complex molecular biology landscape of cells, and
the parametric uncertainty that they involve. Thus, the development of a
mathematical model alone would not provide any insight regarding this uncertainty.

Indeed, in order to explore the uncertain parametric space of such a mathematical
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model, and have insight as to how it affects system dynamics, one must resort to a
suitable type of model analysis. Bifurcation analysis pinpoints qualitative changes in
the dynamic behaviour of a model when parameter values are changed (Strogatz,
1994): it allows one to correlate parametric space regions to dynamic behaviours.
Because synthetic gene oscillators present complex dynamical properties that can
translate into different dynamical behaviours, bifurcation analysis represents an
invaluable tool for their design.

This chapter addresses the in silico design of a novel synthetic gene oscillator
from a topological, dynamical and biological perspective. The first section focuses on
presenting the structure and topology of the system, as well as its components. This
is followed by the development of a lumped parameter kinetic ODE model that
describes the proposed system and its dynamics. A brief review of bifurcation theory
is then provided, followed by a comprehensive presentation and discussion of
deterministic simulation and bifurcation analysis results. Concluding remarks
regarding the design of the proposed system are presented at the end of this

chapter.
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3.2. System structure and topology

There is considerable variation in topology, structure and system components
between past implementations of synthetic gene oscillators, from the simple lacl-
based Goodwin oscillator to the complex Fussenegger mammalian oscillators (Novak
& Tyson, 2008; O’Brien, Van ltallie, et al., 2012; Purcell et al., 2010; Tigges et al.,
2010, 2009). Furthermore, alternative topologies have been theoretically proposed
but not implemented in vivo, e.g. 4-component oscillators, chaotic oscillators
(O’Brien, Van ltallie, et al., 2012; Purcell et al., 2010).

With this extensive design availability it becomes essential to define
topological and structural selection criteria that pre-determine implementation
feasibility before choosing a specific system topology. To this end, several synthetic
gene oscillator topologies were characterized below, according to their suitability for

mammalian cell implementation:

* 1-component oscillators are based on the Goodwin  design
(Goodwin Waddington, Conrad Hal, 1963). This system is known to generate
irregular, non-robust oscillations in E.coli if its implementation is based on the
Lac repressor system (Lutz & Bujard, 1997). Implementations based on other
repressor systems are known to disrupt oscillatory behaviour, showing highly
stable dynamics instead (Becskei & Serrano, 2000). Being the simplest type of
synthetic gene oscillators, 1-component oscillators offer minimal implementation
risk in comparison to other topologies. However, it has been pointed out that
this topology would not be a good candidate for mammalian cell implementation
(O’Brien, Van ltallie, et al., 2012). This is mainly due to the increased delay in
mammalian gene expression: the negative feedback effected by Lacl would not
occur fast enough to avoid a stable steady state (Novak & Tyson, 2008; O’Brien,

Van ltallie, et al., 2012; Purcell et al., 2010);

* 2-component oscillators have been shown to work in E.coli cells, mainly through

the implementations carried out by Atkinson et al. (2003) and Stricker et al.
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(2008) (Atkinson et al., 2003; Smolen et al., 1998; Stricker et al., 2008). Although
these implementations consisted of 2 core components, their topologies are
slightly different: the Hasty oscillator contains an additional negative feedback
loop (Stricker et al., 2008). Indeed, the different dynamic behaviours observed in
these two systems (transient versus sustained oscillations, respectively) are a
reflection of this topological difference (Purcell et al.,, 2010). Both
implementations relied on the function of well-characterized, prokaryotic, hybrid
promoters that are responsive to more than one transcription factor (Atkinson et
al., 2003; Purcell et al., 2010; Stricker et al., 2008). 2-component oscillators have
been previously proposed for eukaryotic implementation (O’Brien, Van lItallie, et
al., 2012; Purcell et al., 2010). However, it has been shown that, with an
appropriate parameter selection, two component mammalian synthetic gene
oscillators would not be able to generate enough negative feedback delay in
order to sustain oscillations (Novak & Tyson, 2008; O’Brien, Van ltallie, et al.,
2012; Purcell et al., 2010). Furthermore, hybridized promoters are not as well
characterised and standardised in eukaryotes as they are in prokaryotes. This
poses a considerable implementation risk because promoters and their
respective operators / transcription factor binding sites represent key features in
system design: they couple different system components through gene

expression regulation;

3-component oscillators have been previously designed and implemented in
both prokaryotic and eukaryotic hosts (Purcell et al., 2010). This is the case of the
repressilator and the Fussenegger oscillators, respectively (Michael B Elowitz &
Leibler, 2000; Tigges et al., 2010, 2009). The repressilator has been previously
proposed for eukaryotic implementation (Purcell et al.,, 2010). However, for a
plausible choice of mammalian cell parameters the system presents stable
dynamics instead of sustained oscillatory behaviour, possibly due to increased
delays in every step of repression throughout the system (O’Brien, Van ltallie, et
al., 2012). Additionally, the dynamic mechanisms leading to the appearance of

oscillations in the repressilator are not yet well understood (Kuznetsov &
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Afraimovich, 2012). Indeed, it has been shown that the parameter regions in
which limit cycles appear vary greatly if saturation, instead of linear, dynamics
are assumed for protein degradation (Kuznetsov & Afraimovich, 2012). On the
other hand, the Fussenegger oscillators are the only synthetic gene oscillators to
be successfully implemented in mammalian cells. The topology of these systems
is different from that of the repressilator: instead of comprising three
consecutive repressive links, it consists of two up-regulating modules and one
repressive link, mediated by either anti-sense mRNA synthesis or siRNA
expression (Tigges et al.,, 2010, 2009). Although presenting a robustness of c.
18%, building upon the Fussenegger designs represents a lower implementation
risk than any of the other previous topologies and systems due to their
mammalian cell-optimized features, e.g. well-characterized transcription factors

for mammalian cells, ubiquitin-tagged GFP reporter, orthogonality;

Synthetic gene oscillators with 4 or more components, such as chaotic and
multicellular oscillators, have also been proposed for both prokaryotic and
eukaryotic implementation, but remain entirely theoretical to date with the
exception of a prokaryotic synchronized genetic clock quorum developed by
Danino et al. (2010) (Danino et al., 2010; O’Brien, Van ltallie, et al., 2012; Purcell
et al., 2010). This is likely due to the implementation complexity they involve.
Indeed, most synthetic gene oscillators are implemented in host cells through
plasmid transformation or transfection (Atkinson et al., 2003; Michael B Elowitz
& Leibler, 2000; Stricker et al., 2008; Tigges et al., 2010, 2009). For mammalian
systems this is usually done following a one-component per plasmid rule, in
order to achieve increased system modularity and experimental control (Tigges
et al., 2010, 2009). Thus, there is a considerable implementation complexity and
risk in designing a mammalian synthetic gene oscillator with any topology that is

based on four or more system components.
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Taking the implementation risk characterization presented above into account, the
mammalian synthetic gene oscillator design to be proposed herein is a 3-component
delayed negative feedback system that follows the same topological features as the
Fussenegger oscillators. However, the structure of the proposed system is based on
three different genes instead of two genes with an additional anti-sense mRNA or
siRNA module. This core structure has been suggested as a promising candidate for
both prokaryotic and eukaryotic implementation (E. D. Conrad et al., 1999; Novak &
Tyson, 2008; O’Brien, Van ltallie, et al., 2012; Purcell et al., 2010).

The core components of the system are tTA, gal4d and lacl; the reporter
module is an ubiquitin-tagged gfp construct. The three genes that make up the core
of the system were selected because they are the most well-characterized
transcription-factor encoding genes that are unpatented and functional in
mammalian cells (Aubrecht, Manivasakam, & Schiestl, 1996; Cronin, Gluba, &
Scrable, 2001; Gossen et al., 1995; Kakidani & Ptashne, 1988; Sadowski, Bell, Broad,
& Hollis, 1992; Tigges et al., 2009; Webster, Jin, Green, Hollis, & Chambon, 1988).
There are several alternative transcription factor encoding genes that are well-
characterized for mammalian synthetic biology research (Kis et al., 2015). However,
these are patented and, as such, were not considered for the design of this system
(Aubel & Fussenegger, 2010; Fussenegger et al., 2000; Heng, Aubel, & Fussenegger,
2014; Nielsen et al., 2014; Weber & Fussenegger, 2009, 2010).

The structure and topology of the proposed mammalian synthetic gene
oscillator are illustrated in figure 3.1. The design proposed herein is based on a
delayed negative feedback loop: expression of the tTA gene leads up-regulation of
gal4 (at a tetO operator site), which in turn up-regulates expression of /acl (at an
UAS— Upstream Activating Sequence — site). Negative feedback, essential for
preventing the system from settling into a stable steady state, is carried out by Lacl-
mediated down-regulation of the tTA gene at a lacO operator site. In addition to its
core regulatory role, tTA also up-regulates expression of an ubiquitin-tagged gfp
gene (at a tetO operator site), allowing system dynamics to be monitored. The delay
in negative feedback is essentially based on the intermediate tTA-gal4 regulatory

interaction: the Lacl repressor is only produced after tTA-mediated up-regulation of
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gald, and the subsequent Gal4-mediated upregulation of /lacl. The activities of Lacl
and tTA can be inhibited by IPTG and tetracycline (or doxycycline), respectively. This
provides a potential source of frequency tuning similar to that in the Fussenegger

oscillators (Tigges et al., 2010, 2009).

®
@0 PTG

|
- -

— @ Tetracycline

o0 Doxycycline

<
J—

Figure 3.1. Diagrammatic representation of the proposed oscillator design. The core
regulatory part of the system comprises three genes: lacl, tTA and gal4. The tTA and
gald genes encode the tetracycline-dependent (tTA) and Gal4 transactivators,
respectively. The lac/ gene encodes the Lacl repressor. The gfp gene allows
monitoring of dynamics, through the expression of an ubiquitin-tagged variant of
Green Fluorescent Protein (GFP). Blunt-ended arrows represent down-regulation,

whereas normal arrows represent up-regulation.

This network topology has been theoretically predicted to sustain
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oscillations, and is thus regarded in the literature as a good candidate for in vivo
implementation (E. D. Conrad et al., 1999; Novak & Tyson, 2008). The addition of a
positive feedback loop to this topology has been predicted to further increase the
size of parametric regions corresponding to oscillatory behaviour (Novak & Tyson,
2008; Purcell et al., 2010). However, this represents a source of complexity that
might affect system robustness due to the inherent complexity of implementing

synthetic hybrid promoters in mammalian cell systems (Purcell et al., 2010).

3.3. Introduction to an ODE-based model of the proposed synthetic

gene oscillator

A lumped parameter kinetic ODE model was developed in order to predictively test if
the proposed system is able to exhibit and sustain oscillatory behaviour with a
realistic choice of parameter values. Moreover, it provides a modelling framework
capable of predicting dynamic behaviour changes in response to specific biochemical
stimuli, namely the concentrations of tetracycline and IPTG.

The fundamental structure of the model is based on the Law of Mass Action,
which states that the rate of change in the concentration of a component in a
biochemical system is proportional to some product of concentrations of the
chemical components present in the system (E. D. Conrad et al., 1999; Novak &
Tyson, 2008). Furthermore, several assumptions were made when developing this
model; these are listed below. It is worth stating that the following assumptions are
commonly made when developing ODE-based models for synthetic gene circuits.
Indeed, these have also been made for all the ODE-based models that describe the
synthetic gene oscillators reviewed in Chapter 2 (Atkinson et al., 2003; Michael B
Elowitz & Leibler, 2000; Goodwin Waddington, Conrad Hal, 1963; O’Brien, ltallie, &
Bennett, 2012; Purcell et al., 2010; Stricker et al., 2008; Tigges et al., 2010, 2009).

* Assumption 1. The concentration of every DNA molecule in the system remains

constant over time.

62



Design of a novel mammalian synthetic gene oscillator

* Assumption 2. The modulation of transcription by tTA, Gal4 and Lacl is described
by Hill functions. Correspondingly, transcription factor co-cooperativity is

described by Hill coefficients.

* Assumption 3. The rate of translation is generalized for all mRNA transcripts.

* Assumption 4. The degradation of mRNA transcripts and proteins follow linear

kinetics.

* Assumption 5. The cell is assumed to be a perfectly mixed biochemical
environment and no molecular transportation processes are required for

transcription and translation to take place.

* Assumption 6. The interactions of Lacl with IPTG and tTA with tetracycline follow

saturation kinetics and are described by specific transfer functions (Alon, 2007).

The model has 8 variables and 27 parameters, and describes the dynamical
interactions of the system illustrated in figure 3.1. The equations that describe it (3.1

to 3.10) are as follows:

ddm ky.y™ .
dt_ l.k;li'F)/n dml -‘m
(3.1)
A, k, g
dt = 92 < 1. w(l)>n3 dm2 -Ym
1+ %
d3
(3.2)
A¥m ks .0™2.(T)
dt = g3 - kZ;-F gz, lP(T) dm3 - Vm
(3.3)
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dr,, ks .0 (T)
7= 94 - an + g2 lP(T)_ kdm4-Fm
d2 '
(3.4)
dA
E - k4, Am - kdpl A
(3.5)
db
E= k49m - kde 9
(3.6)
dy
E = k4 -Ym — kdp3 Y
(3.7)
ar
E= k4rm— kdp4'F
(3.8)
D=1+ (1 )m
w = KL
(3.9)
Y =1 - =7
(3.10)

Where 0,,,, Vi, Am and [}, represent the mRNA concentrations of tTA, Gal4,
Lacl and GFP transcripts, respectively. The terms 6, y, A and T represent the

concentrations of proteins tTA, Gal4, Lacl and GFP, respectively. The terms [ and T
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represent the concentrations of IPTG and tetracycline, respectively; the kinetics of
their respective interactions with Lacl and tTA are described by transfer functions w
and . A list describing all the kinetic parameters and their reference values found in

the literature is presented in Appendix A.3.

3.4. A brief review of bifurcation theory and its applicability to model

analysis

In the discipline of dynamic systems, the term bifurcation is used to describe the
change in qualitative behaviour of a system when a parameter value is changed
(Strogatz, 1994). This change in qualitative behaviour can be, for example, a
dynamical system transition from a stable to unstable steady state. Various kinds of
bifurcations may appear in dynamic systems, leading to different types of dynamic
behaviour changes, e.g. pitchfork, saddle-node, Hopf.

Hopf bifurcations are of particular importance for the analysis of the model
described by equations 2.1 — 2.10. In fact, a Hopf bifurcation can be defined as the
“disappearance or appearance of a periodic orbit in a phase plane, as a result of a
local change in the stability properties of a steady point” (Strogatz, 1994). Thus,
there is a direct correlation between the existence of Hopf bifurcation regions and
transitions in or out of sustained oscillatory behaviour. The appearance of periodic
orbits through a Hopf bifurcation is illustrated in the following example of a two-

variable ODE system:

x = f(xy)
y=9xYy)
(3.11)

Where x and y are non-negative quantities representing the concentrations of
biochemical components X and Y. The steady state solution (x;, ¥y) can be found by

solving:
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{f(x,y)=0
g(x,y) =0

(3.12)

A biochemical system will generally possess a stable steady state due to its
underlying saturation kinetics assumptions (E. D. Conrad et al., 1999). However, the
existence of a periodic steady state solution is guaranteed if stability is lost at a Hopf
bifurcation (E. D. Conrad et al., 1999). The stability of (x,, yy) can be determined by

linearizing 3.11; the Taylor expansion at (x,, ¥o) has the following general form:

X = f(x0,¥0) + fx(X0,¥0)(x — x0) + £, (%0, ¥0) (Y — ¥o)
+ 0((x = x0)% (Y = y0)?)

Yy =90, ¥0) t gx(x0,¥0)(x — x0) + gy (X0, Y0) (¥ — ¥o)
+ 0((x — xO)Zl(y_ J’O)Z)
(3.13)

The terms f(xg, Vo) and g(xg, Vo) vanish at the steady state (x,,y,). Additionally,

the nonlinear terms can be dropped by substituting X = x —x,andy =y — y, and
settingu = (;‘;) provided that |X| « 1and || « 1. Re-writing 3.13 as a linearized

planar system yields:

&l

L (fx(xo,y'o) fy(xo.yo)>

: ()3
9x (X0, Y0) Gy (X0, Y0) yé

(3.14)

The matrix J, = “B) is the Jacobian matrix of 3.11 at (x0,y0) - Setting T =
0 yé

trace(Jo) = a+ & and A = det(J,) = ad — By allows us to find the eigenvalues,
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A, of the Jacobian matrix, which satisfy det(J, — Al;) = 0 and can be used to

determine the stability of 3.14:

det(lo — Ay =det(* 1 P ) =@- - -y

§— A
=AM—(a+ HA+adb— Py= 12— 11+ A
B T + V12 —4A
B 2

(3.15)
According to linear systems theory, (xo,V,) is stable or unstable depending on
whether the real part of 1 is negative or positive, respectively (E. D. Conrad et al.,
1999). When A < 0, the discriminant of 3.15 is positive and A is real. Moreover,
VT2 —4A > |t|, means that one solution is negative while the other is positive.
Thus, the steady state is always a saddle point, i.e. unstable (E. D. Conrad et al.,
1999; Strogatz, 1994). Conversely, when A > 0, the sign of the discriminant in 3.15
must be considered in order to find R(A). If 2 > 4A, then A is real, and V12 — 4A <
|7| implies that both solutions are of the same sign (E. D. Conrad et al., 1999). In this
case, (xg, Vo) is always an unstable or stable node (E. D. Conrad et al., 1999).
However, if T2 < 4A, then 3.15 is satisfied by a pair of complex conjugates, with T as
the real part. It is only possible for the real part of A to change signs in this case, i.e.
(x0,y0) changes stability if and only if the solutions for the eigenvalues of J, are a
complex conjugate pair and trace(J,) changes sign (E. D. Conrad et al., 1999).

If A = pu + iw then the solutions to the linear system 3.14 are of the form
cert = ce(WEWt = coltotint - colt(cos(wt) + sin(wt)). Thus, when A> 0 and
72 < 4A, w will be nonzero and oscillatory solutions will exist (E. D. Conrad et al.,
1999). Indeed, stability analysis guarantees that the stability of the original system
(3.11) is determined by the linearized system, as long as the real part of the
eigenvalues of the linearized system are nonzero (E. D. Conrad et al., 1999; Strogatz,
1994). In graphical terms, if the solutions for A cross the imaginary axis in the
complex plane anywhere other than the origin, the stability of 3.14, and
consequently 3.11, will change and one might expect to see oscillatory behaviour (E.

D. Conrad et al.,, 1999; Strogatz, 1994). This transition of a conjugate pair of

67



Design of a novel mammalian synthetic gene oscillator

eigenvalues from the imaginary to the real axis is precisely what defines a Hopf
bifurcation (E. D. Conrad et al., 1999; Strogatz, 1994).

There are three fundamental reasons why the theoretical concepts described
above are directly applicable to the design of the proposed synthetic gene oscillator:
(i) finding the parametric regions corresponding to Hopf bifurcations allows one to
map specific ranges of parameters to sustained oscillatory behaviour; (ii) the analysis
of periodic orbits in the phase plane of equations 3.1 — 3.8 provides critical insight
regarding the frequency and amplitude modulation properties of the system, thus
allowing an assessment of system tunability to be made; (iii) knowing the size of
Hopf regions provides a solid framework for verifying if parameter values
corresponding to oscillatory behaviour are near a bifurcation point (i.e. which would
abolish or create periodic orbits when crossed) — this is highly relevant for the design
of dynamic mammalian systems given their current parametric uncertainty.

There are several software packages that can be used to perform bifurcation
analysis of dynamic systems ( a. Dhooge, Govaerts, & Kuznetsov, 2003). However,
most of these are written in a relatively low-level programming language, which
makes the task of specifying, inputting and updating systems highly laborious ( a.
Dhooge et al., 2003). On the other hand, MatCont, developed by Dhooge et al.
(2003), is a powerful and widely used environment for the study of differential
equations and general scientific computing in MATLAB ( a. Dhooge et al., 2003).
Matcont, like most software packages used to perform stability analysis of dynamic
systems, relies on numerical continuation ( a. Dhooge et al., 2003). Numerical
continuation is a computing method to approximate the solutions of systems of
parametric nonlinear equations ( a. Dhooge et al., 2003). This methodology is based
on finding the solutions of a nonlinear system at a fixed point and continuing these
throughout a parametric variation. There is great implementation variety within
different numerical continuation methods (Allgower & Georg, 2003); however, the
bifurcation analysis carried out in this work was performed with Matcont (version
6p2), given its proven reliability and widespread use in studying nonlinear biological
systems (Bindel, Demmel, Friedman, Govaerts, & Kuznetsov, 2005; a. Dhooge et al.,

2003; A. Dhooge, Govaerts, & Kuznetsov, 2004).
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3.5. Results

3.5.1. Numerical solution of the model describing the proposed

synthetic gene oscillator

Solving the dynamic model described by equations 3.1 — 3.10 provides critical insight
into the dynamic behaviour of the proposed synthetic gene oscillator. Validating
system functionality, that is, knowing that the proposed system is capable of
sustaining oscillatory behaviour under realistic parameter values while being
responsive to concentration gradients of tetracycline and IPTG, is the first criterion
the model must meet in order to be considered as a plausible description of the
proposed synthetic gene oscillator. To this end, the model was specified in MATLAB
(version R2014_a) and solved using the ode45 differential equation solver. The
corresponding MATLAB code is presented in Appendix A.3.

The steady state dynamic concentration profiles of system protein and mRNA
components are shown in figures 3.2 and 3.3, respectively. Figure 3.2 shows the
evolution of Lacl, tTA, Gal4 and GFP concentrations with time, in the absence of
chemical inhibitors IPTG and tetracycline, and assuming equimolar gene dosage
ratios between all components. Figure 3.3 illustrates the same evolution of system
components with time, but for their respective mRNA transcripts.

It is clear from both figures that the system exhibits sustained oscillations
under a realistic choice of parameters, with a period of approximately 1000 minutes.
It can also be noted that the proportion of mMRNA transcript concentrations to their
respective proteins is maintained for all components, thus reflecting Assumption 3,
i.e. generalized translation rate. Moreover, the oscillatory ranges for all components
are in line with those of previous designs (Tigges et al., 2009). Figures 3.2 and 3.3
also illustrate that the tTA mRNA transcript and protein concentrations oscillate at
considerably lower amplitudes than the remaining components, a feature that has

also been reported in components of previous designs (Tigges et al., 2010, 2009).
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Figure 3.2. Concentration profiles of Lacl, tTA, Gal4 and GFP proteins in the absence of chemical inhibitors
IPTG and tetracycline, assuming equimolar gene dosage ratios (1:1:1:1). Results are shown for the 1500 —

7500 minute time window.
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Figure 3.3. Concentration profiles of Lacl, tTA, Gal4 and GFP mRNA transcripts in the absence of chemical
inhibitors IPTG and tetracycline, assuming equimolar gene dosage ratios (1:1:1:1). Results are shown for

the 1500 — 7500 minute time window.
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This feature of tTA oscillations, as well as their resemblance to ‘fire and degrade’
peaks (i.e. ‘spiky’ appearance), can be attributed to the fact that the tTA gene is the
only system component that is under direct repression, i.e. from Lacl.

In addition to the simulation results presented in figures 3.2 and 3.3, a
preliminary frequency and amplitude modulation test was carried out by simulating
system dynamics under different concentrations of tetracycline and IPTG. These are
illustrated in figure 3.4. Tetracycline and IPTG have a clear effect in system dynamics,
at the frequency and amplitude level: increasing the concentration of tetracycline
clearly reduces the amplitude of oscillations while simultaneously reducing the
period; increasing the concentration of IPTG reduces the period of oscillations while
simultaneously having a small amplitude reduction effect. These effects are further
studied in the next section with a bifurcation analysis-based study of the periodic

orbits that arise in the system described by equations 3.1 —3.8.
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Figure 3.4. Preliminary analysis of frequency and amplitude modulation by tetracycline (top) and IPTG

(bottom). (Top) System dynamics were simulated assuming the tetracycline concentrations 0 nM, 20 nM,

40 nM , and 60 nM (black, red, blue and green, respectively). (Bottom) System dynamics were simulated

assuming IPTG concentrations 0 nM, 1.5 uM, 2 uM, 2.5 uM, (black, red, blue and green, respectively).
71



Design of a novel mammalian synthetic gene oscillator

3.5.2. Bifurcation analysis of the proposed synthetic gene oscillator

model

Analysing the parametric space of the model described by equations 3.1 — 3.10 is of
critical importance to the design of the proposed synthetic gene oscillator.
Numerical bifurcation analysis was performed to address this goal by scanning the
model core parameters and correlating them to parametric space regions
corresponding to oscillatory behaviour. Core parameters were considered to be
those influencing the kinetics of the core components of the system: mRNA and
protein degradation rates, generalized translation rate, and mRNA transcription
rates.

Periodic solutions to the model were found to arise exclusively through Hopf
bifurcations. Table 3.1 comprises a list of numerical ranges at which the core model
parameters induce oscillatory behaviour. The bifurcation diagrams for the
parameters listed in table 3.1 are presented in Appendix A.3, together with the
Matcont continuation specifications used when each individual parameter. As
expected, the reference values of all parameters listed in table 3.1 are within a Hopf
bifurcation region. Indeed, with the exception of kq, k4,1 and kg3 (table 3.1), all
reference parameter values are located within their respective Hopf bifurcation
regions with a distance of at least one order of magnitude to a Hopf point. These
confidence interval values for ky, k4,1 and kgp3 are 62%, a factor of c. 5.7, and
67.2% of their corresponding reference values, respectively.

Moreover, only one Hopf bifurcation point was detected when scanning
parameters k1, kgm1, Kamz and k, (table 3.1). This ensures that k;, k4,1 and k, can
individually take any value higher than 11.387196 min™, 0.00108 min and 0.003006
min™, respectively, and kg3 any value lower than 6.875593 min™, without
abolishing oscillations in the model. The remaining parameters listed in table 3.1
must take a value between their corresponding Hopf points in order to not abolish
oscillations. Bifurcation analysis was also carried out for model parameters that are
considered variable during experimental setup, namely the gene dosage ratios g4,

g2, g3 and the concentrations of tetracycline and IPTG.
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Table 3.1. Core parameter values and respective Hopf intervals corresponding to

oscillatory behaviour in the model described by equations 3.1 — 3.8.

Parameter

Symbol

First Hopf

point

Last Hopf

point

Reference

value

Lacl mRNA
transcription rate
(min™)
tTA mRNA
transcription rate
(min™)

Gald mRNA
transcription rate
(min™)

Lacl mRNA
degradation rate
(min™)
tTA mRNA
degradation rate
(min™)

Gal4d mRNA
degradation rate
(min™)
General translation
rate (min™)
Lacl degradation
rate (min™)
tTA degradation
rate (min™)
Gal4 degradation

rate (min™)

kq

kdnu

kdnu

kdnﬁ

kdpl

kdpz

kdpS

11.387196

0.000714

0.059681

0.00108

0.002466

N/A

0.003006

0.001004

0.002491

0.002262

N/A

1445.609784

1463.426501

N/A

585.70643

6.875593

N/A

0.056846

806.804175

3.328788

30

30

30

0.0173

0.0173

0.0173

0.02

0.01003

0.0231

0.0069
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The main objective of this was to determine if these parameters could take values
that (i) lead to the appearance or disappearance of oscillatory behaviour, and (ii) are
able to change the frequency of oscillations, thus contributing for system tunability.
Tetracycline and IPTG concentrations, as well as gene dosage parameters g4,
92, 93, were found to induce oscillatory behaviour in the model, with periodic orbits
also arising from Hopf bifurcations. Their respective Hopf bifurcation intervals are
listed in table 3.2. Furthermore, apart from being able to induce and abolish
oscillatory behaviour, these parameters were found to dynamically change the
frequency of oscillations when scanned throughout their respective Hopf intervals,
further corroborating the results presented in figure 3.4. The tunability potential of
these parameters is illustrated in figure 3.5. It is clear from table 3.2 that the model
is able to produce oscillatory behaviour in the absence of tetracycline and IPTG.
Indeed, these parameters are only able to abolish oscillatory behaviour if they take
any value higher than 203.943297 nM and 3144.910751 nM, respectively. Gene
dosage parameters g,, g,, and g5 are also able to induce and abolish oscillatory
behaviour in the model. Indeed, the model presents periodic solutions for any value
of g, higher than 0.000024, and for any values of g, and g5 that are within their

specified Hopf intervals.

Table 3.2. Hopf interval ranges of tetracycline, IPTG and gene dosage parameters.

First Hopf
Parameter Last Hopf point

point

Tetracycline concentration

T N/A 203.943297
(nM)
IPTG concentration (nM) I N/A 3144.910751
Lacl gene dosage
g1 0.379573 N/A
(adimensional)
tTA gene dosage
9> 0.000024 48.186993
(adimensional)
Gal4 gene dosage
Js 0.001989 48.780886

(adimensional)
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Figure 3.5. Tunability potential of parameters variable through experimental setup. (Top left)
Period variation with increasing tetracycline concentration. (Top right) Period variation with
increasing IPTG concentration. (Middle left, Middle right, bottom left, respectively) Period

variation with increasing gene dosages g4, g, and gs.
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Figure 3.5 illustrates that all the parameters that are changeable through the
experimental setup of system implementation have the potential of dynamically
modifying the frequency of oscillations. This effect is more pronounced in
tetracycline-, g;- and g,- mediated frequency tunability with respective period
tuning ranges of c. 260, 265 and 230 minutes. Although less pronounced, this effect
is also clearly present in IPTG- and gz;-mediated tunability, with respective period

tuning ranges of ¢. 195 and 175 minutes.

3.5.3. Considerations about promoter leakiness

Leakiness is defined as the basal expression level of a gene that is under repression
(Auslander, Auslander, Miller, Wieland, & Fussenegger, 2012; Michael B Elowitz &
Leibler, 2000; Greber & Fussenegger, 2007; Weber & Fussenegger, 2009).
Additionally, it is a commonly used term to refer to the residual expression of genes
that have upstream transactivator-responsive regulatory elements. In essence,
leakiness can be thought of as a measure of (i) how ineffective transcriptional
repressors are, and (ii) the expression level from transactivator-responsive
regulatory elements in the absence of their corresponding transactivator (Auslander
et al., 2012; Greber & Fussenegger, 2007; Weber & Fussenegger, 2009). Leakiness
from promoters and other gene regulatory elements has been proposed as a
problematic feature of synthetic gene oscillators, and synthetic gene networks in
general. This is mostly because leakiness provides an unwanted residual level of
gene expression, which hinders the goal of achieving full controllability of system
dynamics (Purcell et al., 2010; Serrano, 2007; Weber & Fussenegger, 2009).
Leakiness is relatively well characterized in prokaryotic synthetic gene
networks, namely in past synthetic gene oscillator implementations (Michael B
Elowitz & Leibler, 2000; Purcell et al., 2010; Stricker et al., 2008). However, this is not
the case for synthetic gene networks implemented in eukaryotic hosts, especially
mammalian cells, where leakiness is known to greatly vary in a cell line-specific

manner (Auslander et al., 2012; Greber & Fussenegger, 2007; Weber & Fussenegger,
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2009). This parametric uncertainty involving the contribution of leakiness to the
overall gene expression from system components is, in fact, the reason why
leakiness parameters were not considered when developing the model described by
equations 3.1 to 3.10.

However, these parameters were considered from a bifurcation analysis
standpoint with the objective of determining the maximum leakiness that individual
system components can withstand while preserving oscillatory behaviour. The
results of a bifurcation analysis carried out on equations 3.1 to 3.10 considering
parameters a;, a, and a; as the respective leakiness from lacl, tTA and gal4 are
presented in table 3.3.

It is apparent from tables 3.1, 3.2 and 3.3 that the model described by
equations 3.1 to 3.10 is able to produce oscillatory behaviour in the absence of
leakiness. Indeed, table 3.3 illustrates that only one Hopf point was discovered for
each of the leakiness parameters considered (i.e. for positive values of a,, a, and
as; ). Moreover, the maximum permitted leakiness from upstream regulatory
elements greatly varies between system components. The system is able to produce
sustained oscillatory behaviour even when the basal expression of lacl is 6 times
greater than its standard expression level under Gal4-mediated transactivation. The
maximum permitted basal expression levels from the regulatory elements upstream

of tTA and gal4 is considerably lower: c. 0.1% and 4.8%, respectively.

Table 3.3. Hopf point locations of leakiness parameters for core system components.
Maximum leakiness from

upstream regulatory element

(adimensional)

lacl 6.006596
tTA 0.001013
gald 0.048426
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3.6. Discussion

The results presented in section 3.5 illustrate that the proposed synthetic gene
oscillator design is able to produce sustained oscillatory behaviour with a realistic
choice of parameter values. This is reflected in the numerical solution of the model
describing the system, represented by equations 3.1 to 3.10 (figures 3.2 and 3.3).
Different system components were found to oscillate with different amplitudes, but
preserving the same oscillatory period, i.e. ¢. 1000 minutes. This effect is more
pronounced in tTA, which was found to oscillate at considerably lower amplitude
than Lacl, Gal4 and GFP. This feature has been observed in previous synthetic gene
oscillator implementations: system components under direct repressive activity
oscillate at lower amplitudes (O’Brien, Itallie, et al., 2012; Purcell et al., 2010; Stricker
et al., 2008; Tigges et al., 2010, 2009). Moreover, the development of the dynamic
model described by equations 3.1 to 3.10 provided a theoretical framework in which
system dynamics under the influence of chemical inhibitors (i.e. IPTG and
tetracycline) could be tested. Indeed, a simple simulation exercise allows one to
verify that IPTG and tetracycline are able to influence the amplitude and frequency
of oscillations (figure 3.4). This feature was also present in previous oscillator
designs: the original Fussenegger oscillator was tunable through varying tetracycline
concentrations; the Smolen / Hasty oscillator was tunable across a wide range of
arabinose and lactose concentrations (Purcell et al., 2010; Stricker et al., 2008;
Tigges et al., 2009).

The appearance of periodic orbits in the phase space of equations 3.1 to 3.10
was further analyzed using bifurcation analysis. Moreover, this technique was used
to investigate the tunability potential of the proposed system. Periodic solutions
were found to arise through Hopf bifurcations, as outlined in section 3.4, thus
corroborating that the model produces sustained oscillatory behaviour resulting
from the transition of pairs of complex conjugate eigenvalues from the imaginary to
the real plane. An analysis of periodic orbits with varying concentrations of IPTG and
tetracycline revealed that these parameters, controllable in an experimental context,

not only could abolish oscillatory behaviour if brought to high enough values, but
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could also vary the oscillatory period by as much as c¢. 260 and 190 minutes. This
tunability range is also in line with previous synthetic gene oscillator
implementations: the original Fussenegger oscillator model predicted oscillations
with a period of 170 minutes and a tunability range of c¢. 71 minutes; the low-
frequency Fussenegger oscillator model predicted a period of 1560 minutes and a
tunability range of 510 minutes; the Smolen / Hasty oscillator model predicted a
period of c. 40 minutes with a tunability range of ¢. 20 minutes (Purcell et al., 2010;
Stricker et al., 2008; Tigges et al., 2010, 2009). The dynamic frequency tuning effect
of IPTG and tetracycline was also found to have an effect on amplitude of oscillations
(figure 3.4). This has also been reported in previous designs, and can be explained by
the fact that de-coupled frequency and amplitude modulation is highly dependent
on the entrainment of oscillator populations rather than on individual parameters
(Mondragén-Palomino, Danino, Selimkhanov, Tsimring, & Hasty, 2011; Tsimring et
al., 2010).

In addition to the dynamic effect of tetracycline and IPTG, the gene dosages
of core system components were tested as potential tunability factors. Like
tetracycline and IPTG, the relative gene dosages g;, g, and g5 also had a frequency
alteration effect on system dynamics. Specifically, g,, g, and g; were found to have
a tuning potential of ¢. 265, 230 and 175 minutes. The ability of tuning the frequency
of oscillations by varying relative gene dosages was also explored in the original
Fussenegger design, and validated in an experimental context (Tigges et al., 2009).

The tunability potential of the proposed system can thus be explored using
five different experimentally controllable parameters. This feature implies a modular
controllability in tuning potential that is not shared with previous designs: bacterial
implementations of synthetic gene oscillators had, at most, two tuning parameters;
the original Fussenegger design was tunable across a range of tetracycline
concentrations, and relative dosages of two components (Purcell et al.,, 2010;
Stricker et al., 2008; Tigges et al., 2009).

It is relevant to state that apart from being able to dynamically tune the
frequency of oscillations, the ranges of tetracycline concentration, IPTG

concentration and relative gene dosages across which tunability is possible, remain
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valid from a biological perspective. Indeed, tetracycline- and IPTG-mediated
tunability occurs in the ranges of 10 nM to 150 nM and 750 nM to 3000 nM,
respectively. These concentration ranges are non-toxic for mammalian cells, and
usually supplied in in vivo experiments of tetracycline- and IPTG-responsive synthetic
gene networks (Aubrecht et al., 1996; Cronin et al., 2001; Gossen & Bujard, 1992;
Gossen et al., 1995). Likewise, the relative gene dosage value ranges where g4, g
and g;-mediated tunability occurs are, respectively, 0.4 to 3, 0.0001 to 0.003, and
0.009 to 0.05. This also reflects that tuning system frequency using these parameters
is realistic from an experimental perspective, as shown in previous implementations
(Tigges et al., 2009): modular transfection-based in vivo system implementation
allows for this adaptability of system component dosage ratios.

In addition to determining the tunability potential of the proposed system,
the modelling framework developed herein allowed for an exploration of the
parametric space of equations 3.1 to 3.8 (table 3.1). This exploration, carried out
using bifurcation analysis, revealed that with the exception of ky, k4,1 and kg5 all
reference values of core model parameters are located at least one order of
magnitude away from their respective closest Hopf point. These confidence interval
values for kq, kgqp; and kg3 are 62%, a factor of c. 5.7, and 67.2% of their
corresponding reference values, respectively. This parametric exploration provides
critical insight into the topological robustness of the proposed system. That is, the
existence of large parameter confidence intervals with respect to the size of Hopf
regions (table 3.1) provides a shielding strategy against parametric uncertainty: the
model described by equations 3.1 to 3.10 will produce oscillatory behaviour even if
the parameter values considerably vary from their reference values. This feature is
relevant for the design of a mammalian synthetic gene oscillator, where parameter
values greatly vary according to implementation strategies, experimental setups, and
intracellular noise (Auslander et al., 2012; Greber & Fussenegger, 2007; O’Brien, Van
Itallie, et al., 2012; Pedraza & van Oudenaarden, 2005).

Promoter leakiness was also explored using a bifurcation analysis approach to
equations 3.1 to 3.8. Parameters governing the kinetics of promoter leakiness were

not considered when simulating model behaviour given that they show great
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variation in mammalian cells across different cell lines, and its dynamics remain
poorly characterized in these hosts in comparison to prokaryotic hosts (Ausldander et
al., 2012; M B Elowitz & Leibler, 2000; Greber & Fussenegger, 2007; Purcell et al.,
2010; Weber & Fussenegger, 2009). Instead, leakiness parameters were considered
from a parametric space exploration standpoint, in order to provide insight into how
much basal activity each of the system modules could withstand while still sustaining
oscillatory behaviour (table 3.3). It is apparent that /ac/ can withstand a great level of
basal activity from its upstream regulatory element in comparison to tTA and gal4.
This is because expression from lacl, resulting in the synthesis of the Lacl repressor,
carries out the negative feedback in the system and the subsequent tTA:gal4-
induced delay is large enough to permit a temporary accumulation of Lacl, while
sustaining oscillatory behaviour. This topological feature has also been identified in
dynamic models of in vitro oscillators, circadian rhythms, and inflammatory
pathways (Bodnar & Bartomiejczyk, 2012; Momiji & Monk, 2008; Monk, 2003; Rajala
et al., 2010; Rateitschak & Wolkenhauer, 2007).

3.7. Concluding remarks

The main objective of this chapter was to provide a theoretical description and
address the in silico design component of a novel mammalian synthetic gene
oscillator. After comprehensively reviewing the advantages and disadvantages of
potential system structures and topologies while taking into account their
implementation feasibility, a 3-component delayed negative feedback oscillator
based on lacl, tTA and gal4 was the chosen topology for the proposed system.

A lumped parameter kinetic ODE model that describes the dynamics of the
system was developed, taking underlying synthetic gene oscillator design principles
into account. The numerical solution of the model showed that the system produces
oscillatory behaviour under a realistic choice of parameter values. Moreover,
simulation results showed that varying the concentrations of the two chemical

inhibitors of the system, IPTG and tetracycline, could alter amplitude and frequency
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of oscillations. This effect was further analyzed through bifurcation analysis, which
revealed that IPTG, tetracycline, and relative gene dosages could all be used as
tunability factors across a wide range of values.

Bifurcation analysis was also used to explore the parametric space of the ODE
model. The results from this analysis show that all core parameter reference values
are located in Hopf regions and have sizeable confidence intervals with respect to
Hopf bifurcation points. The potential effect of promoter leakiness on system
dynamics was also assessed in this way, revealing comprehensive maximum
leakiness values that the individual system modules can withstand, while sustaining
oscillatory behaviour.

The next chapter focuses on the biological construction and in vivo validation
of the individual system parts: lacl, tTA, gal4 and gfp. The first sections address the
methodological steps and specifications taken to assemble individual modules.
Results of their in vivo implementation are then presented, followed by a

comprehensive discussion.
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Chapter 4

Construction and in vivo validation of
system parts
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4.1. Introduction

This chapter addresses the biological construction and validation of the elements
that make up the proposed mammalian synthetic gene oscillator design. A 3-
component delayed negative feedback topology based on the periodic interactions
of lacl, tTA and gal4 has been shown to provide considerable tunability potential and
topological robustness to the system.

The interactions between system components are based on the structural
organization of upstream regulatory elements, namely promoters and operator sites,
i.e. transcription-factor binding sites. Indeed, promoters and operator sites
essentially drive the logical structure and topology of the system by determining the
target binding sites for transcription factors Lacl, tTA and Gal4. Thus, the biological
construction of each component was carried out in modules, whereby each module
is defined by a promoter, an operator site, the gene Open Reading Frame (ORF), and
downstream elements (i.e. poly-adenylation and nuclear localization signals).

Furthermore, the biological assembly of each module must take the
feasibility of in vivo mammalian cell implementation into account. Specifically, each
system module is required to have a genetic element organization that allows for
mammalian cell expression. To this end, several biological design core principles
based on previous implementations of mammalian synthetic gene networks, were

taken into account (Kis et al., 2015; Purcell et al., 2010):

* Plasmids containing individual modules must be endotoxin-free
mammalian expression vectors;

* Each module must have downstream mRNA maturation signals, namely
mammalian cell-recognizable poly-adenylation signals;

* The ORFs of each gene must be codon-optimized for mammalian cell
expression in order to avoid additional delays within the system;

* Promoters and operator sites must be functional in mammalian cells;

Thus, the biological construction of each system module was based on a

design framework that ensures implementation feasibility. Additionally, each
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assembled module was individually validated in vivo, in Human Embryonic Kidney
(HEK293T) cells. This validation is fundamental to corroborate that all parts are
functional before implementing the assembled system in vivo.

The next section provides a comprehensive review of the individual elements
used to construct all system modules. This is followed by a detailed description of
the underlying experimental methodology. In vitro and in vivo validation results are

then presented and discussed, followed by a conclusion.
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4.2. Organization of biological elements and system modules

The core regulatory part of the proposed synthetic gene oscillator comprises three
genes (lacl, tTA and gal4) that interact according to a delayed negative feedback
loop topology (figure 3.1). The logical configuration of this topology is ensured by the
presence of upstream regulatory elements that act as transcription factor binding
sites, subsequently leading to up- or down-regulation of the corresponding
downstream gene. Figure 4.1 illustrates the upstream regulatory element structure

of each system module.

lacO .SV4O lacO
intron

P Gald

Figure 4.1. Diagrammatic representation of the lacl, tTA, gal4 and gfp modules. The
lacl module contains upstream regulatory elements that are responsive to Gal4-
mediated transactivation (UAS). The tTA module has an upstream RSV promoter
followed by a SV40 chimeric intron that is flanked by lacO sites. The gal4 and gfp
modules are regulated by tetracycline-responsive element promoters, which allow

for tTA-mediated up-regulation.
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The lacl module is controlled by five Upstream Activation Sequences (UAS),
which allow for Gal4-mediated up-regulation of lacl. These sequences have
previously been shown to provide this biological function in eukaryotic hosts,
including mammalian cells (Carey, Lin, Green, & Ptashne, 1990; Distel, Wullimann, &
Koster, 2009; Sadowski, Ma, Triezenberg, & Ptashne, 1988; Scheer & Campos-
Ortega, 1999; Webster et al., 1988). Furthermore, the optimal number of UAS sites
Gal4-mediated expression has been shown to be five, thus validating the regulatory
organization design in this module (Potter, Tasic, Russler, Liang, & Luo, 2010; Wei,
Potter, Luo, & Shen, 2012). The lacl gene sequence considered in this design has also
been optimized for mammalian cell expression, i.e. lacl? (Agilent Technologies,
2015).

The upstream regulatory structure of the tTA module is responsive to Lacl-
mediated down-regulation. This is due to the presence of two /lacO operator sites
immediately upstream of the tTA gene ORF. These lacO sites flank a chimeric SV40
intron, which has been shown to increase the strength of Lacl repression in
mammalian cells (Luo, Celler, & Berndt, 1999). An element capable of driving
constitutive expression of tTA is required if the proposed system topology is to be
followed. In this case, a RSV promoter was chosen to drive constitutive expression of
tTA, (i) given its reliability when coupled to /acO operator sites (Luo et al., 1999), and
(ii) its similarity to CMV promoters in the context of transcription initiation strength
(Aubrecht et al., 1996; Boulos, Meloni, Arthur, Bojarski, & Knuckey, 2006; Qin et al.,
2010; Zarrin et al., 1999)

For the delayed negative feedback loop topology to be completed, the gal4
module requires a tTA-responsive upstream regulatory element: Prgresg. This
promoter contains seven tetO operator sites and ensures tight regulation of the
downstream ORF by minimizing the basal level of expression (Becskei & Serrano,
2000; Gossen & Bujard, 1992; Gossen et al., 1995; Kis et al., 2015). Thus, it is also
responsible for regulating expression of the ubiquitin-tagged gfp readout. The gal4
ORF sequence considered in this design has also been optimized for mammalian cell

expression (Potter et al., 2010).
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Three synthetic gene circuits were constructed in order to validate the
activity of each individual module in vivo (figure 4.2). The lacl validation circuit is
based on Lacl-mediated down-regulation of a gfp gene containing upstream lacO
operator sites that flank a chimeric SV40 intron. Accumulation of Lacl occurs due to
constitutive expression from an upstream CMV promoter, which provides reliable
and strong expression of the downstream /acl gene (Aubrecht et al., 1996; Qin et al.,
2010). The interaction of Lacl with its target binding sites can be inhibited by IPTG. In
the tTA validation circuit, constitutive expression from a CMV promoter leads to
accumulation of tTA, which in turn up-regulates gfp expression by binding to seven
upstream tetO sites in a Prresg promoter. The gal4 validation circuit is also based on
constitutive expression from a CMV promoter leading to accumulation of Gal4,
which in turn up-regulates gfp expression by binding to five UAS sites.

Implementing these three synthetic gene circuits in vivo provides a
comprehensive validation platform for the components of the proposed synthetic
gene oscillator. In the lacl validation circuit, accumulation of Lacl is expected to
inhibit gfp expression in the absence of IPTG. Thus, if the /lac/ gene ORF and the
upstream regulatory landscape of the gfp gene are functional, no fluorescence
should be observed. Conversely, fluorescence should be observed in the presence of
IPTG due to inhibition of Lacl-mediated down-regulation of gfp. In the tTA validation
circuit, accumulation of tTA is expected to up-regulate expression of the gfp gene, in
the absence of tetracycline. Thus, if the tTA gene ORF and the Prresc upstream of gfp
are functional, fluorescence should be observed. Fluorescence should be inhibited in
the presence of tetracycline, in a dose-dependent manner, due to inhibition of tTA-
mediated up-regulation of gfp. In the gal4 validation circuit, a CMV promoter drives
constitutive expression of gal4, leading to subsequent accumulation of Gal4 and up-
regulation of the gfp gene. Thus, if the UAS components upstream of gfp and the
gal4 gene ORF are functional, fluorescence should be observed.

The next section provides a detailed description of the methodologies used

to construct and implement these three synthetic gene circuits in HEK293T cells.
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Figure 4.2. Diagrammatic representation of lacl-, tTA-, and gal4-based synthetic gene circuits for

individual module in vivo validation. All circuits are dependent on constitutive expression from a CMV
promoter. In the lacl-based circuit, constitutive expression leads to accumulation of Lacl, which in turn
down-regulates expression of a gfp gene. This interaction can be inhibited by IPTG. In the tTA-based
circuit, constitutive expression leads to accumulation of tTA, which up-regulates gfp expression from a
Prress. This interaction can be inhibited by tetracycline or doxycycline. In the gal4-based circuit,

constitutive expression leads to Gal4 accumulation and subsequent UAS-mediated up-regulation of gfp.
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4.3. Methods

4.3.1. Bacterial cell culture conditions

Stellar™ Competent Cells (E. coli with genotype F—, endAl, supE44, thi-1, recAl,
relAl, gyrA96, phoA, ®80d lacZA M15, A (lacZYA - argF) U169, A (mrr - hsdRMS -
mcrBC), AmcrA, A-) were grown in Luria-Bertani (LB) broth (1% weight/volume (w/v)
tryptone, 0.5% (w/v) yeast extract, 1% (w/v) sodium chloride) at 37°C and 200 RPM
in a LabNet 311DS shaking incubator. Bacterial colonies were grown on Petri dishes
with LB-Agar (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) sodium chloride,
1.5% (w/v) agar) supplemented with the appropriate selection antibiotics. Ampicillin,
kanamycin, and zeocin were added to LB broth and LB-Agar media after autoclaving,
at 50 pg/mL, 50 pg/mL, and 25 pg/mL, respectively. Stellar™ Competent Cells and
Super Optimal Broth with Catabolite Repression (SOC) were purchased from
Clontech, Inc. LB-agar, LB broth, and ampicillin sodium salt were purchased from
Fisher BioReagents. Kanamycin sulfate and zeocin were purchased from Sigma-
Aldrich and InvivoGen, respectively. Petri dishes were purchased from Sterilin Ltd.
Additional media supplements were diluted in Milli-Q water with 18.2 MQ.cm
resistivity, produced using Purlte Select EMD Millipore water purification systems.
Instruments were sterilized at 135°C for 5 minutes, and liquids at 121°C for 30

minutes in an MLS-3751L Sanyo autoclave.

4.3.2. In silico plasmid design

DNA sequences and plasmid maps were assembled in silico with SnapGene® Viewer.
All sequences used to assemble the gene constructs referred to in 3.1 were based on
the consensus sequences provided by the National Center for Biotechnology
Information (NCBI), Agilent Technologies, and Addgene. Basic Local Alighment

Search Tool (BLAST) searches were used to confirm this.
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4.3.3. Bacterial transformations

A heat shock protocol was followed in order to transform Stellar™ Competent Cells
(E. coli). In this protocol, 0.1 pL of 1pg/mL plasmid solution was added to sterile 100
uL aliquots of E. coli cells and placed on ice for 40 minutes. The cells were then heat
shocked at 42°C for 45 seconds and returned to ice for 2 minutes. 450 uL of SOC
medium were subsequently added to the mixture, which was placed on a shaking
incubator at 200 RPM and 37°C for 1 hour. 50 plL aliquots were then plated on LB-
agar Petri dishes supplemented with the appropriate selection antibiotic and
incubated at 37°C overnight. Successful transformant single colonies were picked the
following day, and plates were stored and maintained at 4°C. Additionally, successful
transformants were picked and grown in a 3 mL LB medium overnight culture. 1.4
mL of this culture was supplied to 2 mL cryovials (Thermo Fisher Scientific) already
containing 0.5 mL 80% (v/v) glycerol (Sigma-Aldrich) and stored in an -80°C New

Brunswick Scientific ultra-low temperature U 725-86 freezer.

4.3.4. Plasmids for system part validation

The Gal4 synthetic gene circuit validation plasmids, pCMVGal4 and pUAS-GG, were
purchased from Addgene. The plasmid containing the constitutive lacl expression
module, pCMVLacl, was purchased from Agilent Technologies as part of the
LacSwitch Il Mammalian Expression System. Dr Zoltan Kis (Department of
Bioengineering, Imperial College London) kindly provided the reporter plasmid in the
tTA validation circuit, pZK14. The constitutive expressing module in the tTA
validation circuit was constructed using InFusion® cloning (Clontech): pBudCE4.1
(Thermo Fisher Scientific) was used as a backbone and pZK13 (also provided by Dr
Zoltan Kis) was used as the template (see 4.4.1). The EF-1 promoter in pBudCE4.1
was removed with Nhel/Notl double digestion followed by InFusion®-mediated
annealing,  with  5-CCCTCGTCGAGCTAGCAAAGAACCAGCTGG-3’ and 5'-
ACCTTCGAAGCGGCCGCTTATCATCCGCCAT-3’ as the forward and reverse primers,

respectively. The corresponding forward and reverse InFusion® primers were 5’-
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AAGCAGTACTTCTAGAATGAGATTAGATAAAAGTAAAGTGATTAAC-3’ and 5-
GTTTTTGTTCGGATCCCTACCCACCGTACTCGT-3’, and the template 5’ and 3’ restriction
sites were BamHI and Xbal, respectively. The PCR extraction, gel purification and
cloning reaction procedures were followed according to the InFusion® Cloning
Manual (Clontech). All restriction enzymes and buffers used for this were purchased
from New England Biolabs. InFusion® primers were de novo synthesized at Sigma-
Aldrich with RP1 purification. The reporter plasmid in the Lacl validation circuit was
constructed by GenScript (Sub-Cloning Services) using pOPRS (Agilent Technologies)
as the backbone and pZK14 as the template (see 3.3.1), with the Kpnl/Notl

restriction site pair.

4.3.5. Plasmid preparation and DNA sequencing

DNA plasmids were extracted from single transformed colonies and purified using
the QlAprep Spin Miniprep Kit (Qiagen). For this, single colonies from a freshly
streaked selective LB-agar plate were picked and inoculated in 14 mL polypropylene
BD Falcon ™ tubes containing 5 mL selective LB medium. Liquid cultures were grown
overnight on a shaking incubator at 200 RPM and 37°C. Bacterial cells were pelleted
after 12-16 hours by centrifugation at 4000 g for 10 minutes in a Hettich Rotanta
460R bench centrifuge at room temperature. Cell pellets were re-suspended using a
IKA Lab Dancer S2 vortex shaker in alkaline conditions following the QlAprep Spin
Miniprep Kit protocol. The lysate was then neutralized, adjusted to high-salt
conditions, and dispensed into a QlAprep spin column. The column was
consecutively washed with the appropriate Qiagen buffers and finally eluted with 50
puL of Mili-Q water thus releasing the purified plasmid DNA. Plasmid DNA
concentrations and purity were assessed using a Nanodrop™ 2000c
Spectrophotometer (Thermo Fisher Scientific). Before measuring samples, the
instrument was blanked with 2 pL of Mili-Q water; 2 ulL of purified plasmid samples
were then loaded into the instrument. DNA purity was assessed by measuring the
absorbance ratio at 260 nm and 280 nm: DNA samples were only considered to be

pure if the value of this ratio was between 1.8 and 2.0. Likewise, the quality of DNA
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samples and presence or absence of contaminants was verified by measuring the
absorbance ratio at 260 nm and 230 nm: DNA samples were considered to have an
acceptable quality level if this value was between 2.0 and 2.2. DNA samples were
Sanger sequenced at GATC Biotech on Sanger ABI 3730x| instruments. Sequencing
primers were designed in silico using SnapGene® Viewer and de novo synthesized at
Sigma-Aldrich with RP1 purification. Synthesized primers were re-suspended in Mili-
Q water to make up 100 pM stock solutions and stored at -20°C. 20 pL aliquots of 10
UM primer solutions, and 20 pL aliquots of 80 ng/ pL plasmid solutions were sent to
GATC for the sequencing reactions to be carried out. The resulting DNA sequences

were analyzed with SnapGene® Viewer.

4.3.6. Endotoxin-free plasmid preparation

Plasmids to be transfected in mammalian cells were prepared using the EndoFree®
Plasmid Mega Kit from Qiagen, according to the standardized protocol specifications.
The initial step in this protocol involved growing a 5 mL bacterial liquid culture in LB
medium supplemented with the appropriate antibiotic for 8 hours, in a shaking
incubator at 200 RPM and 37°C. 1 mL of this starter culture was then added to 1 L of
selective LB medium in a 2.5 L Erlenmeyer polycarbonate flask, and grown overnight
in an 10C400 Gallenkamp orbital shaking incubator at 200 RPM and 37°C. Cultures
were pelleted after 14 hours by centrifugation in 50 mL polypropylene BD Falcon™
tubes at 4000 g for 15 minutes, using a Hettich Rotanta 460R centrifuge. Pellets were
re-suspended using an IKA Lab Dancer S2 vortex shaker and lysed under alkaline
conditions. The lysate was then filtered through a QlAfilter Mega Cartridge using a
vacuum pump (Cole Parmer Instruments). This was followed by addition of the
endotoxin removal buffer and loading of the mixture in a Qiagen Anion-Exchange
column in order to separate plasmid DNA from RNA, protein and other impurities.
Plasmid DNA was eluted from this column into 50 mL polypropylene BD Falcon™
tubes using a high salt buffer. Isopropanol was added (at 0.7 volume) to the purified
DNA with the objective of further concentrating and desalting the solution. Flasks

were violently shaken immediately after the addition of isopropanol, and centrifuged
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at 4500 g for 1 hour at 4°C in a Hettich Rotanta 460R centrifuge. The resulting DNA
pellet was further washed with room temperature 70% ethanol and centrifuged at
4500 g for 1 hour at 4°C in a Hettich Rotanta 460R centrifuge. The final DNA pellets
were air dried at room temperature for 30 minutes and re-suspended in TE buffer or

endotoxin-free water.

4.3.7. Agarose gel electrophoresis

The size and structural integrity of plasmids was verified by 1% agarose gel
electrophoresis using an Owl™ Easycast™ Mini Gel Electrophoresis System (Thermo
Fisher Scientific). 1% agarose solutions were prepared by dissolving 1 g of Agarose
(Sigma-Aldrich) in 100 mL of Tris-Borate-EDTA (TBE) buffer (Sigma-Aldrich), and
further heated in a Russel Hobbs GTS23 microwave for approximately 3 minutes.
The resulting clear agarose solution was kept in Grant Instruments GD120 water
bath at 55°C for 30 minutes. 10 pL of SYBR® Safe DNA Gel Stain (Life Technologies)
were then added to the solution, which was subsequently poured into an
appropriate gel tray with combs in place. The gel tray was covered in tin foil due to
the photosensitivity of the SYBR® Safe DNA Gel Stain and left at room temperature
for 45 minutes to allow the gel to solidify. The gel tray was then loaded in its
corresponding electrophoresis chamber, which was appropriately filled with 0.5x TBE
buffer. Restriction enzyme-digested plasmid samples were supplied with 6x Purple
Loading Dye (NEB) at a 2 pL dye to 50 pL sample ratio; 10 puL of each sample and 5 pL
of a 1 kbp DNA ladder were loaded per comb. Electrophoresis was then initiated at
constant voltage (180 V) for 45 minutes. Gels were visualized under low intensity

254 nm UV light using a UVP BioSpectrum 500 Imaging System.

4.3.8. Mammalian cell culture conditions

The Human Embryonic Kidney cell line (HEK293T) was kindly provided by Dr James

Pease (National Heart and Lung Institute, Imperial College London). HEK cells were
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grown in DMEM supplemented with final concentrations of 5 mM L-Glutamine, 10
mM HEPES, 10% (v/v) fetal bovine serum (FBS), 100 pg/mL streptomycin and 100
units/mL penicillin. Cells were cultured in Corning® polystyrene flasks with 25 cm? or
75 cm? CellBIND® cell growth surface area; culture flasks were incubated in MCO-
18AC, MCO-18AIC or MCO-18M Sanyo incubators at 37°C with saturated humidity
and 5% (v/v) CO,. Cells were passaged and handled in a Euroclone Bioair Top Safe 1.5
safety cabinet. To passage the cells, culture flasks were washed with a 37°C 1x PBS
solution twice (1 mL per 10 cm? surface growth area) after disposing the complete
DMEM inside. Cells were detached from the flask surface by trypsinization with 0.4
mL of 0.25% (w/v) trypsin, 0.02% EDTA solution per 10 cm” cell growth area and
subsequent incubation at 37°C for 3 minutes. Cell detachment was confirmed by
visualizing the cells under a Leica DM IL LED-DFC295 inverted phase contrast
microscope. The trypsinization reaction was subsequently inhibited by adding 10 mL
of complete DMEM per 1 mL of trypsin solution; the mixture was then transferred to
14 mL CentriStar™ capped tubes and pelleted by centrifugation for 5 minutes at 220
g in a MSE Mistral 2000 centrifuge. Pellets were re-suspended in complete DMEM
and transferred to new culture flasks. Liquid volumes from 1 mL to 25 mL were
handled with polystyrene Stripettes®; volumes of 1 uL to 1 mL were handled with
StarLab TipOne® Filter pipette tips. All working area surfaces were sterilized
throughout the protocol with 70% (v/v) ethanol (NORMAPUR®). DMEM and all

medium additives were purchased from Life Technologies.

4.3.9. Turbofect™ transfection and in vivo implementation of system

components

HEK cells were transfected using the Turbofect™ Transfection reagent (Thermo
Fisher Scientific). For this, cells were seeded 24 hours prior transfection in 48-well
plates containing 500 puL complete DMEM, at 40-50% confluency thus achieving 70-
80% confluency at the time of transfection. 1 pg of plasmid was added to 2 uL of
transfection reagent and further diluted in 100 plL of serum-free Opti-MEM® medium

(Life Technologies). This solution was incubated at room temperature for 45 minutes
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and 100 pL were added to each well, in a drop-wise manner. The 48-well plate was
then gently rocked to ensure even distribution of DNA complexes and placed in a
MCO-18AC, MCO-18AIC or MCO-18M Sanyo incubator at 37°C for 24 hours. The
effects of tetracycline and IPTG on the tTA and Lacl validation circuits were
respectively assessed by supplying the corresponding wells with doxycycline (Sigma-
Aldrich) and IPTG (Agilent Technologies) sterile-filtered solutions at the appropriate
concentrations. These were supplemented to the wells 1 hour before the time-lapse
image acquisition protocol. The 48-well plates were then moved to the FILM suite at
Imperial College London and were kept at 37°C, constant humidity and 5% CO,in an
imaging chamber throughout the image acquisition protocol. Positive controls were

created by transfecting cells with a constitutively expressing gfp plasmid, i.e. pZK11.

4.3.10. Microscopy imaging and image processing

Cells were visualized under a Leica DM IL LED-DFC295 inverted phase contrast
microscope prior to the image acquisition protocol to confirm optimal confluency
and that no contamination was present. Cells were then imaged using a Hamamatsu
ORCA-ER camera coupled to a Zeiss Axiovert 200 inverted fluorescent microscope
with a fully motorized stage, controlled by Improvision Volocity acquisition software.
The image acquisition protocol was initiated by adjusting the brightfield Kdhler
illumination and setting up the Zeiss EC Plan-Neofluar 10x 0.30 Ph1 objective (Phase
Contrast 1 channel — Ph1) and Zeiss Filter Set 10 (FITC) with a mercury fluorescence
lamp (Fluorescent channel 1). The motorized stage was then calibrated, and one
randomly selected region of interest (ROI) was selected for each well. Images were
then automatically acquired for 22 hours at a rate of 1 image / hour / well in the
brightfield and fluorescent channels. Brightfield channel image acquisition was
performed with an exposure time of 5 milliseconds (ms); fluorescent channel image
acquisition was performed with an exposure time of 15 ms. Images were analyzed
using the Fluorescence Measurement Thresholder in Volocity, thus allowing for
automated detection of fluorescent regions and measurement of fluorescence

intensity in Relative Fluorescence Units (RFU). Fluorescent cells were analysed on a
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single-cell basis. The fluorescence intensity time evolution data shown in this chapter
was generated by summing the mean GFP intensity of each cell per replicate and per
time point, allowing for a representation of both fluorescence intensity and number
of fluorescent cells. Data from different replicates was then averaged, and the

standard deviation was subsequently calculated.
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4.4. Results and discussion

4.4.1. Construction of synthetic gene circuits for validation of system

components

The in vitro validation of system components was initiated by constructing three
synthetic gene circuits, each made up of two plasmids: one responsible for
constitutive expression of a system core component (i.e. Lacl, tTA, Gal4), and
another responsible for providing a corresponding inducible readout.

The Lacl validation synthetic gene circuit was constructed by coupling
pCMVLacl (Addgene), a plasmid constitutively expressing the Lacl protein, to
pOPRS_GFP, a plasmid containing two lacO operons upstream of a GFP ORF.
pOPRS_GFP was constructed using pOPRS (Agilent Technologies) as the backbone
and the GFP ORF in pZK14 (provided by Dr Zoltan Kis) as the template. The GFP ORF
was cloned in pOPRS using the restriction sites Kpnl and Notl (Genscript, Inc.).
Plasmid maps of pCMVLacl and pOPRS_GFP are provided in figures 4.3 and 4.4,
respectively. The Gal4 validation synthetic gene circuit was constructed by coupling
pCMVGal4 (Addgene), a plasmid constitutively expressing the Gal4 protein, to pUAS-
GG (Addgene), a plasmid containing a UAS-regulated gfp gene. The structure of
these plasmids is illustrated in figures 4.5 and 4.6. The DNA sequences for
pCMVLacl, pOPRS_GFP, pCMVGal4, pUAS-GG and pOPRS are presented in Appendix
AA4.

The construction of pCMVLlacl, pOPRS_GFP, pCMVGal4 and pUAS-GG was
validated in vitro through restriction enzyme digestion followed by agarose gel
electrophoresis. To this end, these four plasmids were individually restriction
enzyme digested with Xbal, Nhel, Hindlll, and Notl, respectively, and ran on an
agarose gel according to the protocol specified in 4.3.7. The results of this procedure
corroborate the expected plasmid sizes (7995 base pairs (bp), 6334 bp, 8100 bp, and
4467 bp, respectively), and are illustrated in figure 4.7.
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Figure 4.3. pCMVLacl plasmid map. Constitutive expression of the lacl gene is
driven by a CMV promoter / enhancer region located upstream of the lac/ ORF.
Additionally, SV40 nuclear localization and poly-adenylation signals ensure

nuclear translocation and mRNA maturation, respectively.
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pOPRS_GFP

6334 bp

Figure 4.4. pOPRS_GFP plasmid map. Constitutive expression of the gfp gene is
driven by an RSV promoter located upstream of the gfp ORF. Additionally, an HSV
poly-adenylation signal ensures mRNA maturation. Two /lacO operator sites are
located between the gfp ORF and the RSV promoter. These sites allow for Lacl

binding and subsequent expression inhibition.
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Figure 4.5. pCMVGal4 plasmid map. Constitutive expression of the gal4 gene is
driven by a CMV promoter / enhancer region located upstream of the gal4 ORF.

Additionally, a bGH poly-adenylation signal ensures mRNA maturation.
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Figure 4.6. pUAS-GG plasmid map. Constitutive expression of the gfp gene is
driven by a Gal4-responsive UAS region located upstream of the gfp ORF.

Additionally, an SV40 nuclear poly-adenylation signal ensures nuclear mRNA

maturation.
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Figure 4.7. Agarose gel electrophoresis of pUAS-GG (third and fourth lanes),
pCMVGal4 (fifth and sixth lanes), pOPRS_GFP (seventh and eighth lanes) and
pCMVLacl (ninth and tenth lanes), after single restriction enzyme digestion. The
corresponding plasmid sizes are 4467 bp, 8100 bp, 6334 bp, and 7995 bp,
respectively. The molecular weight indicator (i.e. 1 kb DNA Ladder) is located in

lanes 1 and 12.

The tTA validation synthetic gene circuit was constructed by coupling
pPCMVLTA, a plasmid constitutively expressing the tTA protein, with pZK14, a reporter
plasmid containing a Prresg promoter regulating expression of a downstream gfp
gene. The pCMVLTA and pZK14 plasmid maps are shown in figures 4.8 and 4.9,
respectively. The complete DNA sequences of these plasmids are presented in
Appendix A.4. pPCMVtTA was constructed using a pBudCE4.1 mammalian expression
vector (Thermo Fisher Scientific) without the EF-1 promoter as the backbone (i.e.

3429 bp) and the tTA ORF from pZK13 (provided by Dr Zoltan Kis) as the template.
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pCMV_tTA

4429 bp

Figure 4.8. pCMVLTA plasmid map. Constitutive expression of the tTA gene is
driven by a CMV promoter / enhancer region located upstream of the tTA ORF.

Additionally, an SV40 poly-adenylation signal ensures mRNA maturation.
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Figure 4.9. pZK14 plasmid map. A TRE3G promoter made up of seven tetracycline
responsive elements upstream of the gfp ORF regulates expression of GFP in a
tTA-responsive manner. A downstream SV40 poly-adenylation signal ensures

mMRNA maturation.
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To this end, the tTA ORF in pZK13 was amplified through PCR and subsequently
inserted in pBudCE4.1 through InFusion® cloning technology, using the Xbal and
BamHI restriction sites. Figure 4.10 illustrates the PCR extraction of the tTA ORF and
the size validation of pCMVtTA on an agarose gel. It is clear from figure 4.10 that
both the InFusion® PCR product (i.e. tTA ORF) and pCMVtTA present the expected
sizes, i.e. ¢. 1 kbp and 4.4 kbp, respectively. The success of the cloning reaction was
further confirmed by double-digesting pCMVtTA with Xbal and BamHI, the two

restriction sites flanking the insert in the target vector.
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Figure 4.10. (Left) InFusion® PCR-mediated extraction of the tTA ORF from pZK13. The first
and fourth lanes contain the molecular weight indicator (i.e. 1 kb DNA Ladder). The DNA
fragments corresponding to the tTA ORF are located in lanes 2 and 3, and have an
approximate size of 1000 bp. (Right) pCMVtTA size validation agarose gel. Lanes 1 and 12
contain the molecular weight indicator. Lanes 2 to 6 contain the product of a pCMVtTA
digested with Xbal and BamHI, thus releasing the tTA ORF insert. Lanes 7 to 11 contain the
result of a pCMV1LTA digestion with Xbal, thus highlighting the size of pCMVLtTA in its

linearized form (i.e. c. 4.4 kbp).

106



Construction and in vivo validation of system parts

The reporter module in the tTA validation synthetic gene circuit is encoded in
pZK14. This plasmid was provided by Dr Zoltan Kis, and its size was also validated
using agarose gel electrophoresis after a restriction enzyme digestion with BamHlI
(figure 4.11). As indicated in figure 4.9, this plasmid was expected to have a size of c.
4.1 kbp. The results in figure 4.11 corroborate this: a single band containing the
linearized pZK14 vector is present immediately after the 4 kbp region. Figure 4.11
illustrates the size of pZK14 together with that of pZK11 (also provided by Dr Zoltan
Kis), a constitutively expressing gfp plasmid with a size of c. 4.7 kbp.

The six plasmids used for the in vivo validation experiments (i.e. pPCMVGal4,
pUAS-GG, pCMVLlacl, pOPRS_GFP, pCMVtTA and pZK14) were further amplified in
E.coli and purified in an endotoxin-free manner before their transfection in HEK293T
cells. The obtained concentration and purity (using a Nanodrop™ 2000c

Spectrophotometer) of each of these plasmids is outlined in table 4.1.
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Figure 4.11. Agarose gel electrophoresis result of a pZK11l and pZK14 restriction
enzyme digestions with Hindlll and BamHI, respectively. Lanes 1 and 12 contain the
molecular weight indicator; lanes 2 to 6 contain the linearized pZK11; lanes 7 to 11

contain the linearized pZK14.
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All plasmids showed an acceptable concentration in the context of
mammalian cell transfection. Indeed, the lowest concentration obtained was that of
pCMVGal4 (531 ng/ul). Furthermore, the obtained absorbance ratios at 260 nm /
280 nm and 260 nm / 230 nm were all in the range of 1.8-1.9 and 2.0-2.11. This

indicates that both the amplification and purification protocols were successful.

Table 4.1. Concentration and purity of plasmids encoding system parts to be

validated through synthetic gene circuit in vivo implementation.

Concentration
Plasmid A260 / A280 A260/A230

(ug/uL)

pCMVLacl 11 1.89 2.08
pOPRS_GFP 0.816 1.88 2.11
pCMVGal4 0.531 1.85 2.04
pUAS-GG 0.793 1.86 2.07
pCMVLTA 2.3 1.83 2.02
pZK14 3.9 1.89 2.04

4.4.2. In vivo implementation of the Lacl validation synthetic gene

circuit

The in vivo validation of both the /lac/ ORF and the lacO operator site structure
proposed in 4.2 was carried out by transfecting the Lacl validation synthetic gene
circuit in HEK cells. To this end, cells were subject to three different experimental
protocols: (i) co-transfection with pCMVLacl and pOPRS_GFP, (ii) transfection with
pOPRS_GFP, and (iii) co-transfection with pCMVLacl and pOPRS_GFP in cells
supplemented with 1 mM IPTG. In this experimental setup pOPRS_GFP is expected

to drive constitutive expression of the gfp gene from an RSV promoter, resulting in
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the emission of fluorescence. Co-transfection with pCMVLacl and pOPRS_GFP in the
absence of IPTG is expected to abolish any fluorescence due to accumulation of Lacl,
constitutively expressed from a CMV promoter in pCMVLlacl, and subsequent
repression of the gfp gene in pOPRS_GFP through binding of the two upstream lacO
operator sites. Conversely, cells co-transfected with pCMVLacl and pOPRS_GFP in
the presence of IPTG are expected to emit fluorescence due IPTG-mediated
inhibition of accumulated Lacl, thus alleviating gfp repression at the upstream lacO
operator sites.

The fluorescence images acquired during the in vivo implementation of this
synthetic gene circuit are shown in figure 4.12. Images were acquired with a
sampling frequency of 1 image / hour, for 24 hours; the first image was acquired 24
hours after transfection. Figure 4.12 shows the fluorescence intensity in HEK cells
(24, 32 and 46 hours after transfection) resulting from (i) co-transfection with
pCMVLacl and pOPRS_GFP, (ii) transfection with pOPRS_GFP, and (iii) co-transfection
with pCMVLacl and pOPRS_GFP in cells supplemented with 1 mM IPTG. Images were
also acquired using the brightfield channel; the superimposed brightfield-
fluorescence images are shown in Appendix A.4. The fluorescence time evolution
profile of cells co-transfected with pCMVLacl and pOPRS in DMEM medium
supplemented with 1 mM IPTG is presented in figure 4.13.

A clear progressive increase in fluorescence intensity can be observed in cells
transfected with pOPRS_GFP, thus corroborating the expected result for this
experimental condition. RSV-driven expression of the gfp gene is constitutive and
uninhibited by Lacl, which explains the early fluorescence emission. Moreover, a
progressive increase in the number of fluorescence cells can be observed, together
with an overall increase in fluorescence intensity. The time discrepancy in the start
of fluorescence emission for different cells can be explained by (i) uneven plasmid
uptake rates across the cellular monolayer, and (ii) the fact that morphological and
cell cycle differences across the cellular monolayer lead to different plasmid
expression rates. In contrast with the fluorescence profile observed for cells
transfected with pOPRS_GFP, cells that were co-transfected with pCMVLacl and

pOPRS_GFP do not show any fluorescence during the 24 hours of image acquisition,
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also corroborating the expected results for this experimental condition. Indeed, the
constitutive expression of lacl/, driven by a CMV promoter, and the subsequent

binding of the Lacl repressor to the lacO operator sites upstream of the gfp gene in
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Figure 4.12. Fluorescence channel images of HEK cells transfected with Lacl validation synthetic gene
circuit components. White arrows on the bottom left of each image represent a 200 um distance (Top)
Cells transfected with pOPRS_GFP 24, 32 and 46 hours after transfection. (Middle) Cells co-transfected
with pCMVLacl and pOPRS_GFP 24, 32 and 46 hours after transfection. (Bottom) Cells co-transfected with
pCMVLacl and pOPRS_GFP in DMEM medium supplemented with a final concentration of 1 mM IPTG.
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pPOPRS_GFP result in a complete inhibition of fluorescence emission. Remarkably, no
basal expression was observed in this experimental condition, thus confirming that
the Lacl-lacO repressor system is capable of tight gene expression regulation in HEK

cells (Aubrecht et al., 1996; Cronin et al., 2001; Luo et al., 1999).
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Figure 4.13. Fluorescence intensity time evolution of HEK293T cells co-transfected with pCMVLacl and
POPRS_GFP, in DMEM medium supplemented with 1 mM IPTG. The data presented herein is representative
of 185 fluorescent cells (across 4 replicate wells). The error bars represent the standard deviation amongst
replicates.

Furthermore, a progressive increase in the number of fluorescent cells as well
as in fluorescence intensity was observed in cells that were co-transfected with
pCMVLacl and pOPRS_GFP in medium supplemented with 1 mM IPTG (figure 4.13).
In this experimental condition, the Lacl repressor accumulates due to constitutive
expression driven by a CMV promoter in pCMVLacl. The progressive increase in
fluorescence indicates that the presence of IPTG results in inhibition of the Lacl

repressor, which no longer binds to the two /lacO operator sites upstream of the gfp
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gene in pOPRS_GFP. This results in a gradual alleviation of the Lacl repressor activity
and a consequent increase in fluorescence emission. This is corroborated by the
clear time delay in the start of fluorescence emission within this experimental
condition in comparison to pOPRS_GFP-transfected cells. Indeed, the number of
fluorescent cells and the relative fluorescence intensity observed in this
experimental condition at 46 hours after transfection is directly comparable to that
of pOPRS_GFP transfected cells at 32 hours after transfection. This confirms a key
feature of the Lacl validation synthetic gene circuit: the ability of IPTG to alleviate
Lacl-mediated repression in mammalian cells.

The results shown in figures 4.12 and 4.13 indicate that the in vivo
implementation of the Lacl validation synthetic gene circuit successfully generated
the expected biological behaviour of the constructs encoded in pCMVLacl and
pPOPRS_GFP. The Lac repressor system has previously been shown to be functional in
prokaryotes, yeast, zebrafish, mouse models, Hela cells, CHO cells, mouse L TK cells,
HepG2 cells and mouse Swiss 3T3 fibroblasts (Aubrecht et al., 1996; Cronin et al.,
2001; Luo et al., 1999; Lutz & Bujard, 1997; Wyborski & Short, 1991). It is of critical
importance to confirm that this system is also functional in HEK cells before
proceeding with the in vivo implementation of the proposed synthetic gene
oscillator in this cell line. This is particularly relevant if one considers the variability in
the behaviour of synthetic gene circuits when implemented in different mammalian
cell lines (Ausléander et al., 2012; Weber & Fussenegger, 2009). Indeed, the results
highlighted in figure 4.12 corroborate that: (i) the consensus lac/ ORF in pCMVLacl is
capable of generating a functional Lacl repressor protein; (ii) the lacO operator site
structure in pOPRS_GFP is targeted by the Lacl repressor; (iii) IPTG is capable of

alleviating Lacl-mediated repression.
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4.4.3. In vivo implementation of the tTA validation synthetic gene

circuit

The in vivo validation of both the tTA ORF and the tetO operator site structure (i.e.
Prresc) proposed in 4.2 was carried out by transfecting the tTA validation synthetic
gene circuit in HEK cells. To this end, cells were subject to three different
experimental protocols: (i) co-transfection with pCMV1tTA and pZK14, (ii) transfection
with pZK14, and (iii) co-transfection with pCMVtTA and pZK14 in cells supplemented
with 1 pg/mL doxycycline. In this experimental setup, pPCMVtTA is expected to drive
constitutive expression of the tTA gene from an upstream CMV promoter,
consequently leading to up-regulation of the gfp gene in pZK14 through binding of
the tetO operator sites in Prpesg, leading to the emission of fluorescence. Conversely,
co-transfection with pPCMV1tTA and pZK14 in the presence of doxycycline is expected
to result in a lack of fluorescence emission due to doxycycline-mediated inhibition of
tTA. Moreover, transfection with pZK14 is expected to emulate a negative control
whereby no tTA protein is present and thus no up-regulation of the gfp gene in
pZK14 is possible other than that caused by Prgesg leakiness.
The fluorescence images acquired during the in vivo implementation of this synthetic
gene circuit are shown in figure 4.13. Images were acquired with a sampling
frequency of 1 image / hour, for 24 hours; the first image was acquired 24 hours
after transfection. Figure 4.13 shows the fluorescence intensity in HEK cells (24, 32
and 46 hours after transfection) resulting from (i) co-transfection with pCMV1tTA and
pZK14, (ii) transfection with pZK14, and (iii) co-transfection with pCMVtTA and pZK14
in cells supplemented with 1 ug/mL doxycycline. Images were also acquired using
the brightfield channel; the superimposed brightfield-fluorescence images are shown
in Appendix A.4. The fluorescence time evolution profiles of cells co-transfected with
pPCMVtTA and pZK14 in DMEM medium supplemented with and without 1 ug/mL
doxycycline are presented in figure 4.15.

A strong progressive increase in fluorescence intensity and number of
fluorescent cells can be observed in cells co-transfected with pPCMVtTA and pzZK14,

thus corroborating the expected result for this experimental condition. Conversely, a
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24 h 32h 46 h
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pCMVETA + pZK14

pZK14

Figure 4.14. Fluorescence channel images of HEK cells transfected with tTA validation synthetic gene circuit
components. White arrows on the bottom left of each image represent a 200 um distance (Top) Cells co-
transfected with pCMVtTA and pZK14 24, 32 and 46 hours after transfection. (Middle) Cells co-transfected
with pCMVtTA and pZK14 24, 32 and 46 hours after transfection in DMEM medium supplemented with a final

concentration of 1 pg/mL doxycycline. (Bottom) Cells transfected with pZK14 24, 32 and 46 hours after
transfection.

weak progressive increase in fluorescence was observed in cells co-transfected with

114



Construction and in vivo validation of system parts
120000

100000
M pCMVITA + pZK14

B pCMVLTA + pZK14 (1 ug/mL Doxycycline)

80000 T ]

60000 o !

40000 -

m 8
llllllllllllliiii
29 34 39 44

Time (hours)

Relative Fluorescence Units (RFU)

20000

T —a——

Figure 4.15. Fluorescence intensity time evolution of HEK293T cells co-transfected with pCMVtTA and pZK14,
in DMEM medium supplemented with and without 1 ug/mL doxycycline. The data presented herein is
representative of 126 fluorescent cells (pCMVtTA + pZK14) and 14 fluorescent cells (pCMV1tTA+ pZK14, with 1
ug/mL doxycycline), across 4 replicate wells for each experimental condition. The error bars represent the
standard deviation amongst replicates.

PCMVLTA and pZK14 in the presence of doxycycline (figure 4.15). This finding
indicates that doxycycline had an inhibitory effect on tTA activity, as expected.
Indeed, no fluorescence could be detected in the images acquired 24 and 32 hours
after transfection.

Furthermore, no fluorescence was detected during the first 32 hours after
transfection in cells transfected with pZK14. A weak fluorescence signal is shown in
the image acquired 46 hours after transfection, thus illustrating a minimal level of
Ptresg-driven leakiness.

The tTA- Prresc system (i.e. Tet-Off™) is known to work in a variety of host
cells and implementation strategies, ranging from prokaryotes to animal models
(Aubrecht et al., 1996; Fussenegger et al., 2000; Gossen & Bujard, 1992; Gossen et
al., 1995; Karlsson & Weber, 2012; Lutz & Bujard, 1997; May et al., 2008; Tigges et
al., 2010; Yao et al., 1998). However, validating the in vivo biological function of the

genetic organization constructed in pCMVtTA and pZK14 represents an important
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step toward the implementation of the proposed mammalian synthetic gene
oscillator. Indeed, the findings shown in figures 4.14 and 4.15 confirm that the tTA
ORF consensus sequence and its upstream CMV promoter in pPCMV1tTA are capable
of driving constitutive expression of the tTA gene, thus leading to accumulation of a
functional tTA protein. Moreover, the extent of the doxycycline inhibitory effect on
the transactivation potential of tTA, as well as the qualitative level of Prresg-driven
leakiness, were confirmed to be in line with previous mammalian cell
implementations of the Tet-Off™ system (Aubrecht et al., 1996; Gossen et al., 1995;
May et al., 2008).

4.4.4. In vivo implementation of the Gal4 validation synthetic gene

circuit

The in vivo validation of both the gal4 ORF and the UAS site structure proposed in
4.2 was carried out by transfecting the Gal4 validation synthetic gene circuit in HEK
cells. To this end, cells were subject to two different experimental protocols: (i) co-
transfection with pCMVGal4 and pUAS-GG, (ii) transfection with pUAS-GG. This
experimental setup followed the same logic as that of the tTA validation synthetic
gene circuit implementation: pCMVGal4 is expected to drive constitutive expression
of the gal4 gene through the activity of its upstream CMV promoter, thus leading to
accumulation of Gal4 protein and subsequent transactivation of the gfp gene in
pUAS-GG through binding of the five UAS sites. Thus, cells co-transfected with
pCMVGal4d and pUAS-GG are expected to emit fluorescence due to the
transactivation potential of Gal4 when bound to UAS sites; conversely, no
fluorescence signal other than the basal expression from the UAS structure is
expected to be observed in cells transfected solely with pUAS-GG.

The fluorescence images acquired during the in vivo implementation of this
synthetic gene circuit are shown in figure 4.16. Images were acquired with a
sampling frequency of 1 image / hour, for 24 hours; the first image was acquired 24
hours after transfection. Figure 4.16 shows the fluorescence intensity in HEK cells

(24, 32 and 46 hours after transfection) resulting from (i) co-transfection with
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pCMVGald and pUAS-GG, (ii) transfection with pUAS-GG. Like in the image
acquisition protocols for the Lacl and tTA validation synthetic gene circuits, images
were also acquired using the brightfield channel; the superimposed brightfield-
fluorescence images are shown in Appendix A.4.

A strong gradual increase in the number of fluorescent cells and overall
fluorescence intensity was observed in cells co-transfected with pCMVGal4 and

pUAS-GG, thus corroborating the expected results in this experimental condition

24 h 32 h 46 h

pCMVGald + pUAS-GG

pUAS-GG

Figure 4.16. Fluorescence channel images of HEK cells transfected with Gal4 validation synthetic gene circuit
components. White arrows on the bottom left of each image represent a 200 um distance (Top) Cells co-
transfected with pCMVGal4 and pUAS-GG 24, 32 and 46 hours after transfection. (Bottom) Cells transfected
with pUAS-GG 24, 32 and 46 hours after transfection.

(figures 4.16 and 4.17). Moreover, Gal4-mediated up-regulation of the gfp gene in
pUAS-GG was found to occur rapidly: the first fluorescence signals were detected

immediately upon the beginning of the image acquisition protocol (i.e. 24 hours
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Figure 4.17. Fluorescence intensity time evolution of HEK293T cells co-transfected with pCMVGal4 and pUAS-
GG. The data presented herein is representative of 940 fluorescent cells (across 4 replicate wells). The error
bars represent the standard deviation amongst replicates.

after transfection). A weak, progressively increasing fluorescence signal was
detected in cells transfected with pUAS-GG. Although being proportionally minute
when compared to the overall fluorescence signal emitted by cells co-transfected
with pCMVGal4 and pUAS-GG (i.e. < 1%), the fluorescence emitted by cells
transfected solely with pUAS-GG indicates that the constructed UAS structure does
present a basal expression level.

Like the Tet-Off™ system, the Gal4-UAS system has been widely implemented
in a variety of host organisms, including mammalian cells (Carey et al., 1990;
Kakidani & Ptashne, 1988; Phelps & Brand, 1998; Sadowski et al., 1988; Scheer &
Campos-Ortega, 1999; Traven, Jelicic, & Sopta, 2006; Webster et al., 1988). Indeed,
previous Gal4-UAS mammalian implementations have also reported both the strong
transactivation potential of Gal4 and the existence of a basal expression level from
UAS-based promoters (Kakidani & Ptashne, 1988; Webster et al., 1988), thereby

corroborating the findings presented in figure 4.16.
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Similarly to the corroboration of tTA validation synthetic gene circuit parts,
confirmation that the consensus gal4 ORF sequence in pCMVGal4 and the UAS
structure in pUAS-GG are functional in HEK cells represents an important validation
step toward the goal of implementing the proposed mammalian synthetic gene

oscillator.

119



Construction and in vivo validation of system parts

4.5. Concluding remarks

The main objective of this chapter was to address and describe the processes leading
to the construction and validation of the biological parts to be used in the proposed
mammalian synthetic gene oscillator. Furthermore, it addressed in vitro and in vivo
implementation feasibility guidelines that were followed when constructing and
validating system parts.

A modular construction and implementation strategy was proposed with the
objective of validating transcription factor / operator site pairs in an individual
fashion, resorting to validation synthetic gene circuits made up of one constitutive
expressing module and one inducible reporter module for each circuit, i.e. Lacl, tTA
and Gal4.

A comprehensive list of the methodologies used to assemble and implement
these validation synthetic gene circuits was provided. The in vitro construction of the
Lacl, tTA and Gal4 validation circuits was based on the assembly of six plasmids:
pCMVLacl, pOPRS_GFP, pCMVtTA, pZK14, pCMVGal4, and pUAS-GG. The size and
structural integrity of these plasmids was validated through restriction enzyme
digestion followed by agarose gel electrophoresis. The subsequent plasmid
amplification and purification protocols were shown to be successful using a
spectrophotometric method.

The in vivo implementation of the Lacl, tTA and Gal4 validation synthetic
gene circuits was performed in HEK cells. Gene expression activity for each of these
circuits was monitored using fluorescence microscopy, which revealed the results
were as expected: (i) Lacl-mediated inhibition of gfp expression occurred when
pCMVLacl was co-transfected with pOPRS_GFP — and interaction that could be
inhibited by IPTG; (ii) tTA-mediated upregulation of gfp occurred when pCMVtTA
was co-transfected with pZK14 — a behaviour that could be inhibited by doxycycline;
(iii) Gal4 was successfully produced from pCMVGal4 and up-regulated expression of
a gfp gene in pUAS-GG by binding UAS sites.

It is worth noting that the validation of individual system components could

benefit from further experiments based on (i) re-engineering of regulatory
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sequences up- and down-stream of component ORFs, and (ii) on the characterisation

and optimisation of simultaneous transfection of multiple constructs. This is

particularly relevant in the light of having a rigorous approach to the assembly of the

whole system, i.e. as described in the next chapter:

Specifically, additional in vivo part validation experiments with alternative
promoter structures, operator site organizations (in terms of number,
spacing, structure of operator sites, and distance to the Transcriptional Start
Site (TSS)), and poly-adenylation signals would provide a highly valuable
increase in biological design modularity, while allowing for a platform of
continuous optimisation of module functionality. A recursive approach to
module re-engineering and implementation is needed to accomplish this.
Moreover, an approach based on a combination of experiments and model-
based parameter estimation, with in vivo part implementation results as the
input, would allow for a refinement of the kinetic parameters governing
system dynamics. Taken in conjunction with the abovementioned additional
part validation experiments with alternative regulatory elements, this
approach allows for a more recursive and controllable system construction /
implementation process.

Moreover, the standardisation and characterisation of the transfection
protocol with multiple plasmids can be made more rigorous if the
intracellular concentration ratios of different plasmids are calculated. This
can be achieved using different fluorescent-tagged versions for each
construct. This approach can potentially provide valuable insight into
alternative whole-system assembly strategies as it allows for a real-time
assessment of relative plasmid concentration ratios during module
implementation protocols. Additionally, this approach constitutes a simple
framework for verifying the presence of each system component in target

cells.
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The next chapter will address the construction and in vitro validation of the final
system modules as well as the in vivo implementation of the proposed mammalian

synthetic gene oscillator.
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Chapter 5

In vivo implementation of a novel
mammalian synthetic gene oscillator
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5.1. Introduction

This chapter addresses the re-organization and coupling of the system parts
presented in Chapter 4, as well as the in vivo implementation of the proposed
mammalian synthetic gene oscillator.

The biological parts needed to implement the 3-component delayed negative
feedback topology outlined in Chapter 3 were shown to be functional in the HEK cell
line. However, these system parts were constructed and implemented in vivo in an
isolated manner, allowing for a modular validation of their respective biological
functions. Thus, in order to assemble the proposed mammalian synthetic gene
oscillator one must re-organize the validated system parts in a way that reflects the
chosen topology (figure 3.1). Specifically, this task implies the replacement of CMV
promoters in the lacl, tTA, and gal4 constitutive expression modules by upstream
regulatory elements that allow for a regulatory coupling framework while
simultaneously reflecting the 3-component delayed negative feedback topology. In
the case of the proposed mammalian synthetic gene oscillator, this can be
accomplished by placing (i) UAS sites upstream of the validated /acl/ ORF, (ii) lacO
operator sites upstream of the validated tTA ORF, and (iii) a Ptre3g upstream of the
validated gal4 ORF. The construction of these system modules is presented and
discussed in this chapter.

The dynamic behaviour of the system in different experimental conditions is
then presented and discussed. The system is assembled in HEK cells by co-
transfecting plasmids that encode the system parts. It is worth noting that this in
vivo implementation also follows the implementation feasibility guidelines outlined
in the beginning of Chapter 4.

The next section provides a comprehensive review of the re-organization of
system modules. This is followed by a description of the experimental methodology
used in the construction and implementation of the system. Lastly, the results
regarding the in vitro system construction and its subsequent in vivo implementation

are presented and discussed, followed by a conclusion.
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5.2. Re-organization and coupling of system modules

The core structure of the proposed mammalian synthetic gene oscillator relies on
the regulatory activity of Lacl-, tTA-, and Gal4-responsive upstream elements.
Indeed, these have been implemented in vivo as reporter regulators of validation
synthetic gene circuits in Chapter 4: (i) five UAS sites in pUAS-GG, (ii) Ptresg in pZK14,
and (iii) two lacO operator sites in pOPRS_GFP. The final structure of each system
module comprises one of these elements placed upstream of their corresponding
ORF (figure 4.1): UAS sites are placed upstream of the validated /ac/ ORF in order to
allow for Gal4-mediated transactivation of the /acl gene; lacO operator sites are
placed upstream of the validated tTA ORF in order to allow for Lacl-mediated
repression of the tTA gene; a Prresc is placed upstream of the validated gal4 ORF in
order to allow for tTA-mediated upregulation of the gal4 gene.

This regulatory structure reflects the 3-component delayed negative
feedback presented in Chapter 3 and is illustrated in figure 5.1. The RSV promoter
upstream of the /acO-SV40 chimeric intron element allows for constitutive
expression of the tTA gene, leading to synthesis of the tTA transactivator.
Accumulation of the tTA protein leads to transactivation of the gal4 gene, through
binding of its upstream Ptreag promoter, consequently leading to synthesis of the
Gal4 transactivator. Accumulation of the Gal4 protein leads to upregulation of the
lacl gene through binding of its UAS sites. This leads to synthesis of the Lacl
repressor which will inhibit tTA expression and thus complete the delayed negative
feedback. As validated in the previous chapter, the Lacl-lacO and tTA-Prgesg
interactions can be inhibited by IPTG and tetracycline / doxycycline, respectively.

Moreover, a reporter gene is required for real-time monitoring of system
dynamics. As mentioned in Chapter 2 and Chapter 3, a conventional, consensus gfp
gene cannot be used in this instance due to the long half life of the encoded GFP
protein (c. 25 hours) (Andersen et al., 1998; Corish & Tyler-Smith, 1999; Tigges et al.,
2009). Thus, an ubiquitin-tagged gfp gene controlled by an upstream Prgre3g promoter
has been chosen as the reporter module. This GFP half-life reducing strategy (as well
as the downstream addition of ssra tags for prokaryotic systems) has been used in

previous implementations of synthetic gene oscillators, reducing GFP half-life to c. 2
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hours (Michael B Elowitz & Leibler, 2000; Stricker et al., 2008; Tigges et al., 2010,
2009).

The next section addresses the methodologies used to construct and
implement the system modules illustrated in figure 5.1. This is followed by a
presentation and discussion of the in vitro system assembly and in vivo system

implementation results.

UAS UAS UAS UAS UAS Lacl

| ... IPTG

Doxycycline
Tetracycline
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Figure 5.1. Diagrammatic representation of the proposed mammalian synthetic gene oscillator
topology and biological organization. Constitutive expression of tTA, driven by an upstream RSV
promoter, leads to accumulation of the tTA protein which upregulates gal4 expression.
Subsequent accumulation of the Gal4 protein leads to UAS-mediated upregulation of a lacl gene
and synthesis of the Lacl repressor, which completes the negative feedback loop by inhibiting
tTA expression at lacO operator sites. A tTA-responsive ubiquitin-tagged gfp gene monitors

system dynamics.
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5.3. Methods

The methodologies concerning bacterial cell culture conditions, in silico plasmid
design, bacterial transformations, plasmid preparation, DNA sequencing, endotoxin-
free plasmid preparation, agarose gel electrophoresis, mammalian cell culture
conditions, and image processing were all carried out according to the specifications

provided in 4.3.

5.3.1. Plasmids for system in vivo implementation

The UAS / lacl ORF sequence was de novo synthesized by GeneArt® (Life
Technologies) and subsequently cloned into the Multiple Cloning Site (MCS) of a
pcDNA3.1(Neo) mammalian expression vector using the Hindlll and Acc65l
restriction sites (GeneArt® Sub-Cloning Services). The resulting plasmid (containing
the Lacl module) was conveniently named pUAS Lacl. The tTA module was
constructed by cloning the tTA ORF in pCMVtTA into the MCS of a pOPRS
mammalian expression vector, using the Kpnl and Notl restriction sites (see Chapter
4) (Genscript Sub-Cloning Services). The resulting plasmid was conveniently named
pOPRS_tTA. The Gal4 module was constructed by cloning the gal4 ORF in pCMVGal4
into pZK14 using the Sall and BamHI restriction sites, thus replacing the original gfp
ORF in pZK14 by a gal4 ORF (see Chapter 4) (Genscript Sub-Cloning Services). The
resulting plasmid was named pTRE3G_Gal4.

The ubiquitin-tagged gfp reporter module was based on the pUb-G76V-GFP
mammalian expression vector (kindly provided by Dr Kirsten Jensen, Imperial College
London) (Tigges et al., 2009). The Prress promoter in pZK14 was cloned into pUb-
G76V-GFP using the Asel and Nhel restriction sites, i.e. resulting in the replacement
of the original pUb-G76V-GFP CMV promoter with a Prresg promoter (Genscript Sub-
Cloning Services). The resulting plasmid was named pTRE3G_UbGFP.

The DNA sequences of pUAS Lacl, pOPRS_tTA, pTRE3G_Gal4, and
PTRE3G_UbGFP are presented in Appendix A.5.
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5.3.2. Turbofect™ transfection and system in vivo implementation

protocol

HEK293T cells were transfected using the Turbofect™ Transfection reagent (Thermo
Fisher Scientific). For this, cells were seeded 24 hours prior transfection in 48-well
plates containing 500 puL complete DMEM, at 40-50% confluency thus achieving 70-
80% confluency at the time of transfection. 2 ug of a pUAS_Lacl/ pOPRS_tTA /
PTRE3G_Gal4 / pTRE3G_UDbGFP plasmid mixture was added to 4 pL of transfection
reagent and further diluted in 100 uL of serum-free Opti-MEM® medium (Life
Technologies). This solution was incubated at room temperature for 45 minutes and
100 pL were added to each well, in a drop-wise manner. The 48-well plate was then
gently rocked to ensure even distribution of DNA complexes and placed in a MCO-
18AC, MCO-18AIC or MCO-18M Sanyo incubator at 37°C for 24 hours.

The tunability potential of the system was assessed in: (i) cells supplemented
with 50 ng/mL, 100 ng/mL, and 150 ng/mL doxycycline; (ii) cells supplemented with
1 mM, 2 mM, and 3 mM IPTG. IPTG and doxycycline were supplemented to wells 1
hour before the time-lapse image acquisition protocol. The 48-well plates were then
moved to the FILM suite at Imperial College London and were kept at 37°C, constant
humidity and 5% CO, in an imaging chamber throughout the image acquisition
protocol. Negative controls were created by co-transfecting HEK293T cells with

pUAS Lacl, pOPRS_tTA, pTRE3G_Gal4 and pZK14.

5.3.3. Microscopy imaging, image processing and single cell analysis

Cells were visualized under a Leica DM IL LED-DFC295 inverted phase contrast
microscope prior to the image acquisition protocol to confirm optimal confluency
and that no contamination was present. Cells were then imaged using a Hamamatsu
ORCA-ER camera coupled to a Zeiss Axiovert 200 inverted fluorescent microscope
with a fully motorized stage, controlled by Improvision Volocity acquisition software.

The image acquisition protocol was initiated by adjusting the brightfield Kdhler
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illumination and setting up the Zeiss EC Plan-Neofluar 10x 0.30 Ph1 objective (Phase
Contrast 1 channel — Ph1) and Zeiss Filter Set 10 (FITC) with a mercury fluorescence
lamp (Fluorescent channel 1). The motorized stage was then calibrated, and one
randomly selected region of interest (ROI) was selected for each well. Images were
then automatically acquired for 48 hours at a rate of 1 image / 15 minutes / well in
the brightfield and fluorescent channels. Brightfield channel image acquisition was
performed with an exposure time of 5 milliseconds (ms); fluorescent channel image
acquisition was performed with an exposure time of 15 ms. Images were analyzed on
a single-cell basis using the Fluorescence Measurement Thresholder in Volocity, thus
allowing for automated detection of fluorescent regions and measurement of mean
fluorescence intensity (in segmented fluorescent cells) in Relative Fluorescence Units

(RFU).
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5.4. Results and discussion

5.4.1. In vitro construction of system modules

The Lacl, tTA, Gal4 and ubiquitin-tagged GFP system modules were constructed by
modularly assembling four mammalian expression vectors: pUAS_Lacl, pOPRS_tTA,
pPTRE3G_Gal4 and pTRE3G_UbGFP, respectively. Their corresponding plasmid maps
are illustrated in figures 5.2 to 5.5.

The Lacl system module is based on a consensus lac/’ ORF with an upstream
Gal4-responsive promoter structure, i.e. six spaced UAS sites (pGene/V5, Life
Technologies), and two downstream regulatory elements that ensure mRNA
maturation and protein nuclear translocation: a SV40 nuclear localization signal, and
a bGH poly-adenylation signal. The mammalian expression vector encoding this
module, pUAS_Lacl, was constructed by de novo synthesizing the UAS/lacl’ DNA
sequence (GeneArt®) and subsequently cloning it in a pcDNA3.1(Neo) plasmid (Life
Technologies), using the Hindlll and Acc65I restriction sites (Genscript, Inc.).

The tTA system module is based on a tTA ORF with a previously validated
Lacl-responsive upstream regulatory structure, i.e. an RSV promoter with
downstream lacO operator sites. A downstream poly-adenylation signal is also
present in this module, allowing for mRNA maturation in HEK293T cells. The
mammalian expression vector encoding this module, pOPRS_tTA, was constructed
by inserting the tTA ORF in pCMV1tTA (see Chapter 4) into a pOPRS plasmid (Agilent
Technologies). This was carried out using the Kpnl and Notl restriction sites
(Genscript, Inc.).

The Gal4 system module is based on a previously validated gal4 ORF placed
downstream of a Prresg promoter. Additionally, downstream SV40 poly-adenylation
and nuclear localization signals ensure mRNA maturation and protein nuclear
translocation. This module is encoded in pTRE3G_Gal4, a mammalian expression
vector created by inserting the validated ga/4 ORF of pCMVGal4 into pZK14, using

the Sall and BamHlI restriction sites (Genscript, Inc.). Indeed, this restriction site pair
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allowed for a removal of the original gfp ORF in pZK14 and its subsequent in loco

replacement with the gal/4 ORF.

The construction of the reporter plasmid, pTRE3G_UbGFP, was carried out by

replacing the upstream CMV promoter / enhancer complex in pUb-G76V-GFP by a

Prresg promoter. This was accomplished by digesting pUb-G76V-GFP with the Asel

and Nhel restriction enzymes and subsequently in loco inserting the pZK14 Prresg

promoter.
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Figure 5.2. pUAS_Lacl plasmid map. An upstream regulatory structure made up of
six spaced UAS sites and an IVS8 synthetic intron regulates lac/ expression in a
Gal4-dependent manner. Downstream bGH poly-adenylation and SV40 nuclear

localization signals ensure mRNA maturation and Lacl nuclear translocation.
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Figure 5.3. pOPRS_tTA plasmid map. An upstream regulatory structure made up
of two lacO operator sites flanking a SV40 chimeric intron and an RSV promoter
ensure Lacl-responsive regulation and constitutive expression in the absence of

Lacl. A downstream HSV poly-adenylation signal ensures mRNA maturation.
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Figure 5.4. pTRE3G_Gal4 plasmid map. A TRE3G promoter made up of seven
tetracycline responsive elements upstream of the gfp ORF regulates expression of
gal4 in a tTA-responsive manner. Downstream SV40 poly-adenylation and nuclear

localization signals ensure mRNA maturation and Gal4 nuclear translocation.
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Figure 5.5. pTRE3G_UbGFP plasmid map. A TRE3G promoter made up of seven
tetracycline responsive elements upstream of the ubgfp ORF regulates expression

of GFP in a tTA-responsive manner. A downstream SV40 poly-adenylation signal

ensures mMRNA maturation.
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The in vitro assembly of pUAS_Lacl, pTRE3G_Gal4, pOPRS_tTA, and pTRE3G_UbGFP
was validated through restriction enzyme digestion followed by agarose gel
electrophoresis. To this end, these four plasmids were individually restriction
enzyme digested with BamHI, EcoRIl, Nhel, and BamHI, respectively, and
subsequently ran on an agarose gel according to the protocol specified in 4.3.7. The
corresponding results corroborated the expected plasmid sizes (6294 bp, 6571 bp,
6013 bp, 4754 bp) and are respectively presented in figures 5.6 to 5.9. Due to the
approximate similarity in plasmid sizes, the bands corresponding to pUAS_Lacl and
PTRE3G_Gal4 are shown in individual, separate agarose gels (figures 5.6 and 5.7).
Moreover, the bands corresponding to pOPRS_tTA and pTRE3G_UbGFP are shown in
conjunction with plasmids presented in Chapter 4, thus allowing for a

comprehensive plasmid size comparison.

pUAS Lacl
BamHI
4 5 &

Figure 5.6. Agarose gel electrophoresis of pUAS_Lacl (lanes 2 to 6) after BamHlI
restriction digestion. Clear bands can be observed over the 6 kb mark, thus
corroborating the expected plasmid size (6294 bp). The molecular weight

indicator is located in lanes 1 and 7.
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pTRE3G_Gald
EcoRl

Figure 5.7. Agarose gel electrophoresis of pTRE3G_Gal4 (lanes 2 to 6) after EcoRI
restriction digestion. Clear bands can be observed around the 6 kb mark, thus
corroborating the expected plasmid size (6013 bp). The molecular weight

indicator is located in lanes 1 and 7.
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Mot Hunadill| Mhel Kial Mihed
b F B 85,10, 11 12 13 14

Figure 5.8. Agarose gel electrophoresis of pOPRS_tTA after Nhel restriction digestion (lanes 11 and
12), shown in conjunction with pUAS-GG (lanes 3 and 4), pCMVGal4 (lanes 5 and 6), pOPRS_GFP
(lanes 7 and 8), and pCMVLacl (lanes 9 and 10). Clear bands corresponding to linearized pOPRS_tTA
can be found slightly above the 6 kb mark, corroborating the expected plasmid size (6571 bp). The

molecular weight indicator (i.e. 1 kb DNA Ladder) is located in lanes 1 and 14.
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Figure 5.9. Agarose gel electrophoresis of pTRE3G_UbGFP after BamHI restriction
digestion (lanes 2 to 6), shown in conjunction with pZK14 (lanes 7 to 11). Clear bands
corresponding to linearized pTRE3G_UbGFP can be found between the 4 kb and 5 kb
marks, thus corroborating the expected plasmid size (4754 bp). The molecular weight

indicator (i.e. 1 kb DNA Ladder) is located in lanes 1 and 12.

Like the plasmids presented in Chapter 4, the four plasmids encoding the
system components (i.e. pUAS_Lacl, pOPRS_tTA, pTRE3G_Gal4, and pTRE3G_UbGFP)
were further amplified in E.coli and purified in an endotoxin-free manner before
their transfection in HEK293T cells. The obtained concentration and purity (using a
Nanodrop™ 2000c Spectrophotometer) of each of these plasmids is outlined in table
5.1.

All plasmids showed an acceptable concentration in the context of
mammalian cell transfection. Indeed, the lowest concentration obtained was that of
PTRE3G_UbGFP (1.7 ug/uL). Moreover, the obtained absorbance ratios at 260 nm /
280 nm and 260 / 230 nm were all in the range of 1.8-1.9 and 2.0-2.12, thus

indicating that both the amplification and purification protocols were successful.
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Table 5.1. Concentration and purity of plasmids encoding the finalized system parts,

i.e. pUAS_Lacl, pOPRS_tTA, pTRE3G_Gal4, and pTRE3G_UbGFP.

Concentration
Plasmid A260 / A280 A260/A230

(ug/uL)

pUAS_Lacl 1.34 1.86 2.1
pOPRS_tTA 2.1 1.89 2.07
pTRE3G_Gal4 2.4 1.84 2.12
pTRE3G_UbGFP 1.7 1.89 2.09

5.4.2. In vivo implementation of the proposed mammalian synthetic

gene oscillator

The proposed mammalian synthetic gene oscillator was implemented in vivo through
co-transfection of HEK293T cells with pUAS_Lacl, pOPRS_tTA, pTRE3G_Gal4 and
PTRE3G_UbGFP. Like in previous synthetic gene oscillator implementations, the data
presented herein relies on single-cell image analysis (Atkinson et al.,, 2003; M B
Elowitz & Leibler, 2000; Stricker et al., 2008; Tigges et al., 2010, 2009).

Unstable transient behaviour with an initial peak showing an average period
of ¢. 6 hours (+2.81) were observed in HEK293T cells co-transfected with the system-
encoding plasmids at equimolar ratios. Indeed, for the vast majority of cells
exhibiting this behaviour (i.e. > 95%), one fluorescence peak was observed followed
by stable dynamics for the remainder of the image acquisition protocol. A minority
of cells (i.e. < 1%) exhibited two peaks (data not shown), which were also followed
by stable dynamics throughout the remainder of the image acquisition protocol.
Figure 5.10 illustrates the fluorescence signal observed in three cells implemented

with the proposed synthetic gene oscillator system. Data concerning fluorescence
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signals from additional single cells is available upon request, as well as the
corresponding time-lapse videos.

The three fluorescence signals presented in figure 5.10 represent the lowest
(Cell 2), average (Cell 1), and highest (Cell 3) recorded peak amplitudes, and were
chosen for this illustration in order to provide a comprehensive outline of the
variability observed in the experimental cell population. Indeed, fluorescence signals
were found to be asynchronous and irregular across the cellular population. The
fluorescence signals illustrated in figure 5.10 were thus plotted in the same time
interval. Moreover, the fluorescence channel images corresponding to the transient

behaviour represented in figure 5.10 are shown in figure 5.11.

=Cell 1l Cell 2 Cell 3

6
\_,_f”‘ S ol

Time (hours)
Figure 5.10. Single cell analysis of three cells exhibiting unstable transient behaviour after
co-transfection with equimolar ratios of pUAS_Lacl, pOPRS_tTA, pTRE3G_Gal4 and
PTRE3G_UbGFP. The fluorescence channel images corresponding to the behaviour

observed in each of these cells are presented in figure 5.11.
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Figure 5.11. Fluorescence channel images corresponding to the single-cell signals

illustrated in figure 5.10. Red circles highlight the respective cells in each image. The time

frames indicated above each picture are in accordance with the x-axis in figure 5.10.

140



In vivo implementation of a novel mammalian synthetic gene oscillator

The variability in period and amplitude, as well as the overall irregularity of
the fluorescence peaks observed in the in vivo implementation of the proposed
synthetic gene oscillator is in line with previous implementations reported in the
literature, and suggests no functional coupling between cells showing this transient
behaviour (Atkinson et al., 2003; M B Elowitz & Leibler, 2000; O’Brien, ltallie, &
Bennett, 2012; Purcell, Savery, Grierson, & di Bernardo, 2010; Tigges et al., 2010,
2009). Moreover, only a minority of fluorescent cells exhibited this unstable
transient behaviour: the robustness of this system implementation was c. 2.34%. It is
hereby hypothesized that this low robustness (as well as the absence of oscillatory
behaviour) is related to the modular implementation strategy carried out: system
components were encoded in four plasmids thus reducing the probability that one
cell would incorporate all components. As a comparative exercise, the original
Fussenegger oscillator was comprised of two plasmids containing the core
components, and an additional reporter plasmid; it presented a robustness lower
than 20% (Purcell et al., 2010; Tigges et al., 2009). In the case of the proposed
mammalian synthetic gene oscillator, the core components are encoded in three
plasmids, and an additional reporter plasmid is also required, thereby increasing the
combinatorial complexity inherent to system uptake by cells (Kis et al., 2015).

Furthermore, the unexpected detection of a transient unstable behaviour
instead of sustained oscillatory behaviour, as well as the disagreement in the
predicted versus observed period in fluorescence peaks, can be explained by a
conjugation of two perspectives, one related to specific biological features of the
system, the other to design specifications:

* The dynamical properties of synthetic gene oscillators, and synthetic gene
networks in general, are known to be highly dependent on the host organism
(Karlsson & Weber, 2012; Kis et al., 2015; Weber & Fussenegger, 2009). In
particular, the dynamics of mammalian synthetic gene networks have been
shown to have great variability across different cell line implementations
(Auslander et al., 2012; Greber & Fussenegger, 2007; Weber & Fussenegger,
2009, 2010). The proposed mammalian synthetic gene oscillator was

implemented in the HEK293T cell line and showed an unstable transient
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behaviour instead of the model-predicted sustained oscillatory behaviour.
However, the cell line-dependent variability in system dynamics observed in
past mammalian synthetic gene network implementations is indicative that
the proposed mammalian synthetic gene oscillator can potentially produce
alternative dynamic behaviours, such as sustained oscillations or a stable
steady state, if implemented in other mammalian cell lines, e.g. Chinese
Hamster Ovary (CHO) cells. Furthermore, although the in vivo
implementation presented herein was based on equimolar co-transfection
with pUAS_Lacl, pOPRS_tTA, pTRE3G_Gal4, and pTRE3G_UbGFP, there are
currently no methodologies to ensure equimolar plasmid uptake by
mammalian host cells, unlike in prokaryotic systems. This uncontrollability of
molarity ratios during plasmid uptake suggests that cells showing an unstable
transient behaviour have not internalized the system components in equal
concentrations. As outlined in the gene dosage bifurcation analysis results
(Chapter 3), plasmid ratios can (i) theoretically approximate, create and/or
abolish oscillatory behaviour, and (ii) alter the period of oscillations, once the
system is within a Hopf region. For instance, a lac/ relative gene dosage lower
than 0.379 has been shown to theoretically abolish sustained oscillations,
potentially justifying the unexpected observation of an unstable transient
behaviour, in the context of plasmid uptake uncontrollability. This feature
can be confirmed by simulating the model of the proposed system with
different values of parameter g; (illustrated in figure 5.12). This argument can
also be used to explain the low robustness, in comparison to the results
reported by Stricker et al. (2008) and Tigges et al. (2010), of this in vivo
implementation: it is possible that cells showing stable fluorescence signals
throughout the experimental protocol have internalized system components

at molarity ratios that do not dynamically permit oscillatory behaviour;

142



GFP Protein concentration (nh)

S000

4000

1000

In vivo implementation of a novel mammalian synthetic gene oscillator

—l=0p =gl=0l1 gl=015 "=————gl=0.2

500 1000 1500 2000

Tirne (minutes)

Figure 5.12. Damped GFP oscillatory signal obtained by model simulation assuming
0.05:1:1, 0.1:1:1, 0.15:1:1, and 0.2:1:1 molarity ratios between pUAS_Lacl, pOPRS_tTA,

and pTRE3G_Gal4, respectively.

The proposed system topology is known to generate sustained oscillations
(Novak & Tyson, 2008; Purcell et al., 2010; Tigges et al., 2009). However, the
modelling framework (as well as dynamic mathematical models of previous
synthetic gene oscillator implementations) used to theoretically predict
system dynamics does not take into account several aspects that contribute
to its in vivo biological function. Specifically, the distances of promoters and
operator elements to their corresponding transcription start sites (TSS), the
variability of cell cycle dynamics across cellular populations, the mRNA /
protein nuclear translocation processes, and the diffusion of system
components throughout the cell were not considered in the design of the
system. Moreover, the kinetic parameters governing the dynamics of system
processes are subject to an uncertainty that is widespread across the field of

mammalian synthetic biology (Kis et al., 2015; Novak & Tyson, 2008). This
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incomplete capture of the biological context in which the system is
implemented has contributed to a theoretical prediction of sustained
oscillatory behaviour, which does not fully reflect the biological organization

of the system nor the dynamics observed in the experimental results.
Moreover, the differences in relative promoter strengths across the Gal4, tTA,
and Lacl modules reported in 4.4.2 — 4.4.4 (as a measure of GFP fluorescence
intensity) were considered as a potential cause for the absence of oscillatory
behaviour in cells co-transfected with pOPRS_tTA, pUAS Lacl, pTRE3G_Gal4, and
PTRE3G_UbGFP. To test this, the dynamic model of the proposed synthetic gene
oscillator was simulated using the proportionately (i.e. relative fluorescence

intensities at 46 hours after transfection) updated relative TRE3G, UAS, and RSV/yc0
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Figure 5.13. Sustained oscillatory signal obtained by simulating the dynamic model of the
proposed synthetic gene oscillator with updated maximal transcription rates: 22.8 min™,

30 min™, and 153 min™* for tTA, Gal4 and Lacl, respectively.
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strengths as the Gal4, Lacl, and tTA maximal transcription rates, respectively (figure
5.13).

Indeed, figure 5.13 clearly shows that the model of the proposed system is
capable of generating sustained oscillatory behaviour when the updated maximal
transcription rates for Lacl, tTA and Gal4 are assumed. This contradicts the
hypothesis that unbalanced promoter strengths (reported in 4.4.2 - 4.4.4) across
system modules lead to abolishment of oscillatory behaviour.

Although a transient behaviour was observed instead of oscillatory behaviour,
the results concerning the in vivo system implementation highlight that the
proposed system is capable of generating unstable dynamics. This represents one of

the main requirements in the construction of a synthetic gene oscillator.

5.4.3. Exploring system tunability and instability with chemical

inhibitors

The next logical step in the context of in vivo system implementation was to test how
the chemical inhibitors doxycycline and IPTG affected system dynamics. To this end,
HEK293T cells co-transfected with pUAS Lacl, pOPRS_tTA, pTRE3G_Gal4, and
pPTRE3G_UbGFP at equimolar ratios were supplied with concentration gradients of
these two chemical inhibitors according to the methodology specified in 5.2.2.
Doxycycline was found to lead to stable dynamics (data not shown).
However, HEK293T cells co-transfected with pUAS_Lacl, pOPRS_tTA, pTRE3G_Gal4
and pTRE3G_UbGFP, supplied with 1 mM, 2mM, and 3mM IPTG exhibited a transient
unstable behaviour. All cells showing this behaviour exhibited one fluorescence
peak, followed by stable dynamics. The fluorescence signal time evolutions observed
in cells showing this behaviour are shown in figures 5.14 (for cells supplied with 1
mM IPTG), 5.15 (for cells supplied with 2 mM IPTG), and 5.16 (for cells supplied with
3 mM IPTG). Data concerning fluorescence signals from additional single cells is

available upon request, as well as the corresponding time-lapse videos.
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Like in the single cell analysis presented in the previous section, three
fluorescence signals representing the highest, average, and lowest recorded peak
amplitudes (Cell 1, Cell 2, Cell 3) were chosen for the illustrations in figures 5.14 to
5.16. Moreover, these fluorescence signals were plotted in the same time interval
due to the asynchronous and irregular nature of fluorescence signals across the
cellular population. The fluorescence channel images corresponding to the
behaviour represented in figures 5.14 to 5.16 are shown in Appendix A.5.

An unstable transient behaviour exhibiting peaks with average periods of c.
5.35 (#2.12), 3.59 (+2.44), and 3.39 (+1.76) hours were detected for cells
supplemented with 1 mM, 2 mM, and 3 mM IPTG, respectively. Fluorescence signals
were irregular across cellular populations and suggested no functional coupling
between cells: different peak amplitudes and periods were recorded within the

observed fluorescence signals of each experimental condition, in line with the results

presented in the previous section.
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Figure 5.14. Single cell analysis of three cells exhibiting an unstable transient behaviour after co-transfection
with equimolar ratios of pUAS_Lacl, pOPRS_tTA, pTRE3G_Gal4 and pTRE3G_UbGFP, in complete DMEM

medium supplied with 1 mM IPTG. The fluorescence channel images corresponding to the quoJ_rgécence peak
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Figure 5.15. Single cell analysis of three cells exhibiting an unstable transient behaviour after co-

transfection with equimolar ratios of pUAS_Lacl, pOPRS_tTA, pTRE3G_Gal4 and pTRE3G_UbGFP, in

complete DMEM medium supplied with 2 mM IPTG. The fluorescence channel images corresponding

to the fluorescence peak observed in each of these cells are presented in Appendix A.5.
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Figure 5.16. Single cell analysis of three cells exhibiting an unstable transient behaviour after co-
transfection with equimolar ratios of pUAS_Lacl, pOPRS_tTA, pTRE3G_Gal4 and pTRE3G_UbGFP, in
complete DMEM medium supplied with 3 mM IPTG. The fluorescence channel images corresponding

to the fluorescence peak observed in each of these cells are presented in Appendix A.5. 147
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Different fluorescence time evolution profiles were recorded across the three
experimental conditions. HEK293T cells supplemented with 1 mM IPTG and co-
transfected with pUAS Lacl, pOPRS_tTA, pTRE3G_Gal4 and pTRE3G_UbGFP at
equimolar ratios revealed one fluorescence peak followed by an approximately
constant basal fluorescence signal. Likewise, one fluorescence peak was detected in
cells supplemented with 2 mM IPTG; however, this transient unstable behaviour was
followed by a non-constant signal. Cells supplemented with 3 mM IPTG under the
same plasmid co-transfection conditions also revealed one fluorescence peak, but
followed by an approximately linear increase in fluorescence intensity that lasted
until the end of the image acquisition protocol.

Furthermore, these differences in the general shape of the fluorescence time
profiles detected for HEK293T cells supplemented wit 1 mM, 2 mM, and 3 mM IPTG
was accompanied by differences in the average period of observed fluorescence
peaks. For illustration and comparative purposes, the fluorescence peak periods

across different experimental conditions are shown in figure 5.17.
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Figure 5.17. Averaged detected single-cell fluorescence peak periods for HEK293T
cells co-transfected with pUAS_Lacl, pOPRS_tTA, pTRE3G_Gal4 and pTRE3G_UbGFP
at equimolar ratios, and supplied with 1 mM, 2mM, and 3 mM IPTG. Average values
presented herein are for populations of 29, 13, 8, and 8 cells for each experimental

condition, respectively. Error bars represent standard deviation.
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IPTG was expected to have an effect on system dynamics due to its Lacl
inhibitory activity (Aubrecht et al., 1996; Cronin et al., 2001; Hu & Davidson, 1987,
Lutz & Bujard, 1997; Wyborski & Short, 1991). Indeed, a decrease in the average
period of fluorescence peaks was observed: cells that were not supplemented with
IPTG showed approximately the same average period in this peak as cells
supplemented with 1 mM IPTG; cells supplemented with 2 mM and 3 mM IPTG
presented lower average periods. In addition, no statistically significant difference
between the average periods in the four experimental conditions outlined in figure
5.17 was detected: the great variability in single-cell fluorescence peak periods
across cellular populations is reflected in this statistical feature. IPTG-mediated
period reduction has been predicted by simulating the mathematical model
presented in Chapter 3. According to simulation results, the kinetic parameter
governing IPTG concentration has the potential of changing the period of oscillations
from c. 875 minutes (0 mM IPTG) to c¢. 700 minutes (3 mM IPTG). Although the
predicted and experimental observations do not agree, the model-predicted
tunability potential of IPTG was, in fact, observed in the experimental results.
Moreover, the corresponding IPTG-mediated tunability simulations reveal that the
period of oscillations is approximately the same if 0 nM and 1000 nM IPTG
concentrations are assumed: |PTG-mediated tuning is relevant for IPTG
concentrations higher than 1000 nM. This model-predicted feature is also reflected
in the results shown in figure 5.17.

In addition to the peak period-shortening observations, it is clear from figures
5.14 to 5.16 that an increase in IPTG concentration leads to a higher accumulation of
GFP after fluorescence peaks take place. This can be explained by an increase in
IPTG-mediated inhibition: higher IPTG concentrations lead to higher alleviation of
Lacl-mediated repression. Indeed, cells supplied with 3 mM IPTG present a
progressive increase in fluorescence intensity throughout the experimental protocol,
after the fluorescence cycle occurs. This suggests that the differences in fluorescence
time profiles amongst cells supplied with 1 mM, 2mM and 3 mM IPTG are due to a

differential degree of IPTG-mediated Lacl inhibition. Moreover, it corroborates the
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role of Lacl as the negative feedback effector within the topology of the proposed
mammalian synthetic gene oscillator.

Doxycycline was found to abolish the unstable transient behaviour. This
finding contrasts with model predictions, which highlighted the tunability potential
of this chemical inhibitor. However, the model simulations have also predicted the
tTA protein to oscillate at a considerably lower concentration than its system
counterparts. This represents a possible explanation for the doxycycline-mediated
abolishment of transient behaviour: lower intracellular tTA concentrations require
less doxycycline in order to ensure tTA inhibition. Thus, the doxycycline
concentrations provided in this experimental setup were sufficient to prevent

unstable behaviour, instead of allowing for system tuning.

5.5. Concluding remarks

The main objective of this chapter was to address and describe the processes leading
to the in vitro construction of the proposed mammalian synthetic gene oscillator, as
well as its in vivo performance. A comprehensive review of the employed module re-
organization strategy was also provided, followed by a list of methodologies that
were used to assemble each system module.

The assembly of the system consisted, at a first stage, on the construction of
four mammalian expression vectors: pUAS Lacl, pOPRS tTA, pTRE3G_Gal4 and
PTRE3G_UbGFP. pUAS_Lacl encoded the Lacl system module, that is, a UAS-ISV8
intron structure located upstream of a codon-optimized lac/? ORF, with downstream
regulatory elements that ensured mRNA maturation and protein nuclear
translocation. pOPRS_tTA encoded a lacO-SV40 intron structure located upstream of
a tTA ORF, also with downstream regulatory elements that ensured maturation and
nuclear translocation of mMRNA and protein. pTRE3G_Gal4 encoded a Prreag promoter
located upstream of a gal4 ORF, also containing downstream regulatory elements.
The tTA-responsive reporter module consisted on an ubiquitin-tagged gfp gene with

an upstream Prrezg promoter, and was encoded in pTRE3G_UbGFP. The assembly,
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amplification, and purification of these four plasmids were validated in vitro using a
combination of restriction enzyme digestion, agarose gel electrophoresis, and
spectrophotometry.

The in vivo implementation of the proposed system revealed contradictions
with model predictions. Indeed, cells showed an unstable transient behaviour with 1
fluorescence peak, instead of oscillatory behaviour. Moreover, doxycycline was
found to inhibit unstable behaviour, and IPTG was found to reduce the period of
fluorescence peaks. These results were contextualized with previous synthetic gene
oscillator implementations, and discussed accordingly.

The next chapter provides a summary of generalized conclusions of this
thesis. Additionally, on-going and future research directions, as well as strategies for

improving the in vivo performance of the proposed system, are presented.
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The main objective of this thesis was to propose a novel mammalian synthetic gene
oscillator design and provide a detailed description of its in vitro construction and in
vivo performance. As described in Chapter 1, the fundamental motivation behind the
work presented herein concerned the shortage of available mammalian synthetic
gene oscillator designs and implementations, as well as the low robustness reported
in previous implementations of such a system.

A comprehensive review of the most iconic synthetic gene oscillators
implemented to date was presented in Chapter 2. Indeed, several topologies and
biological organizations of these complex synthetic gene networks were
characterized and described, from the early singular self-repression-based Goodwin
oscillator to the complex mammalian Fussenegger oscillators. Additionally,
fundamental principles underlying the design of synthetic gene oscillators were
outlined and explored: (i) negative feedback is required for a cyclic process to be
created, (ii) delay in negative feedback prevents a system from settling in a stable
steady state, (iii) non-linearity is fundamental allows for steady state de-stabilization,
and (iv) timescale matching in the synthesis and degradation rates of involved
biochemical species is fundamental for oscillatory behaviour to be sustained. A
comparative analysis of design and implementation features between the reviewed
oscillator systems was then presented and discussed.

The design principles and biological features presented in Chapter 2 were
taken into account when designing a novel mammalian synthetic gene oscillator,
presented in Chapter 3. Indeed, a comprehensive implementation strategy based on
a 3-component delayed negative feedback topology was substantially discussed,
from both a dynamical systems and molecular biology perspective. In vivo
implementation feasibility guidelines were further established and incorporated in
the biological aspects of design, which was chosen to rely on the down-regulatory
activity of the Lac repressor, and the up-regulatory activities of Gal4 and tTA. An
ODE-based mathematical model comprising 8 equations and representing the
dynamics of the proposed synthetic gene oscillator was then presented, in
conjugation with a brief recapitulation of dynamical systems theory and bifurcation

analysis. The dynamic model was simulated and revealed that the chosen topology
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and parameter values generated sustained oscillatory behaviour across all system
components. Additionally, the model simulations revealed that IPTG and doxycycline
had the potential to act as tunability factors of the system, through Lacl and tTA
inhibition, respectively. The bifurcation analysis performed on this dynamic model
allowed for (i) a detailed mapping framework of the parametric regions
corresponding to sustained oscillatory behaviour, and (ii) a theoretical exploration of
the extent of system tunability using IPTG, doxycycline and alternative plasmid
molarity ratios. Although providing an initial theoretical framework for system
design, the dynamic model developed in Chapter 3 did not take into account several
biological features that are potentially relevant for the in vivo performance of the
system, namely: the locations of operators and promoters relative to their
corresponding transcription start sites (TSS), the mRNA and protein nuclear
translocation processes, and the diffusion of biochemical species throughout the
cell. These features are not considered in mathematical models of previous synthetic
gene oscillator implementations, however, developing a model framework that takes
these biological features into account would greatly improve the predictive power of
the mathematical model presented in Chapter 3. Moreover, a global sensitivity
analysis approach to this model would allow for a determination of a parametric
ranking according to the magnitude of system dynamics disturbance. Taken in
conjunction with bifurcation analysis, this analytical framework can potentially lead
to a deeper understanding of the parametric space shaping oscillatory dynamics.

The insight provided by model simulations was further employed in the in
vitro construction of synthetic gene circuits for system part in vivo validation,
presented in Chapter 4. To this end, three synthetic gene circuits were assembled
and implemented in HEK293T cells with the objective of validating system
components. Each synthetic gene circuit consisted of a constitutively expressing
module and a reporter module. The constitutively expressing modules were based
on CMV promoters that were placed upstream of the three relevant ORFs: lacl, tTA
and gal4. The reporter modules were respectively based on upstream /lacO operator
sites, a Prresg promoter, and an UAS regulatory structure, with a downstream gfp

ORF. All modules were encoded in six mammalian expression vectors, which were
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subsequently assembled in vitro: (i) pCMVLacl and pOPRS_GFP comprised the Lacl
validation synthetic gene circuit; (ii) pCMVtITA and pZK14 comprised the tTA
validation synthetic gene circuit; (iii) pCMVGal4 and pUAS-GG comprised the Gal4
validation synthetic gene circuit. The in vitro assembly, amplification, and
purification of these six plasmids were validated using conventional molecular
biology methodologies, namely restriction enzyme digestion, agarose gel
electrophoresis, and spectrophotometry. Indeed, all plasmids were confirmed to
have their corresponding expected sizes, a stable structure, acceptable
concentration ranges in the context of mammalian cell transfection, and acceptable
levels of purity according to spectrophotometric-based standards. The validation
synthetic gene circuits were further implemented in vivo by co-transfection of
HEK293T cells at equimolar ratios. Fluorescence channel images corroborated the
expected results of each part validation experiment: (i) cells transfected with
pOPRS_GFP, as well as cells co-transfected with pCMVLacl and pOPRS_GFP in
medium supplemented with IPTG, were found to produce a progressively increasing
fluorescence signal, unlike cells co-transfected with pCMVLacl and pOPRS_GFP in the
absence of IPTG; (ii) cells co-transfected with pCMVtTA and pZK14 revealed an
progressively increasing fluorescence signal, unlike cells transfected solely with
pZK14 and cells co-transfected with pPCMVtTA and pZK14 in medium supplied with
doxycycline; (iii) cells co-transfected with pCMVGal4 and pUAS-GG showed a strong
fluorescence signal, unlike cells transfected solely with pUAS-GG. These results
implied the conclusion that the part validation aspect of biological design was
successful. However, additional efforts can be carried out on the biological
standardization of system parts. Further investigation and characterization of both
upstream and downstream regulatory elements would provide valuable insight into
the controllability of system parts, and consequently allow for a more standardized
system implementation framework. Specifically, additional in vivo part validation
experiments with alternative promoter structures, operator site organizations (in
terms of number, spacing, and structure of operator sites), and poly-adenylation
signals would provide a highly valuable increase in biological design modularity.

Moreover, an experiment-based parameter estimation framework based on in vivo
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part implementation would allow for a refinement of the kinetic parameters
governing system dynamics. Taken in conjunction with the abovementioned
additional part validation experiments with alternative regulatory elements, this
approach has the potential of increasing the predictive power of the model
presented in Chapter 3, thus permitting a more recursive and controllable synthetic
gene oscillator construction/implementation process.

The successfully validated biological parts were further re-organized into
finalized system modules and implemented in vivo, as presented in Chapter 5. To this
end, three core system modules and one reporter module were assembled in vitro
and encoded in four corresponding mammalian expression vectors that reflected the
originally proposed delayed negative feedback topology: pUAS Lacl, pOPRS_tTA,
PTRE3G_Gal4, and pTRE3G_UbGFP. The Lacl system module was encoded in
pUAS Lacl, and essentially consisted on an UAS structure with a downstream lacl
ORF. The tTA system module was encoded in pOPRS_tTA, and consisted on an
upstream regulatory structure made up of /acO operator sites with a downstream
tTA ORF. pTRE3G_Gal4 encoded the Gal 4 system module and was based on a Prgesg
promoter with a downstream gal4 ORF. The reporter module was based on an
ubiquitin-tagged gfp ORF, in order to allow for GFP degradation kinetics that were in
line with other system components, with an upstream Prrezg promoter. In similar
fashion to the procedures carried out with the part validation plasmids presented in
Chapter 4, the in vitro assembly, amplification and purification of pUAS_Llacl,
pOPRS_tTA, pTRE3G_Gal4, and pTRE3G_UbGFP were validated using restriction
enzyme digestion, agarose gel electrophoresis, and spectrophotometry. Likewise, all
plasmids were confirmed to have their corresponding expected sizes, a stable
structure, acceptable concentration ranges in the context of mammalian cell
transfection, and acceptable levels of purity according to spectrophotometric-based
standards. The proposed mammalian synthetic gene oscillator was subsequently
implemented in HEK293T cells through co-transfection at equimolar plasmid ratios.
A minority of cells exhibited an unstable transient behaviour with one initial
fluorescence peak. Moreover, great variability in fluorescence signal properties was

recorded at the single-cell level across cellular populations: signals were
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asynchronous and irregular, with different cells showing different peak amplitudes
and periods. The system was also implemented in cells supplied with doxycycline
and IPTG. Although doxycycline was found to abolish unstable behaviour, IPTG-
supplemented cells also exhibited an unstable transient behaviour. Moreover, the
period of single-cell fluorescence peaks, as well as post-peak dynamics, was found to
be sensitive to IPTG. An increasing concentration of IPTG revealed an average
shorter period in fluorescence peaks, also at the single-cell level, thus partially
corroborating model predictions. The dynamic behaviour of the system in an
experimental context did not match model predictions since no oscillatory behaviour
was observed. This aspect was extensively discussed in Chapter 5. Indeed, additional
efforts can be carried out to improve the in vivo performance of the system. The
most fundamental aspect in this context regards the construction of a mammalian
expression vector simultaneously encoding the three core components of the
system: lacl, tTA and gal4. Implementing the proposed mammalian synthetic gene
oscillator with such a plasmid would allow for two main developments: (i) it ensures
that cells would internalize an equimolar ratio of system components; (ii) it reduces
the combinatorial complexity of components uptake, thus increasing the overall
transfection efficiency of the system. Ensuring true equimolar system component
uptake would prevent cells from internalizing alternative component molarity ratios,
which was shown to be a potential cause for the lack of fluorescence oscillations.
Increasing system transfection efficiency would allow for more cells to exhibit
oscillatory behaviour, thus permitting a more elaborate analysis, possibly at the
populational level, of system dynamics. Indeed, a ‘master’ plasmid simultaneously
encoding the Lacl, tTA and Gal4 modules is currently under construction.

The synthetic gene oscillator presented in this work represents, to date, the
only mammalian synthetic gene system that is capable of dynamically reacting to a
chemical inhibitor whilst presenting semi-oscillatory dynamics. Moreover, besides
providing further insight into the dynamics of gene oscillators, the unstable transient
behaviour generated by the proposed system is applicable to the study of multiple
anti-inflammatory pathways that show similar dynamic profiles, namely p53, Hes1,

and NF-kB, thus holding a potential for therapeutic applications (Ciliberto, Novak, &
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Tyson, 2005; Hayot & Jayaprakash, 2006; Kobayashi & Kageyama, 2010; Monk, 2003;
Nelson et al., 2004).
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A.3.1. List of parameters for the ODE-based model described by
equations 3.1 to 3.10

Table A.3.1. List of parameters for the ODE-based model described by equations 3.1
to 3.10

Value retrieved
Parameter Reference

from literature

Betrabet et
Lacl mRNA
al. (2004);
transcription rate ky 30
Tigges et
(min™)
al. (2009)
tTA mRNA
Tigges et
transcription rate k, 30
al. (2009)
(min™)
Gal4 and GFP
mRNA Tigges et
ks 30
transcription rate al. (2009)
(min™)
Lacl mRNA
Tigges et
degradation rate Kam1 0.0173
al. (2009)
(min™)
tTA mRNA
Tigges et
degradation rate kamz 0.0173
al. (2009)
(min™)
Gal4 mRNA
Tigges et
degradation rate Kams 0.0173
al. (2009)
(min™)
GFP mRNA Tigges et
Kama 0.0173
degradation rate al. (2009)
General
Tigges et
translation rate ky 0.02
al. (2009)
(min™)
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Lacl degradation

rate (min™)

tTA degradation

rate (min™)

Gal4 degradation

rate (min™)

GFP degradation

rate (min™)

UAS:Gal4
dissociation
constant (nM)
tetO:tTA
dissociation
constant (nM)
lacO:Lacl
dissociation
constant (nM)
Gal4 Hill
coefficient
(adimensional)
tTA Hill
coefficient
(adimensional)
Lacl Hill
coefficient
(adimensional)

Lacl:IPTG

kdpl

kdpz

kdp3

kdp4

0.01

0.0231

0.0069

0.0058

24

5.6 nM

40 nM

Pace etal.
(1990);
Elowitz and
Leibler
(2000)
Tigges et
al. (2009)
Yotov et al.
(1998); N
Corish and
Tyler-Smith
(1999)

Hong et al.
(2008)
Tigges et

al. (2009)

Elowitz and
Leibler

(2000)
Hong et al.

(2008)

Tigges et
al. (2009)

Pace et al.

(1990)

Alon (2007)
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interaction
cooperativity
coefficient
IPTG:Lacl
interaction
affinity (nM)
Tetracycline:tTA
interaction
affinity (nM)
lacl relative gene
dosage
(adimensional)
tTA relative gene
dosage
(adimensional)
gal4 relative
gene dosage
(adimensional)
gfp relative gene
dosage
(adimensional)
Tetracycline
concentration
(nM)
IPTG
concentration

(nM)

g1

g2

g3

ga

1200

Variable through

experimental setup

Variable through

experimental setup

Variable through

experimental setup

Variable through

experimental setup

Variable through

experimental setup

Variable through

experimental setup

Alon (2007)

Tigges et
al. (2009)

N/A

N/A

N/A

N/A

N/A

N/A
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A.3.2. MATLAB code for specifying the model described by equations
3.1t03.10

Main .m file:

% This m-file describes a 3-component gene regulatory network with a

% delayed negative feedback (i.e. positive interactions delay the negative

% feedback). This topology was proposed by Tyson and Novak in their 2008
% review. This model considers the interactions of two trans-activators and
% one repressor. We will consider the activators to be tTA and Gal4

% (used in mammalian cells by Tigges and Fussenegger (2009) and Ptashne et
% al (1988)).

function dydt = System_Thesis(~, y)

% Declare variables
mRNA_Lacl = y(1);
MRNA_tTA = y(2);
mMRNA_Gal4 =y(3);
mMRNA_GFP = y(4);
Lacl = y(5);

tTA = y(6);

Gald =y(7);

GFP =y(8);

% Parameter values

% Transcription and translation rates

k1 = 30; % maximal Lacl transcription rate, min(-1) (Tigges et al., 2009)
k2 = 30; % maximal tTA transcription rate, min(-1) (Tigges et al., 2009)

k3 = 30; % maximal Gal4 transcription rate, min(-1) (Tigges et al., 2009)
k4 = 0.02; % general translation rate, min(-1) (Tigges et al., 2009)

% Dissociation constants

kd1 = 24; % dissociation constant of UAS box, nM (Hong et al., 2008)

kd2 = 5.6; % dissociation constant of tetO box, nM (Tigges et al., 2009; Kamionka et
al., 2004)

kd3= 40; % dissociation constant of Lacl from LacO box, nM (Elowitz and Leibler,
2000)

% Hill coefficients

nl = 2; % Gal4 Hill coefficient (Pace et al., 1988)
n2 = 2; % tTA Hill coefficient (Tigges et al., 2009)
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mMRNA_Lacl_halflife = 40.0663
MRNA_tTA_halflife = 40.0663;
MRNA_Gal4_halflife = 40.0663;
MRNA_GFP_halflife = 40.0663;

kdm1 = log(2)/mRNA_Lacl_halflife;
kdm2 = log(2)/mRNA_tTA_halflife;

kdm3 =log(2)/mRNA_Gal4_halflife;
kdm4 = log(2)/mRNA_GFP_halflife;

Lacl_protein_halflife = 30;
tTA_protein_halflife = 30.0664;
Gal4_protein_halflife = 100;

GFP_protein_halflife = 120;

kdp1 = log(2)/Lacl_protein_halflife;
kdp2 = log(2)/tTA_protein_halflife;
kdp3 = log(2)/Gal4_protein_halflife;
kdp4 = log(2)/GFP_protein_halflife;

lo
lo

gl=1;
g2=1;
g3=1
g4=1;

Tc=0;

IPTG =0;

kmt=1;

kmL = 1200;

n4 = 4;
Ta=tTA*(1-(Tc/(kmt+Tc)));

Appendix A.3

dydt(1,:) = g1*((k1*(Gal4*n1))/(kd1rn1+(Gal4*n1))) - kdm1*mRNA_Lacl;
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dydt(2,:) = g2*(k2/(1+(((Lacl*n3)/(kd3~n3))/(1+(IPTG/kmL)*n4)))) -
kdm2*mRNA_tTA;

dydt(3,:) = g3*((k3*(Ta*n2))/(kd2An2+(Ta”n2))) - kdm3*mRNA_Gal4;

dydt(4,:) = g4*((k3*(Ta*n2))/(kd2An2+(Ta”*n2))) - kdm4*mRNA_GFP;

dydt(5,:) = k4*mRNA_Lacl - kdp1*Lacl;

dydt(6,:) = k4*mRNA_tTA - kdp2*tTA;

dydt(7,:) = k4*mRNA_Gal4 - kdp3*Gal4;

dydt(8,:) = k4*mRNA_GFP - kdp4*GFP;
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Solver and plotter .m file:

% Solver for System_Thesis.m
% y-axis in nM, x-axis in minutes

sol = ode45(@System_Thesis, [0 7500],[00000000]);
% Plotter - Protein figures

% figure

% subplot(2,2,1);

% plot(sol.x, sol.y(5,:), 'r', 'LineWidth', 4)

% xlim([1500 7500])

% xlabel('Time (minutes)')

% ylabel('Lacl Protein concentration (nM)')
%

% subplot(2,2,2);

% plot(sol.x, sol.y(6,:), 'r', 'LineWidth', 4)

% xlim([1500 7500])

% xlabel('Time (minutes)')

% ylabel('tTA Protein concentration (nM)")

%

% subplot(2,2,3);

% plot(sol.x, sol.y(7,:), 'r', 'LineWidth', 4)

% xlim([1500 7500])

% xlabel('Time (minutes)')

% ylabel('Gal4 Protein concentration (nM)')
%

% subplot(2,2,4);

% plot(sol.x, sol.y(8,:), 'r', 'LineWidth', 4)

% xlim([1500 7500])

% xlabel('Time (minutes)')

% ylabel('GFP Protein concentration (nM)')

% Plotter - mRNA figures

% figure

% subplot(2,2,1);

% plot(sol.x, sol.y(1,:), 'r', 'LineWidth', 4)
% xlim([1500 7500])

% xlabel('Time (minutes)')

% ylabel('Lacl mRNA concentration (nM)')
%

% subplot(2,2,2);

% plot(sol.x, sol.y(2,:), 'r', 'LineWidth', 4)
% xlim([1500 7500])
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% xlabel('Time (minutes)')

% ylabel('tTA mRNA concentration (nM)')
%

% subplot(2,2,3);

% plot(sol.x, sol.y(3,:), 'r', 'LineWidth', 4)
% xlim([1500 7500])

% xlabel('Time (minutes)')

% ylabel('Gal4 mRNA concentration (nM)')
%

% subplot(2,2,4);

% plot(sol.x, sol.y(8,:), 'r', 'LineWidth', 4)
% xlim([1500 7500])

% xlabel('Time (minutes)')

% ylabel('GFP mRNA concentration (nM)')

Appendix A.3

180



Appendix A.3

A.3.3. Model specification in Matcont

Lacm'= al+g1*((k1*(Gal*n1))/(kd1~n1+(Gal*nl))) - kdm1*Lacm;

tTAm' = a2+g2*(k2/(1+(((Lac”n3)/(kd3~n3))/(1+(IPTG/kmL)*n4)))) —
kdm2*tTAm;

Galm' = a3+g3*((k3*(tTA*(1-(Tc/(kmt+Tc)))*n2))/(kd2An2+(tTA*(1-
(Tc/(kmt+Tc)))An2))) - kdm3*Galm;

GFPm' = g4*((k3*(tTA*(1-(Tc/(kmt+Tc)))An2))/(kd2An2+(tTA*(1-
(Tc/(kmt+Tc)))An2))) - kdm4*GFPm;

Lac'= k4*Lacm - kdpl*Lac;
tTA'= k4*tTAm - kdp2*tTA;
Gal'= k4*Galm - kdp3*Gal;

GFP'= k4*GFPm - kdp4*GFP;
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A.3.4. Bifurcation diagrams with respect to GFP concentration for
parameters listed in tables 3.1, 3.2 and 3.3.
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Figure A.3.1. Bifurcation diagram of parameter k1 with respect to GFP concentration. Red dot(s) indicate
Hopf points.
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Figure A.3.2. Bifurcation diagram of parameter k2 with respect to GFP concentration. Red dot(s) indicate
Hopf points.
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Figure A.3.3. Bifurcation diagram of parameter k3 with respect to GFP concentration. Red dot(s) indicate
Hopf points.
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Figure A.3.4. Bifurcation diagram of parameter k4 with respect to GFP concentration. Red dot(s) indicate

Hopf points.
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Figure A.3.5. Bifurcation diagram of parameter kdm1 with respect to GFP concentration. Red dot(s)
indicate Hopf points.
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Figure A.3.6. Bifurcation diagram of parameter kdm2 with respect to GFP concentration. Red dot(s)
indicate Hopf points.
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Figure A.3.7. Bifurcation diagram of parameter kdm3 with respect to GFP concentration. Red dot(s)
indicate Hopf points.
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Figure A.3.8. Bifurcation diagram of parameter kdp1 with respect to GFP concentration. Red dot(s) indicate
Hopf points.
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Figure A.3.9. Bifurcation diagram of parameter kdp2 with respect to GFP concentration. Red dot(s) indicate
Hopf points.
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Figure A.3.10. Bifurcation diagram of parameter kdp3 with respect to GFP concentration. Red dot(s)
indicate Hopf points.
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Figure A.3.11. Bifurcation diagram of tetracycline concentration with respect to GFP concentration. Red
dot(s) indicate Hopf points.
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Figure A.3.12. Bifurcation diagram of IPTG concentration with respect to GFP concentration. Red dot(s)
indicate Hopf points.
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Figure A.3.13. Bifurcation diagram of parameter g1 with respect to GFP concentration. Red dot(s) indicate
Hopf points.
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Figure A.3.14. Bifurcation diagram of parameter g2 with respect to GFP concentration. Red dot(s) indicate
Hopf points.
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Figure A.3.15. Bifurcation diagram of parameter g3 with respect to GFP concentration, in the range of 0 <
g3 < 0.01. Red dot(s) indicate Hopf points.
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Figure A.3.16. Bifurcation diagram of parameter g3 with respect to GFP concentration, in the range of 0 <
g3 < 50. Red dot(s) indicate Hopf points.
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Figure A.3.17. Bifurcation diagram of parameter al with respect to GFP concentration. Red dot(s) indicate
Hopf points.
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Figure A.3.18. Bifurcation diagram of parameter a2 with respect to GFP concentration. Red dot(s) indicate
Hopf points.

190



Appendix A.3

20 —

GFP concentration (nM)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
a3 (adimensional)

Figure A.3.19. Bifurcation diagram of parameter a3 with respect to GFP concentration. Red dot(s) indicate
Hopf points.
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A.3.5. Hopf points and continuation settings

Hopf points are presented and structured as H (Lacl_mRNA, tTA_mRNA,
Gal4d_mRNA, GFP_mRNA, Lacl, tTA, Gal4, GFP, “Parameter value at bifurcation
point”).

Continuation of k;

H=(427.349369 0.236838 11.265179 11.265179 369.999453 0.205055 32.652692
38.845444 11.387196 )

Simulated from k; = 0.000001 to k; = 20645

Continuation Data
InitStepSize 0.01
MinStepSize 0.01
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of k,

H =(39.875097 0.026552 1.270267 1.270267 34.523893 0.022989 3.681935
4.380233 0.000714 )

H=(1125.949268 0.236863 11.266336 11.266336 974.847851 0.205076 32.656045
38.849433 1445.609784 )

Simulated from k, = 0.000001 to k, = 14452.479

Continuation Data
InitStepSize 0.01
MinStepSize 0.01
Max StepSize 10
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Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of k3

Appendix A.3

H=(107.093378 58.050418 2.124303 2.124303 92.721539 50.260102 6.157400

7.325182 0.059681)

H=(1129.819544 0.004848 11.321765 11.321765 978.198740 0.004198 32.816711

39.040570 1463.426501 )

Simulated from k3 = 0.000001 to k3 = 2639

Continuation Data
InitStepSize 0.01
MinStepSize 0.01
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of k,

H =(1099.683467 10.517026 72.521405 72.521405 143.118263 1.368738

31.597772 37.590453 0.003006 )
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Simulated from k4 = 0.000001 to k4 =5.2765291

Continuation Data
InitStepSize 0.01
MinStepSize 0.01
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of k4,1

Appendix A.3

H=(726.445078 0.028368 1.357069 1.357069 628.956777 0.024561 3.933533

4.679548 0.001080 )

Simulated from kg,,,1 = 0.000001 to kg4,,1 = 7249

Continuation Data
InitStepSize 0.1
MinStepSize 0.1
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50
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Continuation of k;,,,»

H=(772.426788 0.155665 7.420691 7.420691 668.767782 0.134774 21.509248
25.588588 0.002466 )

H=(44.118199 0.027965 1.337820 1.337820 38.197575 0.024212 3.877739
4.613172 585.706430 )

Simulated from kg,,,> = 0.000001 to kg4,,2 = 1058

Continuation Data
InitStepSize 0.1
MinStepSize 0.1
Max StepSize 1

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of k;,,,3

H =(119.027292 38.486602 2.247797 893.348857 103.053932 33.321733 6.515353
3080.513299 6.875593 )

Simulated from kg,,,3 = 0.000001 to kg,,3 = 828

Continuation Data
InitStepSize 0.01
MinStepSize 0.01
Max StepSize 10

Corrector Data
MaxNewton lters 3
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Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of kgp,

H=(1070.132513 0.220901 10.511735 10.511735 376.500432 0.191256 30.468796
36.247361 0.056846 )

H =(32.903830 0.024068 1.151532 1.151532 655.338174 0.020838 3.337773
3.970799 0.001004 )

Simulated from kg1 = 9.5€-9 to kgpq = 2000

Continuation Data
InitStepSize 0.1
MinStepSize 0.1
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50
Continuation of kg,

H=(817.474155 0.017691 7.819344 7.819344 707.769831 0.142048 22.664767
26.963257 0.002491 )

H =(43.525661 969.967696 1.328573 1.328573 37.684555 0.024045 3.850936
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4.581286 806.804175 )
Simulated from kg, = 0.000001 to kg, = 3104
Continuation Data
InitStepSize 0.1

MinStepSize 0.1
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of kg3

H =(109.255271 53.728494 1035.814675 1035.814675 94.593308 46.518177
6.223375 3571.774742 3.328788 )

H = (650.909504 0.044010 2.104453 2.104453 563.558012 0.038104 18.604513
7.256736 0.002262 )

Simulated from kg3 = 3.6e-7 to kgp3 = 3000

Continuation Data
InitStepSize 0.1
MinStepSize 0.1
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

197



Appendix A.3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of Tetracycline concentration

H=(39.875109 1115.228350 1.270268 1.270268 34.523904 965.565671 3.681935
4.380233 203.943297 )

Simulated from T = 0.001 to T = 5000

Continuation Data
InitStepSize 0.1
MinStepSize 0.1
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of IPTG concentration

H=(1125.868317 0.236838 11.265181 11.265181 974.777764 0.205055 32.652698
38.845452 3144.910751)

Simulated from I = 0.0001 to I = 8000

Continuation Data
InitStepSize 0.01
MinStepSize 0.01
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
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Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of g,

Appendix A.3

H =(427.349406 0.236838 11.265175 11.265175 369.999486 0.205055 32.652681

38.845431 0.379573)

Simulated from g4 = 0.0001 to g4 = 2564

Continuation Data
InitStepSize 0.1
MinStepSize 0.1
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of g,

H=(39.875112 0.026552 1.270268 1.270268 34.523907 0.022989 3.681935

4.380233 0.000024 )

H=(1125.949267 0.236863 11.266336 11.266336 974.847850 0.205076 32.656045

38.849433 48.186993 )

Simulated from g, = 0.000001 to g, = 3953

Continuation Data
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InitStepSize 0.1
MinStepSize 0.1
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data

MaxNumPoints 300
ClosedCurve 50

Continuation of g;

Appendix A.3

H=(107.093381 58.050411 2.124303 1067.828145 92.721542 50.260096 6.157400

3682.166017 0.001989 )

H=(1129.819558 0.004848 11.321766 0.232094 978.198751 0.004198 32.816712

0.800325 48.780886 )

Simulated from g3 = 0.000001 to g3 = 2822

Continuation Data
InitStepSize 0.1
MinStepSize 0.1
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50
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Continuation of a,

H =(582.443299 0.068645 3.280243 3.280243 504.279912 0.059433 9.507952
11.311184 6.006596 )

Simulated from a; = 0.000001 to a4 = 20

Continuation Data
InitStepSize 0.1
MinStepSize 0.1
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50

Continuation of a,

H =(588.559033 0.124392 5.934980 5.934980 509.574921 0.107698 17.202841
20.465449 0.001013 )

Simulated from a, = 0.000001 to a, = 20

Continuation Data
InitStepSize 0.1
MinStepSize 0.1
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

201



Appendix A.3

Stop Data
MaxNumPoints 300

ClosedCurve 50
Continuation of a;

H =(588.920232 0.065675 5.937737 3.138565 509.887646 0.056862 17.210833
10.822637 0.048426 )

Simulated from a3 = 0.000001 to a3 = 20

Continuation Data
InitStepSize 0.1
MinStepSize 0.1
Max StepSize 10

Corrector Data
MaxNewton lters 3
Max Corr Iters 10
Max Test Iters 10
Var Tolerance 1le-6
Fun Tolerance 1e-6
Test Tolerance 1e-5
Adapt 3

Stop Data
MaxNumPoints 300

ClosedCurve 50
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A.4.1. Plasmid DNA sequences

pCMVLacl DNA sequence:
f1 origin of replication
CMV enhancer

CMV promoter

SV TK promoter

I ‘

HSV TK poly-adenylation signal

ColE1 / pUC origin of replication
AmpR ORF / AmpR promoter|

CTGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGA
CCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCAC
GTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTG
CTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATC
GCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTT
GTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTT
GCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTA
ACAAAATATTAACGCTTACAATTTACGCGTATAGATCTAGCTTCGTGTCAAGGACGGTGACT
GCAGTGAATAATAAAATGTGTGTTTGTCCGAAATACGCGTTTTGAGATTTCTGTCGCCGACT
AAATTCATGTCGCGCGATAGTGGTGTTTATCGCCGATAGAGATGGCGATATTGGAAATCGA
TATTTGAAAATATGGCATATTGAAAATGTCGCCGATGTGAGTTTCTGTGTAACTGATATCGC
CATTTTTCCAAAAGTGATTTTTGGGCATACGCGATATCTGGCGATACGGCTTATATCGTTTAC
GGGGGATGGCGATAGACGACTTTGGCGACTTGGGCGATTCTGTGTGTCGCAAATATCGCA
GTTTCGATATAGGTGACAGACGATATGAGGCTATATCGCCGATAGAGGCGACATGAAGCTG
GCACATGGCCAATGCATATCGATCTATACATTGAATCAATATTGGCAATTAGCCATATTAGT
CATTGGTTATATAGCATAAATCAATATTGGCTATTGGCCATTGCATACGTTGTATCTATATCA
TAATATGTACATTTATATTGGCTCATGTCCAATATGACCGCCATGTTGACATTGATTATTGAC
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TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGACTTCCGCGT
TACATAACTTACGGTAAATGGCCCGCCTCGTGACCGCCCAACGACCCCCGCCCATTGACGTC
AATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGG
AGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTCCGGCC
CCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTAC
GGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGG
TTTTGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCC
ACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGT
CGTAATAACCCCGCCCCGTTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTAT
ATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCATCCACGCTGTTTTG
ACCTCCATAGAAGACACCGGGACCGATCCAGCCTCCGCGGCCGGGAACGGTGCATTGGAA
CGCGGATTCCCCGTGCCAAGAGTGACGTAAGTACCGCCTATAGACTCTATAGGCACACCCCT
TTGGCTCTTATGCATGCTATACTGTTTTTGGCTTGGGGCCTATACACCCCCGCTCCTTATGCT
ATAGGTGATGGTATAGCTTAGCCTATAGGTGTGGGTTATTGACCATTATTGACCACTCCCCT
ATTGGTGACGATACTTTCCATTACTAATCCATAACATGGCTCTTTGCCACAACTATCTCTATT
GGCTTATGCCAATACTCTGTCCTTCAGAGACTGACACGGACTCTGTATTTTTACAGGATGGG
GTCCCATTTATTATTTACAAATTCACATATACAACAACGCCGTCCCCCGTGCCCGCAGTTTTT
ATTAAACATAGCGTGGGATCTCCACGCGAATCTCGGGTACGTGTTCCGGACATGGGCTCTTC
TCCGGTAGCGGCGGAGCTTCCACATCCGAGCCCTGGTCCCATGCCTCCAGCGGCTCATGGT
CGCTCGGCAGCTCCTTGCTCCTAACAGTGGAGGCCAGACTTAGGCACAGCACAATGCCCAC
CACCACCAGTGTGCCGCACAAGGCCGTGGCGGTAGGGTATGTGTCTGAAAATGAGCTCGG
AGATTGGGCTCGCACCGTGACGCAGATGGAAGACTTAAGGCAGCGGCAGAAGAAGATGCA
GGCAGCTGAGTTGTTGTATTCTGATAAGAGTCAGAGGTAACTCCCGTTGCGGTGCTGTTAA
CGGTGGAGGGCAGTGTAGTCTGAGCAGTACTCGTTGCTGCCGCGCGCGCCACCAGACATA
ATAGCTGACAGACTAACAGACTGTTCCTTTCCATGGGTCTTTTCTGCAGTCACCGTCCTTGAC
ACGAAGCTTGGTACCGAGCTCGGATCTCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAA
GGGCGATCGTCTAGAGGTACCCTCCCACC

AGCAGCCTGAGGCCT] GAGCGCAACGCAATT
AATGTAAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGACCTGCAGC
CCCTTGGATCTTTGTGAAGGAACCTTACTTCTGTGGTGTGACATAATTGGACAAACTACCTA
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CAGAGATTTAAAGCTCTAAG
TCACAGTCCCAAGGCTCATTTCAGGCCCCTCAGTCCTC

ACAGTCTGTTCATGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAA
ACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGT
TTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCA
TTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGG
CCCAAGCTTGGCACTGGGATCTGCGAACGCAGCAAGACGTAGCCCAGCGCGTCGGLCCCG
AGATGCGCCGCGTGCCGTGCTGGAGATGGCGGACCGGATGGATATGTTCTGCCAAGGGTT
GGTTTGCGCATTCACAGTTCTCCGCAAGAATTGATTGGCTCCAATTCTTGGAGTGGTGAATC
CGTTAGCGAGGTGCCGCCCTGCTTCATCCCCGTGGCCCGTTGCTCGCGTTTGCTGGCGGTGT
CCCCGGAAGAAATATATTTGCATGTCTTTAGTTCTATGLYLCIAWAC.VAV e eeecleeorcleche
TGTCATTGGCGAATTCGAACACGCAGATGCAGTCGGGGCGGCGCGGTCCGAGGTCCACT

CGCATATTAAGGTGACGCGTGTGGCCTCGAACACCGAGCGACCCTGCAGCGACCCGCTTAA
CAGCGTCAACAGCGTGCCGCAGATCCCGGGGGGCAATGAGA

AACACGGAAGGAGAC
AATACCGGAAGGAACCGCGCTATGACGGCAATAAAAAGACAGAATAAAACGCACGGGTGT
TGGGTCGTTTGTTCATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCAC
CGAGACCCCATTGGGCCAATACGCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTC
GGGTGAAGGCCCAGGGCTCGCAGCCAACGTCGGGGCGGCAGGCCCTGCCATAGCCACTGG
CCCCGTGGGTTAGGGACGGGGTCCACTAGCTAGTTCTAGTATGCATGGCGGTAATACGGTT
ATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGC
CAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTiRIE @y pAcicio [eecle(e/eee6) T {6 CT.NE!
CATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACC
AGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGAT
ACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTAT(
CAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCC
GACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATC
GCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTAC
AGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGC
GCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAA
CCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGG
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SOV GAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCAC
GTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAA
AAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAACCTGAGGCTGACAGIRINSOYNIC
CTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGAC
CCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATG
ATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAA
GGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGC
CGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTAC
AGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGAT
CAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCG
ATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAA
TCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTG
ATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAA
ACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAA
AACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAAC
GATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAA
GCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATCCTCAGGACTCTT]
CCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGA
ATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGONINRRIEeEe Y Y Clc e e

pOPRS_GFP DNA sequence:
HSV TK poly-adenylation signal
NeoR / KanR ORF

F1 origin of replication

V40 intron

‘ m

AmpR ORF / AmpR promoter

TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCAC
AGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGT
TGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCA
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CCACGAACAAACGACCCAACACCCGTGCGTTTTATTCTGTCTTTTTATTGCCGATCCCC

TTGGCTGCAGGGTCGCTCGGTGTTCGAGGCCACACGCGTCACCTTAATATGCGAA
GTGGACCTGGGACCGCGCCGCCCCGACTGCATCTGCGTGTTCGAATTCGCCAATGACAAGA
CGCTGGGCGGGGTTTGCTCGACATTGGGTGGAAACATTCCAGGCCTGGGTGGAGAGGCTT
TTTGCTTCCTCTTGCAAAACCACACTGCTCGACATTGGGTGGAAACATTCCAGGCCTGGGTG
GAGAGGCTTTTTGCTTCCTCTTGCAAAACCACACTGCTCGATATGCGGTGTGAAATACCGCA
CAGATGCGTAAGGAGAAAATACCGCATCAGGAAATTGTAAACGTTAATATTTTGTTAAAATT
CGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCC
TTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGT
CCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATG
GCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTA
AATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTG
GCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAG
CGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGLGTC
GCGCCATTCGCCATTCAGGCTACGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCG
CTATTACGCCAGCTGGCGAAGGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCA
GGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTGACTATA
GCCGGAATTGGAGCTAGGCCTACGTAGCGCGCGAGCTCCACCGCGGTGGCAGTACAATCT
GCTCTGATGCCGCATAGTTAAGCCAGTAT

ACAATAAACGCCATTTGACCATTCACCACATTGGTGTGCACCTCCAAGCTTGGACAAACTAC
CTACAGAGATTTAAAGCTCTAACICHPAVAVAN AN PAVAVAVAN M MR VAV CR LCR VAN VAVAN KCRECR N PAVAVAYSR A\
CGGATCCGTCTCCCATTAGGCCTACAATGGTGAGACAAGTAGCCAACAGGGAAGGGTTGCA
AATATCATTTGGGCACACCTATGATAATATTGATGAAGCAGACAGTATTCAGCAAGTAACTG

AGAGGTGGGAAGCTCAAAGCCAAAGTCCTAATGTGCAGTCAGGTGAATTTATTGAAAAAT
GAGGCTCCTGGTGGACTAGGGTCGACTGTGG CCACAACC
AGTTCAAAGAACTGCTCCTCAGGGATCCTAATTGTTTGTGTATTTTAGAY LS ®AVS@.V.XC[oIm)
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GCTGCCCGCGCGTAATACGACTCACTATAGGGCGAATTGGGTAC

TCCGGACTCAGATCTCGAGCTCAAGCTTC
GAATTCTAAGGATCCAATGTAAGGCCGCCACCGCGGTGGAGCTCCAGCTTTTGTTCCCTTTA
GTGAGGGTTAATTGCGCGGGCCGCAATTCTTAAGAACTGAAACACGGAAGGAGACAATAC
CGGAAGGAACCCGCGCTATGACGGCAATAAAAAGACAGAATAAAACGCACGGTGTTGGGT
CGTTTGTTCATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCACCGAG
ACCCCATTGGGGCCAATACGCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTCGGG
TGAAGGCCCAGGGCTCGCAGCCAACGTCGGGGCGGCAAGCCCTGCCATAGCCACGGGCCC
CGTGGGTTAGGGACGGGGTCCCCCATGGGGAATGGTTTATGGTTCGTGGGGGCTAGCCGG
CAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTT
CCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCT
CACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATG
TGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTT]

GAAGATCCTTTGATCTTTTCTACGGGGTCT
GACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGA
TCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGT
AAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTA
TTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTT
ACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTAT
CAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGC
CTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTT
TGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCT
TCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAA
AGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCAC
TCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTG
TGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTC
TTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCA
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TTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCG
ATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGG

TGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATG

TTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATG

AGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCC
CCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATA

GGCGTATCACGAGGCCCTTTCGTC

pCMVTA DNA sequence:

CMV enhancer / CMV promoter

SV40 poly-adenylation signal

GCGCGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTT
CATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACC
GCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAG
GGACTTTCCATTGACGTCAATGGGTGGACTATTTACGGTAAACTGCCCACTTGGCAGTACAT
CAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTG
GCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGT
CATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTT
GACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCA
AAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGT
AGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTG
CTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTTGCATTCCTGCA
GGTCGACATCGATCTTAAGCAGTACTTCTAGAGAATTGTGAGCGCTCACAATTCC
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GGATCCGAACAAAAACTCATCTCAGAAGAGGATCTGAATATGCAT
ACCGGTCATCATCACCATCACCATTGAGTTTGATCCCCGGGAATTCAGACATGATAAGATAC
ATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAAT
TTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTGGGGTGGGCG
AAGAACTCCAGCATGAGATCCCCGCGCTGGAGGATCATCCAGCCGGCGTCCCGGAAAACG
ATTCCGAAGCCCAACCTTTCATAGAAGGCGGCGGTGGAATCGAAATCTCGTAGCACGTG

ACGTGCTGATCAGATCCGAAAATGGATATACAAGCTCCCGGGAGCTTTTT

GGGCGGAGTTAGGGGCGGGACTATGGTTGCTGA
CTAATTGAGATGCATGCTTTGCATACTTCTGCCTGCTGGGGAGCCTGGGGACTTTCCACACC
TGGTTGCTGACTAATTGAGATGCATGCTTTGCATACTTCTGCCTGCTGGGGAGCCTGGGGAC
TTTCCACACCCTCGTCGATTCGAAGGTACCAGCACAGTGGACTCGAGAGATCTGGCCGGCT
GGGCCCGTTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTACC
GGTCATCATCACCATCACCATTGAGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGT
TGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCC
ACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATT
CTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGC
ATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGTGGCGGTAATA
CGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAA
AAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCG

GAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAA
ACTCACGTTAAGGGATTTTGGTCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCC
TTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGAC
GGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGC
GGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAG
AGTGCACCATATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCA
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GGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTC
GCTATTACGCCA

pZK14 DNA sequence:
PTRE3G promoter
TetO operator sites

eGFP ORF

CTCGAGTTTACTCCCTATCAGTGATAGAGAACGTATGAAGAGTTTACTCCCTATCAGTGATA
GAGAACGTATGCAGACTTTACTCCCTATCAGTGATAGAGAACGTATAAGGAGTTTACTCCCT
ATCAGTGATAGAGAACGTATGACCAGTTTACTCCCTATCAGTGATAGAGAACGTATCTACAG
TTTACTCCCTATCAGTGATAGAGAACGTATATCCAGTTTACTCCCTATCAGTGATAGAGAAC
GTATAAGCTTTAGGCGTGTACGGTGGGCGCCTATAAAAGCAGAGCTCGTTTAGTGAACCGT
CAGATCGCCTGGAGCAATTCCACAACACTTTTGTCTTATACCAACTTTCCGTACCACTTCCTA
CCCTCGTAAAGTCGACAACGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGT
GGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGG
CGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGC
AAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAG
CCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACG
TCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAA
GTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGA
CGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATG
GCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGAC
GGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGLCCCGTGE
TGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAA
GCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGAC
GAGCTGTACAAGTCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCTAAGGATCCAATGTA
ACTGTATTCAGCGATGACGAAATTCTTAGCTATTGTAATACTCTAGAGGATCTTTGTGAAGG
AACCTTACTTCTGTGGTGTGACATAATTGGACAAACTACCTACAGAGATTTAAAGCTCTAAG
GTAAATATAAAATTTTTAAGTGTATAATGTGTTAAACTACTGATTCTAATTGTTTGTGTATTTT
AGATTCCAACCTATGGAACTGATGAATGGGAGCAGTGGTGGAATGCCTTTAATGAGGAAAA
CCTGTTTTGCTCAGAAGAAATGCCATCTAGTGATGATGAGGCTACTGCTGACTCTCAACATT
CTACTCCTCCAAAAAAGAAGAGAAAGGTAGAAGACCCCAAGGACTTTCCTTCAGAATTGCT
AAGTTTTTTGAGTCATGCTGTGTTTAGTAATAGAACTCTTGCTTGCTTTGCTATTTACACCAC
AAAGGAAAAAGCTGCACTGCTATACAAGAAAATTATGGAAAAATATTCTGTAACCTTTATAA
GTAGGCATAACAGTTATAATCATAACATACTGTTTTTTCTTACTCCACACAGGCATAGAGTGT
CTGCTATTAATAACTATGCTCAAAAATTGTGTACCTTTAGCTTTTTAATTTGTAAAGGGGTTA
ATAAGGAATATTTGATGTATAGTGCCTTGACTAGAGATCATAATCAGCCATACCACATTTGT
AGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGA
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ATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCA
TCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCAT
CAATGTATCTTATCATGTCTGCGGCTCTAGAGCTGCATTAATGAATCGGCCAACGCGCGGG
GAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGG
TCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGA
ATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACC
GTAAAAAGGCCGCGTTGCTGGCGT

AGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGA
TTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTT
TTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAG

CACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCA
TTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAAGAAT
TC

pCMVGal4 DNA sequence:

CMV enhancer / CMV promoter

bGH poly-adenylation signal
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SV40 poly-adenylation signal

AmpR ORF / AmpR promoter

GACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGATGCC
GCATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGA
GCAAAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAGAATCTGCTTAG
GGTTAGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACGCGTTGACATTGATTAT
TGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTC
CGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATT
GACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAAT
GGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAG
TACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGA
CCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGA
TGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAG
TCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAA
AATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGG
TCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATT
AATACGACTCACTATAGGGAGACCCAAGCTGGCTAGTTAAGCTTGGTACCGAGCTCGGATC
CCAAC
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GCGGCCGCTCGAGTC
TAGAGGGCCCTTCGAACAAAAACTCATCTCAGAAGAGGATCTGAATATGCATACCGGTCAT
CATCACCATCACCATTGAGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAG
CCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTC
CTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGG
GGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCT
GGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCTAGGGG

AATTCTGTGGAAT]
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GCGGGACTCTGGGGTTCGCGAA
ATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTCTA
TGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGG
GATCTCATGCTGGAGTTCTTCGCCCACCCCAYNGINICE N NPV N LC{O.XC 68 | AN PAVAY KCICR M PN OVAVAY
AAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGG
LLCp L@ v.v o &y (@ VN (RPN (YA T CATGTCTGTATACCGTCGACCTCTAGCTAGAGCTTG
GCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAAC
ATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACAT
TAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAA
TGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGC
TCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGC
GGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGG
CCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTT]

GAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTG
GAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAG
ATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCT
GACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCC
ATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCC
CAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACC
AGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTC
TATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTG
TTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCC
GGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCT
CCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATG
GCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAG
TACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTC
AATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGT
TCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCAC
TCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAAC
AGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCAT
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ACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACAT

ATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGC
CACCTGACGTC

pUAS-GG DNA sequence:

f1 origin of replication

GFP ORF

V40 poly-adenylation signal

CACCTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTC
ATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGA
TAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAA
CGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAA
TCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCC
GATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCG
AAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACA
CCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACT
GTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGAT
GTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAAC
GACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTG

TGGTGAGCAAGGGCGAGGA
GCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAA
GTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTT
CATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACG
GCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCC

ATGCCCGAAGGTTGGTATCAA
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TTGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGGTAC

GTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGA
AGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGG
ACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCAT

GGCCGACAAGCAGAAGAACGGCATCAAGGCGAACTTCAAGATCCGCCACAACATCGAGGA
CGGCGGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGETG
CTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGA

AGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGA
CGAGCTTTACAAGGATATCCCTGAATTCTAGATAACTGATCATAATCAGCCATACCACATTTG
TAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGA
AL RIS IAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCA
CACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCA
OISR T TTAAATTGGGCGCGCCCAACTAGTTCTAGAGCGGCCGCCCACCGCGGTG
GAGCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTTCGAGCTTGGCGTAATCATGGTCAT

AGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGC
ATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCT

CACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGC
GCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGC

GCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATC
CACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCA

GGAACCGTAAAAAGGCCGCGTTGCTGGCG

GAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCAC
GTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAA
AAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAG
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CACATTTCCCCGAAAAGTGC

pOPRS DNA sequence:

HSV TK poly-adenylation signal

TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCAC
AGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGT
TGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCA

CCACGAACAAACGACCCAACACCCGTGCGTTTTATTCTGTCTTTTTATTGCCGATCCCC

TTGGCTGCAGGGTCGCTCGGTGTTCGAGGCCACACGCGTCACCTTAATATGCGAA
GTGGACCTGGGACCGCGCCGCCCCGACTGCATCTGCGTGTTCGAATTCGCCAATGACAAGA
CGCTGGGCGGGGTTTGCTCGACATTGGGTGGAAACATTCCAGGCCTGGGTGGAGAGGCTT
TTTGCTTCCTCTTGCAAAACCACACTGCTCGACATTGGGTGGAAACATTCCAGGCCTGGGTG
GAGAGGCTTTTTGCTTCCTCTTGCAAAACCACACTGCTCGATATGCGGTGTGAAATACCGCA
CAGATGCGTAAGGAGAAAATACCGCATCAGG
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GCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAG
CGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTC
GCGCCATTCGCCATTCAGGCTACGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCG
CTATTACGCCAGCTGGCGAAGGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCA
GGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTGACTATA
GCCGGAATTGGAGCTAGGCCTACGTAGCGCGCGAGCTCCACCGCGGTGGCAGTACAATCT
GCTCTGATGCCGCATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAG
TAGTGCGCGAGCAAAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAGA
ATCTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACGCGTATC
TGAGGGGACTAGGGTGTGTTTAGGCGAAAAGCGGGGCTTCGGTTGTACGCGGTTAGGAGT
CCCCTCAGGATATAGTAGTTTCGCTTTTGCATAGGGAGGGGGAAATGTAGTCTTATGCAATA
CTCTTGTAGTCTTGCAACATGGTAACGATGAGTTAGCAACATGCCTTACAAGGAGAGAAAA
AGCACCGTGCATGCCGATTGGTGGAAGTAAGGTGGTACGATCGTGCCTTATTAGGAAGGC
AACAGACGGGTCTGACATGGATTGGACGAACCACTGAATTCCGCATTGCAGAGATATTGTA
TTTAAGTGCCTACTAGGTTGTGGAATTGTGAGCGCTCACAATTCCACAGTCGACCCTAGTAT
ACAATAAACGCCATTTGACCATTCACCACATTGGTGTGCACCTCCAAGCTTGGACAAACTAC
CTACAGAGATTTAAAGCTCTAAGGTAAATATAAAATTTTTAAGTGTATAATGTGTTAAACTA
CGGATCCGTCTCCCATTAGGCCTACAATGGTGAGACAAGTAGCCAACAGGGAAGGGTTGCA
AATATCATTTGGGCACACCTATGATAATATTGATGAAGCAGACAGTATTCAGCAAGTAACTG
AGAGGTGGGAAGCTCAAAGCCAAAGTCCTAATGTGCAGTCAGGTGAATTTATTGAAAAATT
TGAGGCTCCTGGTGGACTAGGGTCGACTGTGGAATTGTGAGCGCTCACAATTCCACAACCT
AGTTCAAAGAACTGCTCCTCAGGGATCCTAATTGTTTGTGTATTTTAGATTCCAACCAAGCTT
GCTGCCCGCGCGTAATACGACTCACTATAGGGCGAATTG

CAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGCGCGG
GCCGCAATTCTTAAGAACTGAAACACGGAAGGAGACAATACCGGAAGGAACCCGCGCTAT
GACGGCAATAAAAAGACAGAATAAAACGCACGGTGTTGGGTCGTTTGTTCATAAACGCGG
GGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCACCGAGACCCCATTGGGGCCAATAC

GCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTCGGGTGAAGGCCCAGGGCTCGC
AGCCAACGTCGGGGCGGCAAGCCCTGCCATAGCCACGGGCCCCGTGGGTTAGGGACGGG
GTCCCCCATGGGGAATGGTTTATGGTTCGTGGGGGCTAGCCGGCAGCTGCATTAATGAATC
GGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTG
ACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAAT
ACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCA
AAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCG

GAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAA
AACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTT
AAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTI'GGTCTGACAG.
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CACATTTCCCCGAAAAGTGCCACCTGA
CGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCT
TTCGTC

pZK11 DNA sequence:
CMV enhancer / CMV promoter
Chimeric intron

hmGFP ORF

TCAATATTGGCCATTAGCCATATTATTCATTGGTTATATAGCATAAATCAATATTGGCTATTG
GCCATTGCATACGTTGTATCTATATCATAATATGTACATTTATATTGGCTCATGTCCAATATG
ACCGCCATGTTGGCATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAG
TTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGA
CCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAAT
AGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTA
CATCAAGTGTATCATATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGC
CTGGCATTATGCCCAGTACATGACCTTACGGGACTTTCCTACTTGGCAGTACATCTACGTATT
AGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACACCAATGGGCGTGGATAGCGG
TTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCA
CCAAAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGCAAATGGGC
GGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCA
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CTAGAAGCTTTATTGCGGTAGTTTATCACAGTTAAATTGCTAACGCAGTCAGTGCTTCTGAC
ACAACAGTCTCGAACTTAAGCTGCAGAAGTTGGTCGTGAGGCACTGGGCAG

TGTCCACTCCCAGTTCAATTACAGCTCTTAAGGCTAGAGTACTTAATACGACTCACTATAGGC
TAGCCCCGGGGATATCGCCACCATGGGCGTGATCAAGCCCGACATGAAGATCAAGCTGCG
GATGGAGGGCGCCGTGAACGGCCACAAATTCGTGATCGAGGGCGACGGGAAAGGCAAGC
CCTTTGAGGGTAAGCAGACTATGGACCTGACCGTGATCGAGGGCGCCCCCCTGCCCTTCGC
TTATGACATTCTCACCACCGTGTTCGACTACGGTAACCGTGTCTTCGCCAAGTACCCCAAGG
ACATCCCTGACTACTTCAAGCAGACCTTCCCCGAGGGCTACTCGTGGGAGCGAAGCATGAC
ATACGAGGACCAGGGAATCTGTATCGCTACAAACGACATCACCATGATGAAGGGTGTGGAC
GACTGCTTCGTGTACAAAATCCGCTTCGACGGGGTCAACTTCCCTGCTAATGGCCCGGTGAT
GCAGCGCAAGACCCTAAAGTGGGAGCCCAGTACCGAGAAGATGTACGTGCGGGACGGCGT
ACTGAAGGGCGATGTTAATATGGCACTGCTCTTGGAGGGAGGCGGCCACTACCGCTGCGA
CTTCAAGACCACCTACAAAGCCAAGAAGGTGGTGCAGCTTCCCGACTACCACTTCGTGGACC
ACCGCATCGAGATCGTGAGCCACGACAAGGACTACAACAAAGTCAAGCTGTACGAGCACG
CCGAAGCCCACAGCGGACTACCCCGCCAGGCCGGLCTAATAGTTCTAGAGCGGCCGCTTCCC
TTTAGTGAGGGTTAATGCTTCGAGCAGACATGA

AACAACAACAATTGCATTCATTTTATGTTTCA
GGTTCAGGGGGAGATGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTAAA
ATCCGATAAGGATCGATCCGGGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTC
CCAACAGTTGCGCAGCCTGAATGGCGAATGGACGCGCCCTGTAGCGGCGCATTAAGCGCG
GCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTC
CTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCGGGCTTTCCCCGTCAAGCTCTAAATCG
GGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATT
AGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTG
GAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCG
GTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTG
ATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTCCTGATGCGGT
ATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATGGTGCACTCTCAGTACAATCT
GCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTG
ACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGC
ATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACGAAAGGGCCTCGTGATAC
GCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTC
GGGGAAATGTG
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CTGTCAGAC
CAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAG
GTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGA
GCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTC

AACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTT
TTGCTCACATGGCTCGACAGATCT
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pOPRS_GFP

pCMVLacl + pOPRS_GFP

pCMVLacl + pOPRS_GFP

Appendix A.4

A.4.2. Brightfield images — in vivo implementation of the Lacl, tTA and

Gal4 validation synthetic gene circuits

(1 mM IPTG)

Figure A.4.2.1. Fluorescence channel images superimposed to brightfield channel images of HEK cells
transfected with Lacl validation synthetic gene circuit components. White arrows on the bottom left of each
image represent a 200 um distance (Top) Cells transfected with pOPRS_GFP 24, 32 and 46 hours after
transfection. (Middle) Cells co-transfected with pCMVLacl and pOPRS_GFP 24, 32 and 46 hours after
transfection. (Bottom) Cells co-transfected with pCMVLacl and pOPRS_GFP in DMEM medium supplemented
with a final concentration of 1 mM IPTG. 224
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Figure A.4.2.2. Fluorescence channel images superimposed to brightfield channel images of HEK cells
transfected with tTA validation synthetic gene circuit components. White arrows on the bottom left of each
image represent a 200 um distance (Top) Cells co-transfected with pPCMVtTA and pZK14 24, 32 and 46 hours
after transfection. (Middle) Cells co-transfected with pCMVtTA and pZK14 24, 32 and 46 hours after
transfection in DMEM medium supplemented with a final concentration of 1 pug/mL doxycycline. (Bottom)
Cells transfected with pZK14 24, 32 and 46 hours after transfection.
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48 h

24 h 32h

Figure A.4.2.3. Fluorescence channel images superimposed to brightifled channel images of HEK cells
transfected with Gal4 validation synthetic gene circuit components. White arrows on the bottom left of each
image represent a 200 um distance (Top) Cells co-transfected with pCMVGal4 and pUAS-GG 24, 32 and 46
hours after transfection. (Bottom) Cells transfected with pUAS-GG 24, 32 and 46 hours after transfection.
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A.5.1. Plasmid DNA sequences

pUAS_Lacl DNA sequence:

6 adjacent UAS sites

NeoR / KanR ORF

[¥2)

V40 poly-adenylation signal

ColE1 / pUC origin of replication

AmpR ORF / AmpR promoter|

GACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGATGCC
GCATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGA
GCAAAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAGAATCTGCTTAG
GGTTAGGCGTTTTGCGCTGCTTCGCGAAAGCTTCCGAGCTCTTACGCGGGTCGAAGCGGAG
TACTGTCCTCCGAGTGGAGTACTGTCCTCCGAGCGGAGTACTGTCCTCCGAGTCGAGGGTC
GAAGCGGAGTACTGTCCTCCGAGTGGAGTACTGTCCTCCGAGCGGAGTACTGTCCTCCG
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CCCCTGTCCTCCGTGTCTGCTAGACTGAGACTGGCCGGCTGGCACAAGTACCTGACCCGGA
ACCAGATCCAGCCAATCGCCGAGAGAGAGGGCGATTGGAGCGCCATGTCCGGCTTCCAGC
AGACCATGCAGATGCTGAACGAGGGCATCGTGCCCACCGCCATGCTGGTGGCTAACGACCA
GATGGCCCTGGGCGCCATGCGGGCCATCACCGAGTCTGGACTGAGAGTGGGCGCCGACAT
CAGCGTCGTGGGCTACGACGACACCGAGGACTCCAGCTGCTACATCCCCCCCCTGACCACC
ATCAAGCAGGACTTCAGACTGCTGGGCCAGACCAGCGTGGACCGGCTGCTGCAGCTGTCTC
AGGGCCAGGCCGTGAAGGGCAACCAGCTGCTGCCCGTGTCCCTGGTCAAGAGAAAGACCA
CCCTGGCCCCCAACACCCAGACCGCCTCTCCAAGAGCCCTGGCCGACAGCCTGATGCAGCT
GGCCAGACAGGTGTCCCGGCTGGAAAGCGGCCAGAGCAGCCTGAGGCCCCCCAAGAAGAA
GCGGAAAGTCTGAGGTACCGAGCTCGGATCCACTAGTCCAGTGTGGTGGAATTCTGCAGAT
ATCCAGCACAGTGGCGGCCGCTCGAGTCTAGAGGGCCCGTTTAAACCCGCTGATCAGCCTC

CTTCTGAGGCGGAAAGA
ACCAGCTGGGGCTCTAGGGGGTATCCCC

AATTCTGTGGAA

CCCGGGAGCTTGTATATCCATTTTCGGATCTGATCAAGAGACAGGATGAGGATCGTTTCGC

ATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCG
GCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGC
GCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAG
GACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTC
GACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGAT|
CTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCG
GCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGC
GAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATC
AGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGG
ATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTT
CTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGG
CTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTAC
GGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGA
GCGGGACTCTGGGGTTCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTT
CGATTCCACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCT
GGATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAYASImECIRRIAIAI
GCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTT
TCACTGCATTCTAGTTGTGGITTTGTCCAAACTCATCAATGTATCITALLYLCIIaLCIrYreec
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TCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTAT
CCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCT
AATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAAC
CTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTG
GGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCG
GTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAA
AGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGG
CGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGG
TGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGC
GCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCG
TGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAG
CTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCG
TCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGG
ATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACG
GCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAA
AGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTTTTTTTGTTTGCAA
GCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGG
TCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAA
GGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATG
AGTAAACTTGGTCTGACAGLE @ clapp v IeNc [ Nclc(oNearyaleclacry (e c]
CTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGG
CTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGA
ATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATC
CGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATA
GTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATG
GCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAA
AAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTA
CACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTT]
CTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTG
CTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCA
CATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAG
CGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTC
GGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAA
ATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCT(
ATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGloAenyE
TTCCCCGAAAAGTGCCACCTGACGTC

230



Appendix A.5
pOPRS_tTA DNA sequence:

HSV TK poly-adenylation signal

V40 chimeric intron

m ‘

AmpR ORF / AmpR promoter

TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCAC
AGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGT
TGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCA

CCACGAACAAACGACCCAACACCCGTGCGTTTTATTCTGTCTTTTTATTGCCGATCCCC

TTGGCTGCAGGGTCGCTCGGTGTTCGAGGCCACACGCGTCACCTTAATATGCGAA
GTGGACCTGGGACCGCGCCGCCCCGACTGCATCTGCGTGTTCGAATTCGCCAATGACAAGA
CGCTGGGCGGGGTTTGCTCGACATTGGGTGGAAACATTCCAGGCCTGGGTGGAGAGGCTT
TTTGCTTCCTCTTGCAAAACCACACTGCTCGACATTGGGTGGAAACATTCCAGGCCTGGGTG
GAGAGGCTTTTTGCTTCCTCTTGCAAAACCACACTGCTCGATATGCGGTGTGAAATACCGCA
CAGATGCGTAAGGAGAAAATACCGCATCAGG
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AATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTG
GCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAG
CGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGLGTC
GCGCCATTCGCCATTCAGGCTACGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCG
CTATTACGCCAGCTGGCGAAGGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCA
GGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTGACTATA
GCCGGAATTGGAGCTAGGCCTACGTAGCGCGCGAGCTCCACCGCGGTGGCAGTACAATCT
GCTCTGATGCCGCATAGTTAAGCCAGTAT

CCACAGTCGACCCTAGTA
ACAATAAACGCCATTTGACCATTCACCACATTGGTGTGCACCTCCAAGCTTGGACAAACTAC
CTACAGAGATTTAAAGCTCTAAGGTAAATATAAAATTTTTAAGTGTATAATGTGTTAAACTA
CGGATCCGTCTCCCATTAGGCCTACAATGGTGAGACAAGTAGCCAACAGGGAAGGGTTGCA
AATATCATTTGGGCACACCTATGATAATATTGATGAAGCAGACAGTATTCAGCAAGTAACTG
AGAGGTGGGAAGCTCAAAGCCAAAGTCCTAATGTGCAGTCAGGTGAATTTATTGAAAAAT

GAGGCTCCTGGTGGACTAGGGTCGACTGTGG
AGTTCAAAGAACTGCTCCTCAGGGATCCTAATTGTTTGTGTATTTTAGATTCCAACCAAGCTT
GCTGCCCGCGCGTAATACGACTCACTATAGGGCGAATTGGGTAC

GGCCGCCACCGCGGTGGAGCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTG
CGCGGGCCGCAATTCTTAAGAACTGAAACACGGAAGGAGACAATACCGGAAGGAACCCGC
GCTATGACGGCAATAAAAAGACAGAATAAAACGCACGGTGTTGGGTCGTTTGTTCATAAAC
GCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCACCGAGACCCCATTGGGGCCA

ATACGCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTCGGGTGAAGGCCCAGGGC
TCGCAGCCAACGTCGGGGCGGCAAGCCCTGCCATAGCCACGGGCCCCGTGGGTTAGGGAC
GGGGTCCCCCATGGGGAATGGTTTATGGTTCGTGGGGGCTAGCCGGCAGCTGCATTAATG
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AATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTC
ACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGG
TAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCC
AGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGT

GAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGA
ACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATC
CTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGAC
AGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATA
GTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCA
GTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCA
GCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCT
ATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGT
TGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCG
GTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCC
TTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGC
AGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTA
CTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAA
TACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCT
TCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCG
TGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAG
GAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATAC
TCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATT
TGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCA
CCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAG
GCCCTTTCGTC
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pPTRE3G_Gal4 DNA sequence:
TRE3G promoter
TetO operator sites

Gal4 ORF

SV40 poly-adenylation signal

AmpR ORF / AmpR promoter

CTCGAGTTTACTCCCTATCAGTGATAGAGAACGTATGAAGAGTTTACTCCCTATCAGTGATA
GAGAACGTATGCAGACTTTACTCCCTATCAGTGATAGAGAACGTATAAGGAGTTTACTCCCT
ATCAGTGATAGAGAACGTATGACCAGTTTACTCCCTATCAGTGATAGAGAACGTATCTACAG
TTTACTCCCTATCAGTGATAGAGAACGTATATCCAGTTTACTCCCTATCAGTGATAGAGAAC
GTATAAGCTTTAGGCGTGTACGGTGGGCGCCTATAAAAGCAGAGCTCGTTTAGTGAACCGT
CAGATCGCCTGGAGCAATTCCACAACACTTTTGTCTTATACCAACTTTCCGTACCACTTCCTA
CCCTCGTAAAGATGAAGCTACTGTCTTCTATCGAACAAGCATGCGATATTTGCCGACTTAAA
AAGCTCAAGTGCTCCAAAGAAAAACCGAAGTGCGCCAAGTGTCTGAAGAACAACTGGGAG
TGTCGCTACTCTCCCAAAACCAAAAGGTCTCCGCTGACTAGGGCACATCTGACAGAAGTGG
AATCAAGGCTAGAAAGACTGGAACAGCTATTTCTACTGATTTTTCCTCGAGAAGACCTTGAC
ATGATTTTGAAAATGGATTCTTTACAGGATATAAAAGCATTGTTAACAGGATTATTTGTACA
AGATAATGTGAATAAAGATGCCGTCACAGATAGATTGGCTTCAGTGGAGACTGATATGCCT
CTAACATTGAGACAGCATAGAATAAGTGCGACATCATCATCGGAAGAGAGTAGTAACAAAG
GTCAAAGACAGTTGACTGTATCGATTGACTCGGCAGCTCATCATGATAACTCCACAATTCCG
TTGGATTTTATGCCCAGGGATGCTCTTCATGGATTTGATTGGTCTGAAGAGGATGACATGTC
GGATGGCTTGCCCTTCCTGAAAACGGACCCCAACAATAATGGGTTCTTTGGCGACGGTTCTC
TCTTATGTATTCTTCGATCTATTGGCTTTAAACCGGAAAATTACACGAACTCTAACGTTAACA
GGCTCCCGACCATGATTACGGATAGATACACGTTGGCTTCTAGATCCACAACATCCCGTTTA
CTTCAAAGTTATCTCAATAATTTTCACCCCTACTGCCCTATCGTGCACTCACCGACGCTAATG
ATGTTGTATAATAACCAGATTGAAATCGCGTCGAAGGATCAATGGCAAATCCTTTTTAACTG
CATATTAGCCATTGGAGCCTGGTGTATAGAGGGGGAATCTACTGATATAGATGTTTTTTACT
ATCAAAATGCTAAATCTCATTTGACGAGCAAGGTCTTCGAGTCAGGTTCCATAATTTTGGTG
ACAGCCCTACATCTTCTGTCGCGATATACACAGTGGAGGCAGAAAACAAATACTAGCTATAA
TTTTCACAGCTTTTCCATAAGAATGGCCATATCATTGGGCTTGAATAGGGACCTCCCCTCGTC
CTTCAGTGATAGCAGCATTCTGGAACAAAGACGCCGAATTTGGTGGTCTGTCTACTCTTGGG
AGATCCAATTGTCCCTGCTTTATGGTCGATCCATCCAGCTTTCTCAGAATACAATCTCCTTCCC
TTCTTCTGTCGACGATGTGCAGCGTACCACAACAGGTCCCACCATATATCATGGCATCATTG
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AAACAGCAAGGCTCTTACAAGTTTTCACAAAAATCTATGAACTAGACAAAACAGTAACTGCA
GAAAAAAGTCCTATATGTGCAAAAAAATGCTTGATGATTTGTAATGAGATTGAGGAGGTTT
CGAGACAGGCACCAAAGTTTTTACAAATGGATATTTCCACCACCGCTCTAACCAATTTGTTG
AAGGAACACCCTTGGCTATCCTTTACAAGATTCGAACTGAAGTGGAAACAGTTGTCTCTTAT
CATTTATGTATTAAGAGATTTTTTCACTAATTTTACCCAGAAAAAGTCACAACTAGAACAGGA
TCAAAATGATCATCAAAGTTATGAAGTTAAACGATGCTCCATCATGTTAAGCGATGCAGCAC
AAAGAACTGTTATGTCTGTAAGTAGCTATATGGACAATCATAATGTCACCCCATATTTTGCCT
GGAATTGTTCTTATTACTTGTTCAATGCAGTCCTAGTACCCATAAAGACTCTACTCTCAAACT
CAAAATCGAATGCTGAGAATAACGAGACCGCACAATTATTACAACAAATTAACACTGTTCTG
ATGCTATTAAAAAAACTGGCCACTTTTAAAATCCAGACTTGTGAAAAATACATTCAAGTACT
GGAAGAGGTATGTGCGCCGTTTCTGTTATCACAGTGTGCAATCCCATTACCGCATATCAGTT
ATAACAATAGTAATGGTAGCGCCATTAAAAATATTGTCGGTTCTGCAACTATCGCCCAATAC
CCTACTCTTCCGGAGGAAAATGTCAACAATATCAGTGTTAAATATGTTTCTCCTGGCTCAGTA
GGGCCTTCACCTGTGCCATTGAAATCAGGAGCAAGTTTCAGTGATCTAGTCAAGCTGTTATC
TAACCGTCCACCCTCTCGTAACTCTCCAGTGACAATACCAAGAAGCACACCTTCGCATCGCTC
AGTCACGCCTTTTCTAGGGCAACAGCAACAGCTGCAATCATTAGTGCCACTGACCCCGTCTG
CTTTGTTTGGTGGCGCCAATTTTAATCAAAGTGGGAATATTGCTGATAGCTCATTGTCCTTCA
CTTTCACTAACAGTAGCAACGGTCCGAACCTCATAACAACTCAAACAAATTCTCAAGCGCTTT
CACAACCAATTGCCTCCTCTAACGTTCATGATAACTTCATGAATAATGAAATCACGGCTAGTA
AAATTGATGATGGTAATAATTCAAAACCACTGTCACCTGGTTGGACGGACCAAACTGCGTAT
AACGCGTTTGGAATCACTACAGGGATGTTTAATACCACTACAATGGATGATGTATATAACTA
TCTATTCGATGATGAAGATACCCCACCAAACCCAAAAAAAGAGTAAGATCCAATGTAACTGT
ATTCAGCGATGACGAAATTCTTAGCTATTGTAATACTCTAGAGGATCTTTGTGAAGGAACCT

TACTTCTGTGGTGTGACATAATTGGACAAACTACCTACAGAGATTTAAAG CTCTAAGr
1T

CCAACCTATGGAACTGATGAATGGGAGCAGTGGTGGAATGCCTTTAATGAGGAAAACCTGT
TTTGCTCAGAAGAAATGCCATCTAGTGATGATGAGGCTACTGCTGACTCTCAACATTCTACT

ceTieRA A GG ARAGEA A A GACCCCAAGGACTTTCCTTCAGAATTGCTAAGTT
TTTTGAGTCATGCTGTGTTTAGTAATAGAACTCTTGCTTGCTTTGCTATTTACACCACAAAGG
AAAAAGCTGCACTGCTATACAAGAAAATTATGGAAAAATATTCTGTAACCTTTATAAGTAGG
CATAACAGTTATAATCATAACATACTGTTTTTTCTTACTCCACACAGGCATAGAGTGTCTGCT
ATTAATAACTATGCTCAAAAATTGTGTACCTTTAGCTTTTTAATTTGTAAAGGGGTTAATAAG
GAATATTTGATGTATAGTGCCTTGACTAGAGATCATAATCAGCCATACCACATTTGTAGAGG
TTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAA
LIIRSIRIEIIAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAA
ATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGT|
IN[® RV TCATGTCTGCGGCTCTAGAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGG
CGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCG
GCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGG
GATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAA

GGCCGCGTTGCTGGCG
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GAAGATCC
TTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGG
TCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAAT
CAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCA
CCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATA
ACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCAC
GCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAA
GTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTA
AGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTC
ACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACAT
GATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGT
AAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCAT
GCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGT
GTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAG
CAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCT
TACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTT
TTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGG
AATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCAT
TTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAA
TAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATC
ATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAAGAATTC

pPTRE3G_UbGFP DNA sequence:
PTRE3G promoter
TetO operator sites

Ubiquitin tag

SV40 promoter / SV40 origin of replication

NeoR / KanR ORF
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ColE1 / pUC origin of replication

TAGTTATGAGTTTAC
CGTATGCAGACTTTAC
ACGTATGACCAGTTTAC
ACGTATATCCAGTTTAC
.ACGTATAAG CTTTAGGCGTGTACGGTGGGCGCCTATAAAAGCAGAGCTCGTTTAGTGAA
CCGTCAGATCGCCTGGAGCAATTCCACAACACTTTTGTCTTATACCAACTTTCCGTACCACTT
CCTACCCTCGTAAACTAGCGCTACCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCACCAT
GCAGATCTTCGTGAAGACTCTGACTGGTAAGACCATCACCCTCGAGGTTGAGCCCAGTGAC
ACCATTGAGAATGTCAAGGCAAAGATCCAAGATAAGGAAGGCATCCCTCCTGACCAGCAGA
GGCTGATCTTTGCTGGAAAACAGCTGGAAGATGGGCGCACCCTGTCTGACTACAACATCCA
GAAAGAGTCCACCCTGCACCTGGTACTCCGTCTCAGAGGTGTGGTGGGGAAGCTTGGTCGA
CAGGATCCACCGGTCGCCACC

CGTATGAAGAGTTTACTCCCTATCAGT

ACGTATAAG GAGTTTACI

AGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGTAGAGGTTT
TACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTG

CAGGTGGCACTTTTCGGGGAAAT
GTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGA
CAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTCCTGAGGCGGAAAGAA
CCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAG
AAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCC
CCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCT
AACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACT
AATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGT
GAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAGATCGATCAAGAGACAGGATGAGGA

LS CIRRIECI6ATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGA
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GGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCG
GCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAAT]
GAACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCA|
GCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCG
GGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGC
AATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATC
GCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACG
AAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGAGCATGCCCG
ACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAA
GGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGAC
ATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTC(C
CGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACG
NARIARIAICIAGCGGGACTCTGGGGTTCGAAATGACCGACCAAGCGACGCCCAACCTGCCA
TCACGAGATTTCGATTCCACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCG
GGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCT
AGGGGGAGGCTAACTGAAACACGGAAGGAGACAATACCGGAAGGAACCCGCG CTATGAI
GGCAATAAAAAGACAGAATAAAACGCACGGTGTTGGGTCBTTTGTCH /GG |
CGGTCCCAGGGCTGGCACTCTGTCGATACCCCACCGAGACCCCATTGGGGCCAATACGCCC
GCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTCGGGTGAAGGCCCAGGGCTCGCCAGCC
AACGTCGGGGCGGCAGGCCCTGCCATAGCCTCAGGTTACTCATATATACTTTAGATTGATTT
AAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAA
AATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGAT
(BRI T TGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTAC
CAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTC
AGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAA
GAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCA
GTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCA
GCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACAC
CGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAA
GGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTC
CAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCG
CGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAALYNeclewciw.viYeclaciclee
TTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTG
ATTCTGTGGATAACCGTATTACCGCCATGCAT
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A.5.2. Fluorescence channel images corresponding to the single-cell

signals in figures 5.14 to 5.16
0Oh 5h
0Oh 5h
0 h 2 h 4 h

Figure A.5.1. Fluorescence channel images corresponding to the single-cell signals illustrated in figure

5.14. Red circles highlight the respective cells in each image. The time frames indicated,ggove each
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Oh 2.5h S h
0h 25h 5.5 h
Oh 25h 5.5 h

Figure A.5.2. Fluorescence channel images corresponding to the single-cell signals illustrated in figure

5.15. Red circles highlight the respective cells in each image. The time frames indicated above each

picture are in accordance with the x-axis in figure 5.15.
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0h 1.5h 3.5h
0h 1.5h 3h
0h 1.5h 3h

Figure A.5.3. Fluorescence channel images corresponding to the single-cell signals illustrated in figure

5.16. Red circles highlight the respective cells in each image. The time frames indicated above each

picture are in accordance with the x-axis in figure 5.16.
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