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“An experiment is a question
which science poses to Nature,

and a measurement is the reading
of Nature’s answer”.

Max Planck,

Scientific Autobiography and other papers (1949)
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Sommario

La biologia sintetica ha recentemente avuto un enorme sviluppo, il numero
di pubblicazioni in questo settore é aumentato esponenzialmente e sono sta-
te presentate applicazioni che spaziano dalla produzione di farmaci a quella
di substrati bioenergetici fino alla catalisi industriale. Tuttavia la maggior
parte delle applicazioni sono piuttosto semplici e non realizzano appieno le
potenzialitá di questa disciplina.
Molte cause concorrono a limitare la complessitá dei sistemi fino ad ora im-
plementati, come la ridotta caratterizzazione dei componenti o la notevole
variabilitá dei sistemi biologici, ma uno dei piú importanti é l’incapacitá
intrinseca della cellula di sopportare il carico metabolico introdotto da un
circuito genetico sintetico di complessitá elevata.
L’obbiettivo del progetto, all’interno del quale questo lavoro si inserisce, é
tentare di risolvere questo problema ingegnerizzando un comportamento mul-
ticellulare in cellule procariotiche; questo sistema porterebbe allo sviluppo di
un comportamento cooperativo, che permetterebbe ad un insieme di batteri
di realizzare funzioni complesse, non implementabili da un singolo individuo.
In particolare lo scopo é ottenere l’elezione di un Leader (Leader Election),
questa procedura nasce nell’ambito della computazione distribuita e permet-
te di individuare un singolo organismo come organizzatore e coordinatore
di una serie di compiti assegnati all’intera popolazione, semplificando note-
volmente la computazione. Oltre a implementare una funzionalitá basilare,
utile in ogni applicazione che sfrutta la cooperazione tra procarioti, questo
sistema potrebbe anche essere utilizzato per studi evoluzionistici che si pro-
pongono di indagare come gli organismi pluricellulari si sono evoluti a partire
da sistemi unicellulari.
Il lavoro qui presentato si riferisce alla progettazione e alla caratterizzazione
sperimentale, di un componente del circuito genetico che risolve il problema
del Leader Election. Questo modulo, formato da un promotore ibrido e da
un gene, si attiva nelle cellule non-leader quando queste ricevono il segnale
che un leader é emerso nella colonia.
L’accento, in particolare, é stato posto sul promotore ibrido, ne sono state
realizzate differenti versioni, applicando regole euristiche riportate in lette-
ratura [22], e la loro attivitá é stata valutata sperimentalmente.
L’obbiettivo della caratterizzazione sperimentale é stato stimare la risposta
del circuito genetico all’introduzione, nell’ambiente cellulare, di particolari
molecole, dette induttori, che possono essere considerate ingressi per il siste-
ma in esame.
Il comportamento desiderato é assimilabile a quello di un AND logico, nel
quale l’uscita, rappresentata in questo caso dalla intensitá del segnale lumi-
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noso prodotto da una proteina fluorescente, ha valore uno solo in presenza di
entrambi gli induttori. La robustezza e la stabilitá di questo comportamento
sono state valutate modificando la concentrazione dei segnali di ingresso e
costruendo curve di risposta. Da questi dati é stato possibile concludere che,
i promotori ibridi considerati presentano una risposta simile a quella di un
AND logico per un ampio range di concentrazioni degli induttori, anche se
sono presenti notevoli differenze nel profilo di espressione dei vari costrutti;
questo é dovuto al fatto che sia i segnali di ingresso che quello in uscita sono
continui, e che quindi la similitudine con il comportamento di un circuito
logico ha limitazioni evidenti.
Il modulo del circuito considerato in questa analisi ha un ruolo fondamenta-
le nella realizzazione del sistema di comunicazione intercellulare, necessario
per la realizzazione della cooperazione. Per questo motivo la seconda parte
della caratterizzazione é stata incentrata sull’analisi del fenomeno di invio e
ricezione del segnale; in particolare é stata testata l’interazione del modulo
considerato fino a questo momento, e la parte del circuito resposabile dell’e-
missione del segnale chimico utilizzato come vettore dell’informazione.
Il comportamento desiderato rimane assimilabile a quello di un AND logico,
dato che il segnale di uscita viene, anche in questo caso, determinato dall’at-
tivitá dal promotore ibrido. I risultati sperimentali hanno dimostrato che il
sistema presenta il comportamento corretto, pur mantenendo una variabilitá
significativa tra i diversi costrutti; la costruzione delle curve di risposta, inol-
tre, ha evidenziato la presenza di vincoli piú stringenti sulla concentrazione
degli induttori, necessaria per ottenere una netta separazione dei due livelli
di espressione.
Nel capitolo conclusivo vengono poi analizzate le sequenze di DNA dei pro-
motori ibridi, tentando di individuare quali elementi regolatori hanno un peso
maggiore nella determinazione della forza espressiva dei costrutti analizzati,
senza peró riuscire ad ottenere risultati definitivi. Infine vengono presenta-
te alcune riflessioni generali sull’ingegnerizzazione di promotori e sulla co-
struzione di circuiti genetici complessi che mirano a ripredere brevemente i
problemi descritti nell’introduzione e delineare possibili soluzioni.

• Capitolo 1: breve panoramica delle principali caratteristiche e appli-
cazioni della biologia sintetica e introduzione dei concetti base della
biologia molecolare. In questa sezione vengono anche descritti alcu-
ni sistemi di regolazione genica naturali e viene introdotto il concetto
di rottura della simmetria, entrambi questi elementi saranno utili alla
comprensione dei capitoli successivi.

• Capitolo 2: qui viene descritto il problema dell’elezione di un leader,
sia dal punto di vista computazionale che biologico e viene analizzato
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dettagliatamente il funzionamento del circuito scelto per implemen-
tare questa funzionalitá in E. coli. Infine viene riportata la proget-
tazione della libreria di promotori ibridi, che verrá successivamente
caratterizzata.

• Capitolo 3: realizzazione fisica e caratterizzazione della libreria di pro-
motori ibridi. La caratterizzazione é stata suddivisa in due fasi che
analizzano, rispettivamente, il comportamento in isolamento e in pre-
senza di un altro componente del circuito. In quest’ultimo caso, in
particolare, si é valutata l’interazione tra i due sistemi, implementando
un sistema di comunicazione intercellulare.

• Capitolo 4: descrizione dettagliata delle tecniche e dei protocolli utiliz-
zati per svolgere il progetto.

• Capitolo 5: riflessioni conclusive sull’analisi di sequenze di DNA per
prevedere l’espressione genica, l’ingegnerizzazion di promotori e la co-
struzione di circuiti genetici sintetici complessi.
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Abstract

Synthetic biology has recently had a great development, many papers have
been published and many applications have been presented, spanning from
the production of biopharmacheuticals to the synthesis of bioenergetic sub-
strates or industrial catalysts. But, despite these advances, most of the
applications are quite simple and don’t fully exploit the potential of this dis-
cipline.
This limitation in complexity has many causes, like the incomplete charac-
terization of some components, or the intrinsic variability of the biological
systems, but one of the most important reasons is the incapability of the cell
to sustain the additional metabolic burden introduced by a complex circuit.
The objective of the project, of which this work is part, is trying to solve this
problem through the engineering of a multicellular behaviour in prokaryotic
cells. This system will introduce a cooperative behaviour that will allow to
implement complex functionalities, that can’t be obtained with a single cell.
In particular the goal is to implement the Leader Election, this procedure
has been firstly devised in the field of distributed computing, to identify the
process that allow to identify a single process as organizer and coordinator of
a series of tasks assigned to the whole population. The election of the Leader
greatly simplifies the computation providing a centralized control. Further-
more this system may even be useful to evolutionary studies that aims to
explain how complex organisms evolved from unicellular systems.
The work presented here describes, in particular, the design and the experi-
mental characterization of a component of the circuit that solves the Leader
Election problem. This module, composed of an hybrid promoter and a gene,
is activated in the non-leader cells after receiving the signal that a leader is
present in the colony.
The most important element, in this case, is the hybrid promoter, it has been
realized in different versions, applying the heuristic rules stated in [22], and
their activity has been experimentally tested. The objective of the experi-
mental characterization was to test the response of the genetic circuit to the
introduction, in the cellular environment, of particular molecules, inducers,
that can be considered inputs of the system.
The desired behaviour is similar to the one of a logic AND gate in which the
exit, represented by the luminous signal produced by a fluorescent protein,
is one only in presence of both inducers. The robustness and the stability of
this behaviour have been tested by changing the concentration of the input
signals and building dose response curves. From these data it is possible to
conclude that the analysed constructs have an AND-like behaviour over a
wide range of inducers’ concentrations, even if it is possible to identify many
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differences in the expression profiles of the different constructs. This variabil-
ity accounts for the fact that the input and the output signals are continuous,
and so their binary representation isn’t able to capture the complexity of the
behaviour.
The module of the circuit that has been considered in this analysis has a
fundamental role in the realization of the intercellular communication sys-
tem that is necessary for the cooperative behaviour to take place. For this
reason, the second phase of the characterization has been focused on the
analysis of the signal transmission. In particular, the interaction between
this element and the one that is responsible for emitting the chemical signal
has been tested.
The desired behaviour is still similar to a logic AND, since, even in this case,
the exit signal is determined by the hybrid promoter activity. The experi-
mental results have demonstrated that the systems behave correctly, even if
there is still a substantial variability between them. The dose response curves
highlighted that stricter constrains on the inducers concentrations need to
be imposed in order to obtain a clear separation between the two levels of
expression.
In the conclusive chapter the DNA sequences of the hybrid promoters are
analysed, trying to identify the regulatory elements that are most important
for the determination of the gene expression. Given the available data it
wasn’t possible to draw definitive conclusions. In the end, few considerations
on promoter engineering and complex circuits realization are presented. This
section aims to briefly recall some of the problems outlined in the introduc-
tion and provide a few possible solutions.



Chapter 1

Introduction and Background

1.1 Synthetic Biology

“Synthetic Biology is the engineering of biology: the synthesis of complex,
biologically based (or inspired) systems which display functions that do not
exist in nature. This engineering perspective may be applied at all levels of
the hierarchy of biological structures, from individual molecules to whole
cells, tissues and organisms. In essence, synthetic biology will enable the

design of ’biological systems’ in a rational and systematic way”

High-level Expert Group European Commission

As reported in [4], engineered biological systems are being used to ad-
dress a wide variety of society’s needs. Examples includes the production
of insulin and more than two hundreds others biopharmaceuticals, countless
natural products, industrial catalysis, and bioenergy substrates such as sug-
ars, ethanol, methane and hydrogen, in microbes, eukaryotic cells and higher
organisms; and more exotic successes such as the use of cytokine express-
ing Mycobacterium bovis BCG as an effective treatment for certain forms
of bladder cancer. But, even if Synthetic Biology could provide a toolbox
of reusable genetic components [14] and many fields could benefit from its
application, most of the state of art circuits are still quite simple and don’t
fully exploit the potential of Synthetic Biology [27].
As highlighted by different sources [14], [10], this limitation in complexity
has many causes, first of all, many parts are undefined, the construction and
characterization of synthetic systems can be tedious and unreliable, for this
reason many of them have not been fully characterized. Their activity has
not been tested and it is not clear how the experimental conditions influence
the behaviour. Furthermore the circuitry is unpredictable so, even if the

15



16 CHAPTER 1. INTRODUCTION AND BACKGROUND

function of each part is known, they may not work as expected when put
together and the exogenous DNA might even have unintended effects on the
host.
Another fundamental feature of the biological systems is the ability to grow
and evolve, but it has depended on those behaviours that frustrate pre-
dictability and might compromise the functioning of the synthetic circuits
[4]. In addition, the molecular events inside the cells are prone to random
fluctuations or noise and synthetic systems need to work regardless.
In order to overcome these difficulties some of the key elements of classical
engineering: standardization, decoupling and abstraction are of prime im-
portance [9].
As for the first factor, the biological engineering community has yet to de-
velop formal, widely used, standards for most classes of basic biological func-
tions, experimental measurements and system operations [10]. The iGem
competition and the BioBrick Foundation have concerted many efforts in
this direction, promoting generalized assembly and measuring techniques for
genetic circuits.
Decoupling is the idea that it is useful to separate a complicated task into
many simpler problems, that can be solved independently, such that the
resulting work can eventually be combined to produce a functioning whole
[10]. This concept can be incredibly powerful for the realization of com-
plex genetic circuits, since it makes possible the realization of an elaborate
behaviour through the composition of basic design units, that represent bio-
logical functions [9].
Abstraction is another fundamental concept to manage complexity, there are
two main forms of abstraction considered in biological engineering [10]:

• The information describing biological functions might be organized
across levels of abstraction using hierarchies. To be useful, abstraction
hierarchies must allow individuals to work at any one level of complex-
ity without regard for the details that define other levels, yet allow for
the principle of exchange of limited information across levels.

• The devices that compose engineered biological systems should be de-
signed and built so that they are simple to model and easily used in
combination.

But, even if independently operating cells can perform tasks of varying com-
plexity, more sophisticated coordinated behaviours can only be obtained with
populations of communicating cells [9]. Two of the most prominent appli-
cations of this concept are the synchronized genetic clocks described in [26]
and the pattern formation system reported in [23].
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The emerging of this new field has opened a debate in the public opinion
since, as reported in [28]: Synthetic Biology puts heavy pressure on many of
the culturally entrenched distinctions and demarcations that are constitutive
of our symbolic order. It shifts or blurs the boundaries between matter and
information, life and non-life, nature and artefact, organic and inorganic,
creator and creature, the evolved and the designed.
But the future promised by this discipline is full of incredible applications
and, to use the words of Purnick and Weiss [19], Synthetic Biology has the
potential to fabricate practical organisms that could clean hazardous waste in
inaccessible places, to use plants to sense chemicals and respond accordingly,
to produce clean fuel in an efficient and sustainable fashion, or to recognize
and destroy tumours. [...] Our designs can potentially be more robust or
efficient than systems that have been fashioned by evolution.

1.2 Symmetry Breaking

The word symmetry derives from the Greek word συµµετρειν that literally
means “measure together”. In the course of history the concept of symmetry
has been applied to a wide variety of fields ranging from mathematics to
religion, from physics to geometry from literature to science and music. It
generally convey a sense of harmonious or aesthetically pleasing proportion-
ality and balance, such that it reflects beauty and perfection.
In physics symmetry means uniformity or invariance or the “existence of
different viewpoints from which the system appears the same”. Symmetry
breaking is the process by which such uniformity is broken, or the number
of points to the new invariance is reduced, to generate a more structured
and improbable state [20]. This is a very important procedure because it
accounts for the transition of a physical system to a different state and it
plays a major role in pattern formation.
Symmetry breaking [...] is even a prevalent process in biology, because organ-
ismal survival depends critically on well defined structures and patterns at
both microscopic and macroscopic level [20]. The main example of symmetry
breaking in biology is morphogenesis, the process that causes an organism to
develop its shape and in particular controls the organized spatial distribution
of cells during the embryonic development.
As David Peat explains in his talk Meaning and Structure in Biology and
Physics: Some Outstanding Questions [1], an increase in symmetry is strictly
associated with a loss of genetic information. At first sight this is a curious
relation between two different concepts, symmetry and information, but it
implies that the more information an organism express or unfold, the more
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will its initial symmetry be broken and the more complex its structure will
be. Considering the genome as the main information conveyor of a life form
this principle creates a correlation between the size of the genetic material
and the complexity of the system. So it is not surprising that important
insights into symmetry breaking have come from studies of cell division, es-
pecially in the context of asymmetric division that lead to different cell fates.
They state, in particular, that the origin of large scale asymmetry in biology
often lies in asymmetries at lower scale and that of paramount importance
are the physical and biochemical amplification systems that can break sym-
metry by turning local and transient signals or noise into stable and system
level asymmetries [20].
The Leader Election problem, that will be described at the beginning of the
following chapter, is a very clear and simple example of symmetry breaking.
Starting from a genetically uniform group of elements, this procedure leads
to the the separation of one component, now called leader, from the main
population. In many applications the election of the leader induce a well
defined reaction in the other elements.

1.3 Molecular Biology

Synthetic biology employs the techniques developed in the molecular biol-
ogy’s field to implement the changes in the genetic material of the host cell
necessary to realize the desired functions. In [6] molecular biology is defined
as: “not so much a technique as an approach, an approach from the viewpoint
of the so-called basic sciences with the leading idea of searching below the
large-scale manifestations of classical biology for the corresponding molecu-
lar plan. It is concerned particularly with the forms of biological molecules
and [...] is predominantly three dimensional and structural, which does not
mean, however, that it is merely a refinement of morphology. It must, at the
same time, inquire into genesis and function”.

1.3.1 DNA

The DNA (Deoxyribonucleic acid) is the molecule in which is stored the
information necessary to protein biosynthesis and the regulation of almost
every cellular event. Its structure is modular and composed of a large num-
ber of elementary blocks, nucleotides, that in turn, are formed of a pentose
sugar with a nitrogenous base covalently bound in position 1’ and at least a
phosphoric acid esterified in position 5’ (Figure 1.1).

It was at the beginning of the 1950s that the structure and the function
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Figure 1.1: Nucleotide

of the DNA were unveiled allowing to define at molecular level its biological
features:

• It codes the genetic information of a cell and it is able to pass it to the
next generation.

• It directs and controls the entire cell cycle and the information that it
contains.

• It can duplicate with very high precision so that, at every cell division,
a complete and identical copy of the information is passed to every
daughter cell.

• It can modify its structure to alter one or more of the codified instruc-
tion or make new ones appear.

• Using a specific system of translation of the message it makes the in-
formation available to the cell.

The DNA has a double helix structure in which two antiparallel strands
fold around a common axis. The nitrogenous bases of the two filaments
are specifically coupled, an adenine with a thymine and a cytosine with a
guanine, and they keep together the two strands with multiple hydrogen
bonds.
As shown in Figure 1.2 the structure of the DNA is similar to a winding
staircase in which the bases are the steps and the frame is composed of an
alternation of pentose sugar molecules and phosphate acid.

Given the complementarity between the two strands each one is a molec-
ular mould for the other, this is very important in the duplication of the
cell where the semi-conservative replication takes place. This process begins
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Figure 1.2: Double helix DNA

when the two filaments of the double strand are divided, this is possible be-
cause the hydrogen bonds are weak and reversible. At this point a molecular
machinery, named DNA-polymerase, binds to one of the two filaments and
creates the complementary strand from a pool of nucleotides available in the
cytoplasm. This process is repeated on both the filaments leading to the
construction of two copies of the entire genome, as represented in Figure 1.3.

1.3.2 Protein Biosynthesis

Protein biosynthesis is one of the main and most complex activities of the
cell and during its evolution it has acquired many features:

• It is very precise, because a change in the amino acids’ sequence might
cause the production of inactive or unstable molecules.

• It makes possible a chemical process that doesn’t spontaneously hap-
pen.

• It has evolved a correspondence between nucleotides and amino acids.

The protein biosynthesis process is described in the central dogma of
molecular biology by Francis H. Crick (Figure 1.8), it states that genetic
information goes from DNA to RNA and then to proteins. The central
dogma defines three main processes that preserve and pass on the genetic
information:

• Replication is the production of new DNA identical to the old one.
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Figure 1.3: Semiconservative Replication

• Transcription is the procedure by which the information is transmit-
ted to RNA from DNA.

• Translation allows the genetic information to pass from RNA to pro-
teins.

The first one is the Semi-conservative Replication earlier described, and al-
lows the genetic information to pass to the daughter cell during cell division.
The process of transcription, on the other hand, is realized by a protein
complex named RNA-polymerase and copies the information conveyed by a
particular gene on a fragment of RNA. The RNA molecule is very similar to
the DNA (Figure 1.4) but its structure uses, as pentose sugar, the ribose in-
stead of the deoxyribose and the thymine is substituted with uracil. Another
important difference is that the RNA is always single-stranded and, beside
information carrier, it has even other functions in the protein biosynthesis
process.

The synthesis of the RNA molecule normally begins only in correspon-
dence of specific sequences on the DNA template named promoters. A pro-
moter is a sequence of about 40 bp that precedes the point at which tran-
scription begins and that is recognized by the RNA-polymerase. In particular
there are two regions, about 10 and 35 nucleotides before the point at which
transcription begins, that allow the molecular machinery to bind the DNA
and begin the transcription. Punctual mutations in these sequences modify
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Figure 1.4: Comparison between a strand of RNA and a strand of DNA

the affinity of the RNA-polymerase for the promoter and this technique is
very commonly used to modulate the amount of RNA produced and, indi-
rectly, the protein synthesis.
Another way to control protein biosynthesis is through the use of regulated
promoters, these promoters contain, beside the -10 and -35 boxes, other reg-
ulatory sequences that tie the transcription initiation to the presence, or
absence, of specific molecules in the environment. These molecules, named
transcription factors, bind to the DNA, in correspondence of additional reg-
ulatory sites and modify the probability of production of the RNA, acting
on the affinity between the RNA-polymerase and the DNA. This regulation
is very specific, and strictly dependent on the transcription factor employed,
but it is even more flexible than the previous method, since its dynamic range
is much wider and its activity more predictable: a transcription factor might
be either an activator or a repressor, while the effect of a punctual mutation
is much more complex to predict.
The transcription then proceeds copying the DNA template with a speed
of about 20-50 nt/s. In order for this process to end and the RNA to be
released, the RNA polymerase needs a stop signal. There are many kind
of terminators but the most common, especially in bacteria, is a DNA se-
quence rich in guanines and cytosines followed by a region with predominance
of adenines and thymines. This pattern makes the connection between the
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DNA and the RNA-polymerase unstable and this leads to the interruption
of the transcription and the release of the RNA.
Once the RNA is in the cytoplasm the translation can begin, it is performed
by another molecular machinery, composed of proteins and ribosomal RNA
(rRNA). The name of this complex is ribosome and it realizes the conversion
between nucleotides and amino acids. The amino acids are organic molecules
made from amine, carboxylic acid and a side chain specific to each amino
acid, represented with R in Figure 1.5.

Figure 1.5: Structure of an amino acid

As the RNA-polymerase, the ribosome recognize and binds a part of the
RNA sequence, the ribosome binding site or RBS, this is very important in
order for the ribosome to interpret correctly the information coded into the
RNA.
Only twenty of the almost five hundred known amino acids are used to
build proteins and so, in order to have a unique correspondence with the
nucleotides, it is necessary to consider a ratio 1:3 between amino acids and
nucleotides. But this encoding isn’t univocal since, considering four nu-
cleotides, there are 64 possible triplets. One of these triplets, AUG, codes
for methionine but is even used to signal the translation initiation. Three
other triplets, UAA, UAG and UGA, aren’t associated to any amino acid
because they mark the end of the translation, causing the disconnection of
the ribosome from the RNA. The other sixty triplets, or codons, map nu-
cleotides into amino acids with up to four codons coding for the same amino
acid (Figure 1.6).

The correct positioning of the ribosome on the RNA is essential, a shift in
the reading frame fundamentally alter the information since the triplets will
be interpreted wrongly, leading to the construction of an incorrect sequence
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Figure 1.6: Conversion table between codons and amino acids

of amino acids. This protein will probably be non-functional, thus a waste
of cell’s energy. For this reason, a wrong reading frame usually contains stop
codons very early in its sequence, causing a premature interruption of the
translation.
The ribosome binds the RNA with a strength related to the RBS’ sequence
and then it positions itself in correspondence of the start codon. The trans-
lation is technically realized by another RNA, the transfer RNA or tRNA
(Figure 1.7), that, together with the RNA and the ribosome, forms the ini-
tiation complex and acts as molecular adapter binding a triplet on one side
and the corresponding amino acid on the other side.

As the ribosome shifts on the RNA, other tRNAs make contact with the
following codons and the corresponding amino acids are connected with a
peptide bond. When the ribosome reach a stop codon, the initiation complex
is dismantled due to the action of release factors, and the various subunits
are ready to initiate another translation.
At this point, the information contained in the DNA has been transferred
to a protein, as stated by the central dogma of molecular biology (Figure
1.8), but in many cases the amino acids’ sequence needs to be subjected to
structural and chemical modifications before it is fully functional [3].
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Figure 1.7: Structure of a tRNA

1.4 Natural regulatory systems

In the remainder of this chapter are described two regulatory systems that
are naturally found in prokaryotes. These networks have been studied very
extensively and are part of many applications of Synthetic Biology.

1.4.1 E. coli lactose digesting system

This system has an extreme importance in the biological research, it has been
studied since the beginning of the 1940s and it has been incredibly useful in
clarifying some basic notions like the concept of operon [11] and the carbon
sources utilization by the enteric bacteria, like E.coli.
An operon is cluster of genes under the control of the same promoter, this
structure has the advantage of coupling the transcription of the genes in-
volved and so is very useful whenever it is necessary to have a closely related
expression for different genetic components.
The Lac operon, in particular, regulates the lactose metabolism in prokary-
otes and is fundamental for the optimization of carbon sources utilization.
Bacterial cells preferably utilize monosaccharides, like glucose or fructose,
but they are even able of digest disaccharides, if they are readily accessible
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Figure 1.8: Schematic structure of the Central Dogma of molecular biology

in the environment and the carbon sources of election are unavailable.
The structure of the Lactose digesting system is reported in Figure 1.9, its
main element is the operon, on the right hand side, but even the LacI gene
has a fundamental activity.

LacI is constitutively produced and acts as a repressor for the Lac pro-
moter, its activity limits the production of the lactose digesting proteins to
the background level, reducing the metabolic burden on the cell when this
system is not needed.
If lactose is present in the environment a small fraction of it can diffuse into
the cell and it is degraded by the β-galactosidase enzyme. A side product
of this degradation, allolactose, can bind the LacI protein making it unable
to bind the Lac promoter and act as a repressor. So the presence of lactose
into the intracellular environment triggers the activation of the operon, it
is composed of three genes, LacZ, LacY and LacA. The first one codes for
the enzyme β-galactosidase that is able to cleave lactose into glucose and
galactose. The expression of the LacY gene leads to the production of the
β-galactoside permease, a membrane-bound transport protein that facilitates
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Figure 1.9: Structure of E.coli’s lactose digesting system

the import of lactose into the cell. The last gene, LacA, encodes another en-
zyme, the β-galactoside transacetylase, that chemically modifies the lactose
molecule, even if its function is not completely understood.
This system is between the most studied and analyzed, that’s probably why
its regulatory elements have been widely employed in Molecular Biology and
Synthetic Biology.

1.4.2 Luciferase enzyme complex

This system drives the quorum sensing regulated luminescence and has been
found in a marine bacteria, Vibrio fischeri, in the early 1970s. This envi-
ronmental sensing system allows bacteria to monitor their own population
density and emit light when the bacterial concentration is over a certain
threshold. Vibrio fischeri can survive free in the ocean but this system is
activated only when a bacterial colony maintains a symbiotic relation with
marine fishes or squids and the cellular density is high. The Australian
Pinecone Fish (left panel of Figure 1.10) uses the light produced by the bac-
teria to hunt in the coral reef during the night, while the Hawaiian Bobtail
Squid (right panel of Figure 1.10) has the light organ within the mantle cav-
ity and, by emitting a light that matches the one that filters through the
water, makes itself invisible to the predators below [30].
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Figure 1.10: Marine animals that maintain a symbiotic relation with Vibrio
Fischeri

The natural Luciferase enzyme complex is quite elaborated, it is about 8
kbp long and it is composed of two operons containing a total of eight genes
(Figure 1.11).

Figure 1.11: Luciferase enzyme complex

The first two genes on the left, LuxI and LuxR, are constitutively tran-
scribed, the former is an enzyme and uses a couple of substrates from the
lipids’ production pathway to produce the small molecule AHL that can
freely diffuse across the cell membrane and accumulates in the environment
(Figure 1.12).

When the concentration of the autoinducer reaches the critical concentra-
tion, the interaction with LuxR becomes significant. This activation makes
LuxR able to induce both the luminescence and the Lux I genes, leading to
the production of the luminous signal [29], [30].
This system has been imported in E. coli and other bacterial strains and
used for many interesting applications from the realization of synchronized
clocks [26] to the implementation of logic gates [5] or of a system to maintain
constant the population size, using quorum sensing regulated killing [16].
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Figure 1.12: LuxI and LuxR communication system

Even if the Luciferase enzyme complex is the most commonly used, probably
due to its early discovery, many bacterial strains have similar systems, as
described in [7], [18].
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Chapter 2

Leader Election project

2.1 Circuit Design

2.1.1 Leader Election problem

The Leader Election is a well known process in distributed computing, and
leads to the identification of a single process as the organizer, coordina-
tor, initiator or sequencer of some task distributed among several computers
(nodes). The presence of a Leader greatly simplifies the process synchroniza-
tion providing a centralized controller [24].
Being able to implement the same kind of behaviour in E. coli would provide
a basic tool that can be very useful in every application requiring a coordi-
nate action of bacterial cells, like in pattern formation or in the production of
new biomaterials. On the scientific research front, engineering a multicellu-
lar response in bacteria might give insights into the evolution of eukaryotics
from prokaryotes, widen the spectrum of realizable genetic circuits and, with
it, their functionalities.
The two main features necessary for the realization of this behaviour are the
Leader choosing mechanism and the system of communication. In the com-
putational field the latter is generally defined by the connections between the
nodes, while the former can be addressed in many ways even if it’s possible
to identify two main criteria:

• Extrema finding: the leader election is based on global priority.

• Preference-based: processes in the group can vote for leader based
on personal preference like locality or reliability.

Unfortunately these rules cannot be applied in the biological Leader Elec-
tion because the cells can’t uniquely identify each other. For this reason it
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was necessary to find another way to the leader election.
The most straightforward solution might be to use two different bacterial
strains for Leader and non Leader cells, this would inevitably increase the
number of Leaders since there isn’t a reliable method to stop the growth of
the bacterial cells without interfering with protein production. Moreover,
since the outcome is dependent on the initial condition, it would be better
to introduce the minimum number of perturbations. Thus it was chosen to
elect the Leader using the stochasticity of gene expression. In a bacterial
culture, even if the individuals are genetically identical, the protein expres-
sion levels are, generally, quite variable depending on various factors like the
polymerases available at a given time or the number of copies of the plasmid.
Amplifying this variability can lead to the identification of a few cells, ideally
one, as Leaders.
As for the intracellular communication the choice has fallen on the luciferase
enzyme complex, that controls the quorum sensing in Vibrio fischeri [29], but
has been proven functional even in E. coli. This system of communication
between cells is quite simple and it’s been widely studied and characterized
both in its original environment and in other organisms [30],[18],[7]. More-
over the Lux based system has already been used for different applications
in synthetic genetic circuits [16],[26],[5].

2.1.2 The device

The Leader Election circuit is represented in Figure 2.1.

Figure 2.1: Leader Election Circuit [13]

The system is composed of four interacting modules: Coin Flipper, Sender,
Receiver and Follower. This design allows the realization of complex circuits
as each module can be built and characterized almost independently from
the others. The Coin Flipper module is the part of the circuit responsible
for the election of the Leader, it is composed of an operon regulated by an
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hybrid promoter. An hybrid promoter is a promoter that is sensitive to two
different transcriptional factors, they can be both repressors or activators
or one repressor and one activator. In this case the expression of the two
genes is down-regulated by TetR, that is a repressor, and up-regulated by
the combination of AraC and Arabinose. In a small number of cells, due to
the stochasticity of gene expression, there will be a slightly higher concen-
tration of AraC. In these cells, the Arabinose in the media will trigger the
positive feedback, turning them into Leaders. Since the goal of the Leader
Election project is to obtain the smallest possible number of Leaders, ideally
one, it is very important to calibrate both the concentration of Arabinose
and the promoter to obtain the correct behaviour. The activation of the
hybrid promoter leads to the production of AraC and LacI, the first one is
necessary to maintain the positive feedback, while the second one represses
the Receiver and Follower modules.
Once a cell is in the Leader state it activates the Sender module. The pBAD
promoter, that regulates the expression of LuxI, is activated in presence of
Arabinose and an higher concentration of AraC. LuxI codes for an enzyme,
the AHL synthase, that catalyzes the production of the small molecule AHL
from some intermediates of the lipids’ production. Since the autoinducer can
freely cross the cell membrane and diffuses very quickly, it is readily acces-
sible to the neighbouring cells. The non-Leader cells will sense the signal
through the Receiver module, the AHL can indeed bind the LuxR protein
and become an activator for the Follower module.
The Receiver block is active in all the cells in the initial condition, this is
fundamental for the signal to be received but, at the same time, might reduce
the stability of the Leader state, since these cells can sense their own signal
and respond to it. In order to maintain a clear separation between the two
states the repression of the Lac promoter must be very tight and the LuxR
degradation must be fast, these two conditions ensure the quick turn off of
the signal receiving system in the Leader cells.
The activation of the Follower module is driven by the signal and it causes
the cells to enter in the Follower state. This element contains the second
hybrid promoter of the circuit, even in this case the two operator sites have
opposite effects on the gene expression, Lac I acts as repressor while the com-
bination of LuxR and AHL activates the protein production. This promoter
drives the production of TetR, that is a repressor for the Coin flipper module,
and prevents the Follower cells from becoming Leaders. In the current design
the Tet R protein is fused to the red fluorescent protein (RFP) making it easy
to identify this class of cells. The Leader cells can be recognized in the same
way, since the Coin flipper operon contains even the coding sequence for the
green fluorescent protein (GFP).
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So the main goal is, starting from an homogeneous population, to obtain two
distinct groups of cells, Leaders and Followers, they both are transformed
with the same construct but only part of it is active and the genes that are
produced define the category in which the cell fall. In the Leader cells the
Coin Flipper and the Sender modules are on, as in Figure 2.2, while in the
Follower cells the Receiver and the Follower modules are active (Figure 2.3).

Figure 2.2: Leader Cells

Figure 2.3: Follower Cells

2.2 Follower Module: a closer look

Besides analysing the different components in isolation, the modularity of the
system makes it really easy to build many versions (libraries) of the main
components. This diversification can reduce the time necessary for the com-
position of the final circuit providing, for each element, many alternatives
with slightly different activities. The construction of libraries of components
can also give insights into the robustness of the behaviour and the effects of
each regulatory element on gene expression.
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Figure 2.4: Follower Module

2.2.1 The hybrid Lux-Lac promoter

The main component of the Follower module (Figure 2.4) is the hybrid pro-
moter. It needs to be very sensitive to both inducers because it is responsible
for the stability of the Follower state and it needs to be triggered by a very
low concentration of the signal. Promoter’s engineering can be complex be-
cause the interaction of each transcription factor with the DNA is specific
and not always completely understood.
In [22] the realization and characterization of a huge library of regulated
promoters is described. Four transcription factors are considered, two acti-
vators, AraC and LuxR, and two repressors, LacI and TetR. The promoters
were built combinatorially by mixing in a single reaction three classes of syn-
thetic duplex DNA sequences with compatible 5’ cohesive ends. These units
correspond to the Distal, Core and Proximal regions in Figure 2.5.

Figure 2.5: Promoters’ architecture

Each unit was designed from a sequence known to be sensitive to one of
the four transcription factors with variations in consensus sequence strength,
transcription factor binding site strength, spacing and orientation [22]. The
promoters have been assembled from a combination of a distal, a core and
a proximal unit, with the position of each block defined by the 5’ overhang,
then they’ve been tested and sequenced in order to relate the functionality
of each promoter to its architecture.
From these data the authors defined a set of heuristic rules that should guide
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the design of engineered regulated promoters:

• Limits of Regulation. Gene expression can be regulated over five
order of magnitude. Regulated promoter activity is independent of un-
regulated activity. As a result, effective repression tends to increase
with unregulated activity, whereas activation tends to decrease. Acti-
vation is limited by an absolute level of expression, at around 2.5% the
level of the strongest unregulated promoter activities.

• Repressor operator locator. The effectiveness of repression depends
on the operator location with core ≥ proximal ≥ distal.

• One is enough. Full repression is possible with a single operator be-
tween -60 and +20 at high repressor concentration. Activators function
only upstream of -35 (distal), and have little positive or negative effect
downstream, at core or proximal.

• Repression dominates activation producing an asymmetric logic.

• Operator proximity. Independent regulators generate SLOPE-like
logic. Operator proximity increases competitive interactions, making
the logic more AND-like.

The genetic circuit used to obtain these results is very simple and it’s been
designed so that the induction of each factor is expected to increase a target
promoter’s activity. Due to the construction method, many of the promoters
of the library don’t respect the previous rules and so their behaviour is not
ideal, in particular the two Lux/Lac promoters with the activity closest to
the desired one are the A81 and the B72 and their expressions are reported
in Figure 2.6 and Figure 2.7.

The production of the reporter protein doesn’t change adding VAI, the
synthetic AHL, probably because the Lux site is in proximal.
Thus four new promoters were designed, following the rules stated in [22] and
using operator sites very sensitive to the inducers, according to the available
data.

The promoters’ architecture is described in Table 2.1, they all have one
region occupied by a Lac site and at least another one contains a Lux site,
since they need to be sensitive to these transcription factors. Depending on
how the third slot is filled, they can be divided into two groups. In the first
one the promoters contain another Lux site while, in the elements of the
second group, the sequences are completed with a constitutive block that
shouldn’t interfere with the gene expression. Regardless of the category, the
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Figure 2.6: A81 promoter

Distal -35 Core -10 Proximal
Prototype Lux 1 TTTACT Lac 2 GATACT Lux 2

1 Lux 1 TTTACT Lac 2 GATAAT Lux 2
2 Lux 1 TTTACT Lux 2 TATTTT Lac 2
3 Lux 1 TTTACT Lac 2 GATAAT Con 2
4 Lux 1 TTTACT Con 2 GATAAT Lac 2

Table 2.1: Promoters’ architecture

distal site is always filled with Lux 1, this sequence should be the most sen-
sitive to this transcription factor and should grant the highest gain upon
induction. Placing it in the most effective region for the activators should
increase the chances of obtaining the correct behaviour.
The other Lux sensitive sequence that has been used is Lux 2, it is placed
in proximal and core for promoters 1 and 2 respectively. The sequences of
these promoters are completed with the Lac 2 site, the same contained in
promoter A81.
This Lac sensitive sequence is used even in the promoters of the second group,
in core for promoter 3 and proximal for promoter 4. The third slot for these
constructs is filled with a constitutive region, Con 2.
Even the -35 and - 10 boxes are customizable, even if partly constrained
by the upstream region. These sequences have been chosen, between the
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Figure 2.7: B72 promoter

available options, so to grant the lowest unregulated activity. Unregulated
activity refers to the protein production in absence of transcription factors
bounded to the DNA and, according to the specifics of the project, it needs
to be as low as possible.
In Figure 2.8 are reported the unregulated activities of the promoters de-
scribed in [22] divided according to the sequences of the -35 and -10 boxes.
From these data should be possible to infer the strength of these regions
without the interference of the transcription factors. But this representa-
tion has some limitations, for example it doesn’t highlight the frequency of
occurrence of each RNA-polymerase binding sequence in the library. The
histograms of a very rare sequence might not be statistically significant, thus
leading to a misleading interpretation of the graph. Furthermore, the data
relative to promoters regulated by different transcription factors are consid-
ered together. This shouldn’t have any effect on these results, but, since the
interaction between these molecules and the DNA is not completely under-
stood, a transcription factor might influence these data not only through its
direct action but even through its frequency of appearance in the library.

Nevertheless the authors tried to infer the unregulated activity of each
promoter from the median activity of the -35 and -10 box distribution. Ac-
cording to their results there’s only a very weak correlation between the
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Figure 2.8: Unregulated activity

unregulated activity and the polymerase boxes, so the presence of strong
polymerase boxes doesn’t grant an high promoter activity, even if a strong
promoter usually contains strong boxes.
Even with all the shortcomings, these data might provide a useful heuristic
for choosing these regions of the promoters so, for the -35 box, were consid-
ered two options, compatible with the constrains imposed by Lux 1:

• TTTACA

• TTTACT

The second one was preferred, due to the lower number of promoters with
unregulated activity between 103 and 106 and was used for all the promoters
of the library.
As for the - 10 box the choices for promoter 1, 3 and 4 were:

• GATAAT

• GATACT

So, according to the B panel of Figure 2.8 the most suitable for the Leader
Election project is the first. The Lux site, in the core region of the second
promoter, constrains the first three bases of the -10 box to be TAT, so the
choice obviously fell on TATTTT.
In the following analysis the activity of these promoters have been compared
to the one of the prototype promoter. This promoter was the one origi-
nally designed for this module and its architecture is very similar to the first
promoter, the only difference is in the sequence of the - 10 box.
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2.2.2 The Shine Dalgarno (RBS) sequence

Another typical way of tuning gene expression is modifying the ribosome
binding site. This kind of regulation acts at the translational level, modify-
ing the interaction between the ribosome and the RNA. Due to the stability
of this connection over the different constructs, it has been studied more
closely and is better understood.
In fact there is a standard computational method to design synthetic RBS
regions. In [12] is described a statistical thermodynamic model that quan-
tifies the strength of the molecular interaction between the RNA and the
ribosome complex, to predict the resulting translation initiation rate. Since
the initiation phase normally is considered the slowest step of the translation
process, the initiation rate can be used as an approximation of the rate of
translation.
This model has been used to create an online application [17] for the auto-
matic design of synthetic RBSs. Given the sequences upstream (about 5-20
nt) and downstream (at least 50 nt) of the Shine Dalgarno region, this system
can design a ribosome binding sequence with a given translation initiation
rate. It is even possible to impose some constrains on the sequence like the
length or the bases in certain positions. In the same way it can solve the
reverse engineering problem, retrieving the strength of the RBS from its se-
quence.
A substitution of the Shine Dalgarno sequence is certainly a good method to
set the translation initiation rate in the desired range, but to tune it precisely
around the working point it is better to use the method described in [21].
This technique uses hypermutable simple sequences repeats embedded in the
spacer region of the ribosome binding site (Figure 2.9).

Figure 2.9: Structure of the RBS region

By changing the length of the spacer it is possible to tune the output,
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represented by the level of expression of a fluorescent protein, almost linearly
in the semi-logarithmic scale, as reported in Figure 2.10. An increase in the
spacer length gradually reduces the gene expression even if the trend of the
decline is sensitive to the nucleotide composition of the repeats.

Figure 2.10: Relation between the length of the spacer and the fluorescence
level

In the Follower module a poly-A repeat has been used, a sequence com-
posed of only adenine triphosphate, of the length of ten nucleotides. This
choice places the Shine-Dalgarno region and the first codon to be translated,
at the ideal relative distance, providing the highest translation initiation rate
and the opportunity of testing the system at the top of its productive capa-
bilities. Another advantage of this system is that the protein production can
be scaled down easily and predictably, if needed.
The RBS used in the Follower module is the Bio-Brick number BBa B0030,
its sequence is present in the Registry of Standard Biological parts [2] and
it a very common component that has been widely used in many different
applications and tested widely. It is a very strong Shine Dalgarno region,
according to the characterization reported in [2], and its efficiency is 0.6
with respect to the activity of the Bio-Brick number BBa B0034, that is
considered as a point of reference.
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Chapter 3

Experimental Characterization

3.1 Assembly reaction

Each promoter’s sequence is about one hundred nucleotides long and they’ve
been designed to be inserted into the follower plasmid (Figure 3.1). This
plasmid is a circular DNA segment built to test the Follower module in iso-
lation, it contains some standard elements like the antibiotic resistance gene
and the replication origin (ORI) together with the hybrid Lux-Lac promoter
and the TetR protein.

The backbone that has been used in this construct, is the standard Bio-
Brick BBa K590010 (pGA1A3), it is an high copy number plasmid, defined
Gibson assembly friendly in [2], that confers ampicillin resistance and has
a total length of about 3.6 kbp. The hybrid promoter is identified with
D49delta in Figure 3.1, and is placed upstream of the RBS (BBa 0030) and
of the sequence that codes for a fusion protein (TetR-mRFP).
To substitute the promoter region of the follower plasmid has been used a
three pieces Gibson assembly reaction [8]. As shown in Figure 3.2 this re-
action is realized adding T5 exonucleases, polymerases and Taq ligases to
a mixture of the DNA sequences, in the appropriate concentrations, and
then keeping the solution at 50oC till the completion of the ligation (see the
Material and Methods chapter for a detailed description).

In this case the three DNA sequences used in the reaction are the promoter
region, from the bglBrkPrefix to the untraslated region (UTR) upstream of
the RBS; the insert, that contains the sequence coding for the proteins of the
Follower module and the backbone that goes from the bglBrk Suffix to the
bglBrkPrefix. This solution was chosen over a “classical” two pieces reaction
to increase the efficiency. The combination of DNA regions with very differ-
ent lengths has usually a very low yield because most of the longer sequences
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Figure 3.1: Follower plasmid

will close on themselves.
The DNA sequences used in this procedure were amplified with a PCR reac-
tion, see Material and Methods for a description of this technique. Custom
designed primers were used to isolate and amplify the desired regions from
already existent constructs. Only the promoters were assembled differently,
short DNA regions, named oligonucleotides, were synthetized and then com-
bined, again with a PCR reaction, to build the complete sequence.
For each promoter were used four oligonucleotides, they were designed so that
the ends are complementary to the neighbouring sequences with an overlap-
ping region of about 25-30 nucleotides. The exact length of these regions have
been calibrated so to maintain an almost constant melting temperature.
In Figure 3.3 is highlighted the structure of the promoters, as combination
of oligonucleotides. Since the backbone doesn’t change and the distal site
is always filled with the Lux 1 site, the first oligo, identified with the letter
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Figure 3.2: Gibson assembly reaction

A, is shared between all the promoters. The B sequence is present in both
promoter 1 and 3, because even their core regions are the same.

3.2 Single module Characterization

The Characterization of the promoters has been divided in two phases: the
analysis of the behaviour of the single module, that is needed to define the in-
trinsic activity of the regulatory sequences and the study of the connectivity
with the other modules. In particular it has been evaluated the interaction
with the Sender, to test potential unwanted interactions and the change in
the activity induced by the contemporary presence of the two elements.
In the characterization experiments have been used reduced versions of the
circuit in Figure 2.1, designed to highlight particular aspects of the behaviour
of the system, like the reaction to the introduction of particular molecules,
inducers, into the environment. In this case the intensity of particular fluo-
rescent proteins has been used as output. This choice is incredibly convenient
because it immediately provides information on the functioning of the cir-
cuit, since the production of RFP and GFP is strictly correlated with the
activation of the genes characteristic of the two states.
The fluorescence is a type of luminescence that is found in some substances
that, after absorbing light at a particular wavelength, are able to emit light
at another wavelength, usually longer. This principle is used very often in
biological assays, since it’s easy to use and many proteins exhibit this pro-
priety.
For this characterization, in particular, the fluorescence has been recorded
with a flow cytometer. It measures the fluorescence of the single cells instead
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Figure 3.3: Oligo assembly structure

of the mean of the population and can record many fluorescent proteins at
the same time.
In Figure 3.4 there’s a scheme of the functioning of the instrument. The cells
are suspended in liquid media and flow in a capillary where they are hit by
the light emitted by a laser, at the excitation frequency. Sensors are then
able to detect the light emitted from the cells, using special filters to isolate
it. Adding more lasers and sensors makes it possible to measure, on the same
cells, the intensity of different fluorescent proteins.

3.2.1 Desired Behaviour

The circuit in Figure 3.5 was used to characterize the functionality of the
promoters in isolation. It contains both the Follower and the Receiver module
due to the close relation between these two elements, the former needs the
latter in order to sense the signal.

This system is transformed in MG1655 Z1 E. Coli cells, this strain has the
characteristic of over-express LacI from the genome so, in absence of inducers,
both the promoters are repressed. This block can be removed adding IPTG,
this is a molecule that mimics the action of the allolactose in the natural
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Figure 3.4: Flow cytometer

Figure 3.5: Reduced circuit used to characterize the Follower module

Lactose digesting system.
The other input of this system is the synthetic AHL (VAI) that, bound with
LuxR, can activate the expression of the Follower module. This circuit, can
be compared to a boolean AND (Figure 3.6), the AND gate accepts two
binary inputs and computes an exit according to the relation reported in
Table 3.1. So we expect to have a considerably high expression of the output
protein only in presence of both inducers.

But this comparison is not entirely correct because in a genetic circuit
both the inputs and the output are continuous quantities and so, depending
on the arbitrary threshold chosen to distinguish between the low and the high
level, the classification of the behaviour might change. So it was necessary
to find a better way to characterize the activity of the promoters.
In [22] are defined three indexes (3.1, 3.3, 3.4) specifically designed to solve
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Figure 3.6: AND gate

IPTG AHL TetR-mRFP
0 0 0
0 1 0
1 0 0
1 1 1

Table 3.1: Truth table of a logic AND

this problem, they can be computed using the levels of fluorescence measured
in four different conditions:

• b1 no inducers

• b2 and b3: only one inducer

• b4: both inducers.

The first index r, Equation (3.1), measures the gain of the system as the
ratio between the fully induced and uninduced condition. The expression
(3.2) is used to calculate the error on this index.

r =
b4
b1

(3.1)

∆r = r

√
(
∆b1
b1

)2 + (
∆b4
b4

)2 (3.2)

In Equation (3.3) is defined the second index, a, that measures the asym-
metry of the gate with respect to the two inputs, ranging from perfectly
symmetric (a=0) to the completely asymmetric (a=1). A completely asym-
metric promoter is sensitive only to one of the inducers.

a =
logb3 − logb2

logr
(3.3)

The characterization of the behaviour is completed by the quantity de-
fined in Equation (3.4), named l, that quantifies the logic type. This index
is equal to 0 for a boolean OR and 1 for a boolean AND.
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l =
2logb4 − log(b2b3)

2logr
(3.4)

In order for these numbers to be meaningful it is necessary that the
fluorescence levels used in the computation satisfy the following expression:

b1 ≤ b2 ≤ b3 ≤ b4 (3.5)

The information carried by the two last indexes, Equation (3.3) and Equa-
tion (3.4), can be synthetized in a single image. In Figure 3.7 the asymmetry
is graphed with respect to the logic. Every possible gate has a behaviour
that falls within the dotted triangle and so it is possible to define, with
greater precision, the similarities between the activity of the genetic circuits
of interest and the logic gates.

Figure 3.7: representation of the two indexes l and a for logic gates

3.2.2 Saturating concentrations

In the first stage of the characterization of the Follower module were used
saturating concentrations of both inducers. This phase allowed to compare
the basic behaviour of the promoters to the expected one. From these data
it was even possible to determine the values of the indexes described in the
above section. Due to the lack of time and some problems in the cloning
procedure, the behaviour has been fully characterized only for promoter 1
and 3.
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A concentration is saturating when in the environment there are enough in-
ducers’ molecules to fill all the regulatory sites, in any given moment. But,
due to the variability in gene expression, it is not easy to define it uniquely.
The most straightforward approach consists in empirically find a concentra-
tion of inducer, that is enough to elicit the peak of the response, without
interfere with the basic cell functioning.
For these experiments was chosen a concentration of 500µM for the IPTG
and of 100µM for the VAI. The details of the experimental protocol, used for
these experiments, are described in the Material and Methods chapter but,
the main steps are:

• Bring the overnight cultures back to the exponential growth phase.

• Add the inducers to the growth media, in the appropriate concentra-
tions.

• Incubate at 37oC for a defined period of time (usually a few hours).

• Measure the output, the expression of a fluorescent protein in this case.

Using the cytometer were recorded the levels of RFP from 50000 cells.
These values were used to compute some statistical parameters like the mean,
the median and the coefficient of variation. In Figure 3.8 are represented the
mean values of the red fluorescent protein, recorded from the analysis of the
reduced circuit in Figure 3.5. Each set of columns refers to a device with a
different promoter and each color reports the data obtained with a different
configuration of inducers.

On the left hand side there are the data relative to the prototype pro-
moter. The blue column refers to the uninduced condition, the cyan and
yellow ones to the presence of only one transcription factor, IPTG and VAI
respectively, and the dark red column is relative to the presence of both
IPTG and VAI in the media. The central set of data, identified with SSJ140,
was recorded from the construct containing promoter number 1 while the
last group of columns is part of the characterization of the third promoter.
The errorbars in Figure 3.8 refers to the standard deviation computed over
triplicates.
The overall behaviour of the three constructs is AND-like, with the expres-
sion of the fluorescent protein considerably higher only in presence of both
inducers, but it is possible to point out many differences in the pattern of
expression. For example promoters 1 and 3 have a gain three folds higher
than the prototype, in presence of both inducers. Furthermore promoter 3
has a considerably higher variability and its sensibility is biased toward the
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Figure 3.8: RFP expression of the Follower module when induced with sat-
urating concentrations of inducers

r ±∆r l a
prototype 6 ± 2.02 0.53 0.17

1 14.5 ± 5.7 0.79 0.09
3 18.4 ± 5.5 0.72 0.56

Table 3.2: Indexes

VAI. To verify the statistical significance of these statements a T-test was
performed confirming that the distributions are different with a 5% signifi-
cance level.
The values obtained from this experiment were used to compute the three
indexes defined in the previous section, Equation (3.1), Equation (3.3) and
Equation (3.4). The results are reported in Table 3.2.

Again it is clear that the prototype promoter has a lower dynamic range,
since r is smaller and it is even less AND-like, because l is further from 1.
Additionally the third promoter is the least symmetric, since a is higher.
From the position of the three promoters in the triangle of Figure 3.7, it is
clear that the promoter number 1 has the behaviour most similar to a logic
AND, since it is closer to the lower right corner, the prototype promoter has



52 CHAPTER 3. EXPERIMENTAL CHARACTERIZATION

a response closer to a SLOPE gate, while the third promoter is definitively
an Asymmetric-AND (Figure 3.9).

Figure 3.9: representation of the two indexes l and a for the reduced circuits

3.2.3 Dose Response

Since the Follower module needs to be integrated in a bigger circuit, in which
the signals that are now used as input are produced by other cells, the next
step was to verify that the correct behaviour was maintained even at lower
concentrations of inducers, this was tested by building dose response curves.
A dose response curve aims to characterize the variation of the behaviour of
the system induced by the variation of its inputs. It is realized stimulating
the circuit with different values of the inputs and measuring the variation of
the output. The bi-dimensional continuous space has been sampled in a few
interesting points performing the same experiment described in the previous
section, just with different concentrations of the inducers.
Considering the saturating values as upper bound, three lower values were
chosen for IPTG (0 µM , 100 µM , 250 µM) and four for VAI (0 µM , 500
nM, 10 µM , 50 µM). These results were combined to the previous ones to
obtain the graphs in Figure 3.10, Figure 3.11 and Figure 3.12.

The behaviour of the system maintains the same characteristics, even
for lower concentrations of the inputs. This robustness is fundamental for
the functioning of the complete circuit, since is not going to be possible to
directly control the concentration of the inducers. For promoters 1 and the
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Figure 3.10: Dose response curve for the prototype promoter

prototype the saturating concentration of VAI seems to be already too high,
since the protein expression is decreasing. The shape of the three surfaces
is similar, but there are some differences: again it is possible to see that the
third promoter is asymmetric, with a higher sensitivity to VAI, and that the
dynamic range of promoters 1 and 3 is higher.

3.2.4 Fitting

The dose response curves were fitted to the product of two Hill’s functions,
Equation (3.6), to test how the differences in gene expression influence the
parameters of the mathematical representation.
Gmax is the gain of the system while AHL and IPTG are the concentrations
of the inducers. KIPTG and KAHL are the half activation constants and rep-
resent the concentrations of inputs necessary to obtain half of the maximum
expression. The Hill’s coefficients, n and m, define the shape of the curve,
as showed in Figure 3.13. An higher value for these parameters cause an
increase of the steepness of the function, making it more similar to a step
function. From the curves in Figure 3.13 it is even possible to notice that
the most drastic change takes place between the values 1 and 2, this range
is probably even the one in which m and n will be, according to literature
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Figure 3.11: Dose response curve for the first promoter

data. The last parameter of the function, b, is the offset.

f = Gmax
AHLnIPTGm

(Kn
AHL + AHLn)(Km

IPTG + IPTGm)
+ b (3.6)

The values of these parameters were found with the least square method,
starting from the initial condition reported in Table 3.3. A Matlab script
was used to minimize a cost function, defined as the absolute value of the
sum of the elements of a vector. This vector was computed as the difference
between the value of Equation (3.6), in the current point of the parameter
space, and the experimental data.

The optimal values of the parameters for the three promoters are reported
in Table 3.4.

The surfaces, obtained using these values, are plotted in the right panels
of Figure 3.14, Figure 3.15 and Figure 3.16. They correctly reproduce the
experimental data, represented in the left panels of the same images, but are
unable to capture all the details and the differences of the three systems.

Even if the approximation is not perfect these values give us some in-
formation about the possible causes of the variations between the different
constructs.
One thing to notice is that Gmax is sensibly lower for the prototype promoter
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Figure 3.12: Dose response curve for the third promoter

while it is of the same order of magnitude for promoter 1 and 3. The same
goes for KAHL but, in this case, the prototype promoter’s value is higher,
meaning that this construct has a lower sensitivity to VAI and that an higher
concentration of inducer is necessary to reach the half activation.
Promoter 3 has a considerably lower value of KIPTG, this can partly account
for the asymmetry of this system since, given a fixed concentration of VAI,
the amount of IPTG necessary to reach the half activation is lower.
The Hill coefficient for the VAI, n, decreases going from the construct with
promoter 3 to the one with the first promoter, and it is even further reduced

Parameter Value
Gmax 8800
KAHL 10
KIPTG 10

n 1
m 1
b 500

Table 3.3: Initial values
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Figure 3.13: Effect of the Hill coefficient on the shape of the curve

Promoter 1 Promoter 3 Prototype promoter
Gmax 8411.9 8394.7 3317.3
KAHL 0.99 0.84 15.45
KIPTG 18.96 6.56 13.69

n 1.38 2.05 0.38
m 0.48 0.91 0.63
b 924.73 889.77 576.13

Table 3.4: Optimal parameters

for the prototype promoter. This means that the steepness of the function
is diminishing, as shown in Figure 3.13. This information is important to
determine the local sensitivity of the system to the inducer.
The IPTG’s Hill coefficient, m, stays more or less constant over the three
constructs, but is always less then one, this makes the curve concave, see
Figure 3.14 were both n and m are in this range as an example. The offset
is numerically lower for the prototype promoter but, due to the lower gain
of this version of the system, its dynamic range is still quite small.
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Figure 3.14: Fitting of the data of the system with the prototype promoter

3.3 Interaction with the other components

Another fundamental step in the characterization, is the evaluation of the
changes introduced in behaviour through the interaction with the other mod-
ules. For the follower module, in particular, the most important interaction
is with the Sender. These two modules realize the mean of communication
between the different cells, that is essential for the realization of the com-
plete behaviour. At the same time the introduction of the Sender element
fundamentally change the experimental environment [27], and this may even
induce changes in the behaviour of the Follower module. So this condition
was completely analysed with another series of induction assays.
The first set of experiments, the Supernatant assay, aims to test the ability
of the Follower module to receive the signal produced by the Sender while,
in the Coculture assay, Sender and Follower cells are introduced in the same
environment to test the communication in vivo.

3.3.1 Supernatant assay

For this first assay it has been used the same construct employed in the
characterization of the single module (Figure 3.5). The difference, in this
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Figure 3.15: Fitting of the data of the system with the first promoter

case, is that instead of adding synthetic VAI it was used the AHL produced
by the Sender cells.
The Sender cells are schematically represented in Figure 3.17, they contain
both the Sender module and the RGE 271 system. The former contains, as
previously described, the LuxI gene driven by a promoter sensitive to AraC
bound with L-Arabinose, while the latter constitutively produce GFP, the
green fluorescent protein.

These cells were cultured overnight in presence of L-Arabinose (0.5%) to
induce the production of the signal, the supernatant of this culture was then
used as inducer for the Follower module showed in Figure 3.5. This kind
of preliminary assay is possible because the AHL, produced by the Sender
cells, can freely diffuse through the cell membrane, so its concentration in
the supernatant and inside the cells is the same.
To replenish the nutrients in the supernatant of the overnight culture, it was
mixed with fresh media in ratios of 1:1 and 1:3. This step is fundamental
to allow the growth of the Follower cells but, at the same time, reduces the
AHL’s concentration making the induction less effective. This assay is still
very important because it allows to easily test a fundamental aspect of the
behaviour of the complete circuit. After about four hours of induction, with
the different combinations of IPTG (500µM) and induced supernatant, the
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Figure 3.16: Fitting of the data of the system with the third promoter

levels of RFP were recorded with the Flow Cytometer and the results are
reported in Figure 3.18. The blue column refers to the absence of IPTG and
induced supernatant, the red column represent the data collected in presence
of both the inducers while the cyan and yellow ones were recorded when only
one transcriptional regulator was added in the environment, IPTG and AHL
respectively.

It is clear that the production of fluorescent protein is considerably lower
than in the previous experiments, but the signal’s concentration is drastically
reduced too, both due to the dilution with fresh media and its production
through the Lux I induction in the Sender cells. The AND-like behaviour
is maintained nevertheless and it is still possible to recognize some of the
defining characteristics of the three constructs, like the higher asymmetry of
the third promoter, due to the bias in its sensitivity toward AHL.
This is very important because it means that the behaviour, even if less
emphasized, is not random but is determined by the activity of the hybrid
promoters. Another interesting aspect is the reduction of the variability, this
increase in reliability is important for the realization of a complex behaviour,
like the Leader Election, where every component needs to work as expected.
By comparing these experimental conditions to the previous ones it seems
that this improved response is probably related to the autoinducer, in par-
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Figure 3.17: Sender Cells

ticular to its concentration or to the use of AHL produced by E. coli cells,
instead of synthetic VAI. In the previous experiment one of these factors, or
a combination of both, has probably caused an unwanted interaction with
another cellular component causing an increase in the standard deviation of
the samples. The absence or the reduction of the undesired reaction in the
Supernatant assay causes an equal decrease in the side effect.
From the data in Figure 3.18 the ratio 1:1 between supernatant and fresh
media is clearly the best, the fully induced level of RFP is almost two fold
higher and, since the fluorescence level in the uninduced condition is quite
uniform, the AND-like behaviour is more defined. This is a direct conse-
quence of the higher concentration of AHL, due to the lower dilution of the
supernatant. This even means that the concentration of the nutrients in the
culture is lower but, according to the available data of bacterial density, it
doesn’t seem to have a significant effect on the population’s growth.

3.3.2 Coculture assay: Saturating concentrations

Proven that the communication between Sender and Follower cells is possible,
a coculture assay was devised. In this last part of the characterization of
the Follower module the two cells strains were mixed in the same culture
and then induced with IPTG and L-Arabinose to realize the intercellular
communication.
The two populations were grown separately overnight and then mixed in
two defined ratios, 1:3 and 1:10. These values were empirically chosen after
many tries and compensate the difference in growth rate between Sender and
Follower cells. The bacterial cells transformed with the Follower-Receiver
module (Figure 3.5) grow slower, due to the over-expression of LacI, so it is
necessary to bias the initial condition to prevent the Sender cells (Figure 3.17)
from taking over the entire culture. The cells were then subdivided in four
batches and introduced in environments containing different combinations of
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Figure 3.18: Results of the supernatant assay

the two inducers. After about 7 hours both the level of RFP and GFP were
recorded with the Flow Cytometer. These data are very useful because allow
to differentiate the two cell kinds and determine many interesting quantities
like the final ratio between the populations.
The cells transformed with the Sender module will have a high production
of green fluorescence protein, due to the presence of the RGE271 plasmid.
Since, in the Follower population, the level of this protein shouldn’t rise over
the background level, the fluorescence distribution should be bimodal, like
the one in Figure 3.19.

This representation makes it really easy to separate the Follower cells from
the Senders, since the two populations are clearly distinguishable. Once the
cells, classified as Followers, have been isolated it is possible to consider only
the RFP levels from this group. This method has been applied to the con-
struction of the histograms in Figure 3.20. Again the three set of columns
refer to a different construct, in particular the one on the left hand side con-
tains the prototype promoter, the one in the center the first promoter and
the one on the right hand side the third promoter. The first bar reports the
data obtained in absence of both IPTG and Arabinose, the level of fluores-
cence in cyan was recorded when in the environment was added IPTG, in the
concentration of 500 µM . The yellow column represent the data measured
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Figure 3.19: Distribution of the GFP levels for the coculture assay

only in presence of Arabinose 0.5%, the red column, as usual, was obtained
adding both IPTG and Arabinose in the previous concentrations.

Figure 3.20: Results of the Coculture assay

As mentioned above, these data refers only to the fraction of the entire
population classified as Follower, according to the level of GFP, and this
fraction is 40% for an initial ratio of 1:3 and 60% for a ratio of 1:10.
In this experiment, the fully induced level of fluorescence is almost twice
the one obtained in the Supernatant assay, while for the other conditions the
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results are comparable, supporting the idea that the concentration of inducers
is most influential only in presence of both the transcriptional factors. For
this assay it is safe to say that the signal’s concentration is higher, since it is
continuously produced during the whole experiment, while with the previous
setup the initial concentration was fixed and it decreased over time due to
degradation.
Even in these histograms it is possible to identify the characteristics of the
activities of the three promoters, the gain is higher for promoters 1 and 3
and the third promoter is asymmetric due to its biased sensitivity. These
features are present in both the sets of data, that represent the two initial
conditions, but are better defined in the upper plot, obtained with the 1:3
ratio. This is probably caused by the higher percentage of Sender cells, with
respect to the other initial ratio. In this case even the signal concentration
is higher, since there are more cells that can actively produce it.
Since it was possible to obtain the communication between the two kind of
cells and it was found a ratio between the two populations that, for saturating
concentrations of the transcription factors, ensures the correct behaviour, the
assay was repeated, with different values of the inputs, to build dose response
curves.

3.3.3 Coculture assay: Dose response

This assay was designed to complete the evaluation of the behaviour of the
Follower module and of the signal transmission system. Building dose re-
sponse curves allows to test the robustness of the behaviour to the change
of the inducers concentration, in particular it was important to evaluate the
reactions of the constructs to smaller values of the inputs. The stability of
the response, in this case, is slightly less important since the Arabinose is an
external input even for the complete circuit, and so it is possible to set its
concentration arbitrarily. While the IPTG will not be present in the final
design, it is just temporary used to compensate the activity of the genomic
LacI.
The concentrations of IPTG that were considered for this assay, are the same
used for the previous dose response: 0 µM , 100 µM , 250 µM and 500 µM ,
while for L-Arabinose were tested the following four values: 0%, 0.01%, 0.1%
and 0.5%.
Like the previous assay the two cell’s types were grown separately and mixed,
in ratio 1:3, only upon induction. The levels of fluorescent proteins were
measured after about 7 hours. For the coculture assay it was necessary to
increase the induction time because, in this case, instead of adding the sig-
nalling molecule, it is stimulated the synthesis of the enzyme that, in turn,
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will catalyze the production of the autoinducer. This additional step in-
creases the time necessary to the full induction to occur. Again, from the
GFP level, was possible to isolate the Follower cells and consider only this
sub-population level of RFP. The results of this operation are reported in
Figure 3.21, Figure 3.22 and Figure 3.23.

Figure 3.21: Coculture assay: dose response promoter 1

Unlike the previous dose response curves it is clear that, in order to obtain
a well defined AND-gate, it is necessary to add 0.5% of L-Arabinose to the
culture. As for the IPTG, even lower concentrations are able to elicit the
correct behaviour, if combined with a saturating concentration of the other
inducer, but the peak of the expression is obtained with the highest values
tested for both the inputs. A notable exception is the first promoter, where
the RFP level recorded in presence of 250µM of IPTG is equivalent to the
one obtained with 500µM .
In Figure 3.23, the prototype promoter presents a very unusual reaction to the
addition of 250µM of IPTG. Since there is no record of a similar behaviour
in the previous characterization, and the values reported in this graph are
the average of two experiments, it is likely that an outlier biased this result.
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Figure 3.22: Coculture assay: dose response promoter 3

Figure 3.23: Coculture assay: dose response prototype promoter
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Chapter 4

Materials and Methods

In this chapter are described the molecular biology techniques and the pro-
tocols of the assays applied for the realization of this project. In the first
three sections are reported the in vitro technologies that were used to build
the plasmids to analyse. They exploit changes of temperature, enzymes and
other molecular machineries to produce the desired changes in the DNA se-
quence.
The last three sections report the protocols employed to test the behaviour
of the constructs and to characterize them. These are obviously in vivo tech-
niques and rely on the activity of fluorescent proteins and on instruments
that are able to detect their signal.
The fourth section describe the process that allows the transition from the
in vitro domain to the in vivo. This is possible because this technique is
one of the technologies that allow to introduce the exogenous DNA into the
bacterial host.

4.1 PCR, Polymerase Chain Reaction

This is a fundamental instrument in Molecular Biology because it makes it
possible to amplify a DNA fragment even one million times. It was developed
by Kary Mullis in 1984 and for this reason he obtained the Nobel Prize for
Chemistry in 1993.
Knowing the sequence of the region to be amplified it is possible to chem-
ically synthesize short oligonucleotides, named primers, complementary to
the extremes of the sequence of interest. These fragments, together with the
DNA-polymerase, realize the in vitro synthesis of the DNA.
The PCR reaction is schematized in Figure 4.1, it begins heating up a solu-
tion of DNA, primers, a mixture of nucleotides, DNA-polymerase and other
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molecular components necessary to the synthesis of the filament.

Figure 4.1: PCR reaction

A temperature increase causes the denaturation of the double strand al-
lowing the primers to access their binding site on the DNA. In the anneal-
ing phase, a slight decrease in the temperature of the environment causes
the primers to bind to the template. The successive incubations allows the
DNA-polymerase to extend the primers, using the DNA single strand as a
template. Repeating these steps about 20-30 times allows to amplify the
DNA region of interest to a concentration detectable through electrophoresis
on agarose gel.
The temperature of annealing of the primers and the extension time are
parameters fundamental parameters for the success of the reaction. The for-
mer is determined by the oligonucleotide sequences and it is related to the
strength of the bond between the primers and the DNA. It is important that
these temperatures are in the same range for both primers, with a difference
of at most 2oC. The best way to compute this parameter is using one of
the many available online applications, like the one on the Techno Scientific
website, but, for an approximate calculation, it is possible to consider 2oC
for each A and T and 4oC for every C and G of the annealing region. The
extension time is set by the length of the sequence to be amplified and the
speed of the polymerase. When using a Phusion DNA polymerase, it can be
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roughly computed considering 1 minute for each kbp of the sequence to be
synthesized plus 20-30 s to ensure the completion of the reaction.
This technique is extremely sensitive and specific and it can be realized very
easily since a single instrument, named thermocycler (Figure 4.2), can be
programmed to realize the different phases of this reaction (Figure 4.3).

Figure 4.2: Thermocycler

Figure 4.3: Scheme of the phases of the PCR reaction
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4.2 DNA Electrophoresis

This technology allows to separate DNA fragments according to their length
and, in order to do that, it takes advantage of the uniform negative charge
of the DNA. The samples are loaded in an agarose gel matrix and an electric
field is applied to the system, this pushes the DNA segments toward the
positive pole with a strength proportional to their length. Longer sequences
will experience a stronger attraction but, on the other hand, will migrate
slowly because of the stronger resistance that they experience within the gel.
After a given period, the fragments will be positioned in the matrix according
to a gradient of lengths, making it possible to identify and isolate a desired
element just by knowing its size (Figure 4.4).

Figure 4.4: Example of Electrophoresis in Agarose gel

One of the wells, used to load the samples in the Agarose gel, contain the
gel ladder. This is a mixture of DNA fragments of different lengths that is
used as a reference for the other samples, see the first column of Figure 4.4
for an example. The length and the concentration of each fragment in the
ladder is known so it can be used to determine, by comparison, the length of
the fragments of interest.
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4.3 Gibson Assembly

This in vitro recombination system allows to assemble and repair overlap-
ping DNA molecules in a single isothermal step [8]. It is alternative to other
ligation methods and, since it doesn’t require restriction sites, it is very use-
ful for cloning multiple inserts into a vector, rapidly constructing large DNA
molecules.
The reaction is schematized in Figure 3.2. Double stranded DNA sequences,
overlapping at the ends, are mixed with a cocktail of enzymes and incubated
at 50oC for about one hour. During this period the T5 exonuclease enzymes
chews back some of the bases at the 5’ end of the DNA fragments, creating
the sticky ends. At this point, Phusion polymerases and Taq ligases combine
the complementary sequences.
A great advantage of this technique is that the enzymes involved don’t com-
pete with each other, so they can be active simultaneously [8], making the
reaction fast and easily realizable.

4.4 Electroporation

A fundamental step in the construction of genetic circuits is the introduction
of the exogenous DNA into the host cells. This process is named transforma-
tion and works by temporary destabilizing the cell membrane, allowing the
vector to cross it.
One technique, that can be used to increase the permeability of the mem-
brane is electroporation. A mixture of plasmids and electrocompetent cells,
bacteria that underwent a particular procedure to make them able to acquire
external DNA, is placed in a plastic cuvette with two aluminum electrodes
on its sides Figure 4.5.

Figure 4.5: Cuvettes for Electroporation

The cuvette is then inserted into an electroporator and an intense elec-
tric field, about 1250 V, is applied to the sample. This procedure allows
the plasmids to enter the host through the pores in the membrane opened
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by the electrical shock. Immediately after the electroporation the cells are
rescued, with fresh media, and spread on agar plates. This technique has an
efficiency lower than one and so it is necessary to devise a method to identify
the transformed cells. This can be realized using antibiotics, a particular
antimicrobial can be added to the agar, on which the bacteria will grow and
the correspondent resistance gene, inserted into the vector, will allow only
the transformed cells to grow.

4.5 Induction assay

This assay was used in the characterization of the Follower module in iso-
lation, to assess the response of the hybrid promoters to the inducers. It is
performed by measuring the expression of the red fluorescent protein a few
hours after adding the transcription factors in the environment. The instru-
ment employed in these experiments is the Flow Cytometer, because it allows
to obtain detailed and precise information on the promoter’s behaviour, by
measuring the level of protein in each cell.
Flow Cytometry is a technology widely used in synthetic biology and bio-
logical research in general, because it supports the contemporary measure of
many different chemical and physical properties on thousands of cells.
The functional scheme of the instrument is represented in Figure 3.4, it is
composed of a very thin channel, in which the cells flow in single file, sur-
rounded by lasers and detectors.
A fluorescent protein is a molecule able to emit a luminous signal at a spe-
cific wavelength, when hit with a light beam at another wavelength, usually
shorter. These proteins are very commonly utilized due to their simplicity
of use and their efficacy: by simply placing this element under the control
of the promoter of interest it will be possible to have a complete and precise
report of its activity.
To characterize the Follower module, the red fluorescent protein, mRFP, was
fused to the TetR protein, that is massively produced only when this module
is active.
Cells, transformed with the synthetic genetic circuit in Figure 3.5, were
cultured overnight in LB media, in presence of the appropriate antibiotic
(Ampicillin). The different cultures, one for each combination of promoters
and concentrations of inducers, were diluted 1:200 in M9CA media in the
morning. After 1 hour of incubation at 37oC, the transcription factors were
added to the environment. For these assays were used IPTG and VAI, the
synthetic AHL, in different concentrations (Table 5.1).

After 4 hours of incubation at 37oC the samples were tested with the flow
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Inducer Concentrations (µM)
IPTG 0, 100, 250, 500
VAI 0, 0.5, 10, 50, 100

Table 4.1: Concentrations of inducers used in this assay

cytometer, measuring the RFP intensity over 50000 events or 50 µl. From
each measurement were obtained mean, median and coefficient of variation
of the fluorescence, in arbitrary units. Even the number of events and the
amount of culture collected (in µl), were recorded since they allow to quantify
the cell’s density.
Each combination of the various concentrations of inducers was tested three
times for each promoter and, from the collected data, it was possible to
characterize the response of the follower module to different concentrations
of inducers, both saturating and not. These values were even used to compute
some indexes, fundamental for the comparison between the behaviour of this
system and a logic gate (Equation 3.1, Equation 3.2, Equation 3.3, Equation
3.4).

4.6 Supernatant assay

This test was necessary to verify the theoretical possibility of realizing the in-
tercellular communication within the population. In this case the two kinds
of cells, Follower (Figure 3.5) and Sender (Figure 3.17), aren’t mixed and
the construct measured in the flow cytometer is the same employed in the
previous assay. The difference is that, instead of inducing with VAI, was
used the natural AHL, synthesized by the LuxI enzyme. This can be done
because the AHL can freely diffuse through the cell membrane and so it can
be found in the media.
From the Sender cells, cultured overnight in presence of 0.5% of L-Arabinose,
the supernatant was extracted, it was then sterilized and the nutrients were
replenished by mixing the supernatant with fresh media in defined propor-
tions, 1:1 and 1:3.
At this point the Follower cells were induced with different combinations of
IPTG, in the concentration of 500 µM, and induced supernatant. The sam-
ples were incubated at 37oC for 4 hours. The subsequent measure of the
statistical values of the fluorescent signal and of the population density, con-
firmed the ability of the Follower cells to sense the amount of AHL produced
by the Senders.
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Inducer Concentrations
IPTG (µM) 0, 100, 250, 500
L-Ara (%) 0, 0.01, 0.1, 0.5

Table 4.2: Concentrations of inducers used in this assay

4.7 Coculture assay

This last assay was devised to test the system of communication realized by
the LuxI and LuxR genes, through the AHL molecule, in the specific context
of the Leader Election project.
The two cell strain, Follower (Figure 3.5) and Sender (Figure 3.17), were
cultured separately overnight in M9CA media. In the morning the two cul-
tures were diluted and mixed in two defined ratios, 1 Sender cell to 3 or 10
Follower cells. These values were empirically chosen so to counterbalance the
bias in the growth rate. The Sender cells grow much faster than the Follow-
ers because they don’t overproduce the Lac repressor, so it was necessary to
adjust the proportion between the two populations to prevent the senders
to overtake the entire culture. During this phase the samples were induced
with different concentrations of the two transcription factors (Table 5.2).

The cells were then incubated at 37oC for 7 hours, this increase in the
induction time is necessary to ensure the completion of the reaction. In
this system, instead of adding the intercellular signal, the production of the
enzyme that catalyses the synthesis of AHL, is induced. The addition of this
step makes it necessary to extend the duration of the assay.
The results collected with this assay, two replicates of each construct with
every possible combination of inducers, were used to build dose response
curves that confirmed the functionality of the communication system.
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Conclusions

5.1 From sequence to gene expression

The regulation of gene expression through devices that modulate transcrip-
tion or translation, like promoters and RBSs, is relatively flexible as nu-
cleotide sequences directly determine the specificity and efficiency of the re-
action [9].
After the experimental characterization of the three hybrid promoter, an
analysis of their sequences has been performed trying to identify which re-
gions are the most important to determine the strength of the promoter and
its experimental behaviour.
In the generic bacterial promoter there are fundamentally three regions that
determine the strength of the binding with the RNA polymerase.
Besides the -35 and - 10 boxes, a research group of the University of Wis-
consin [25] identified another sequence, upstream of the -35 box, that is able
to interact with a subunit of the RNA polymerase, facilitating its interaction
with the DNA. This element is named UP and its standard sequence is:
NAAAWWTWTTTTNNNAAANNNNTTGACA
Where N is used to represent any nucleotide, while W can be either an
adenine or a thymine. The underlined bases, on the right hand side, form
the classical -35 box sequence and their presence is fundamental to identify
correctly the UP element. The sequences of the UP element of the three
characterized promoters are reported in Table 5.1.

Since the distal region has always been filled with the sequence identified
with Lux1 in [22], the UP element is conserved over the three versions of
the hybrid promoter. If compared with the standard sequence for the UP
element, it is possible to identify 10 bases that are different. Since this
element is only present in bacterial promoters and it’s not fundamental for
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-57 -47 -44 -41
Promoter 1 AGTACCTGTAGGATCG ATCGTACAGG
Promoter 3 AGTACCTGTAGGATCG ATCGTACAGG

Prototype Promoter AGTACCTGTAGGATCG ATCGTACAGG

Table 5.1: Up element sequences

-35 -10
Standard TTGACA TATAAT

Promoter 1 TTTACT GATAAT
Promoter 3 TTTACT GATAAT

Prototype Promoter TTTACT GATACT

Table 5.2: -35 and -10 boxes

the transcription to begin, it is not clear how these mutations affect gene
expression but, since all the promoters have the same sequence, it is safe to
assume that they will be influenced all in the same way.
In the next phase of the analysis the sequences of the -10 and -35 boxes were
considered. The comparison between the standard elements and the ones
employed in the characterized constructs is illustrated in Table 5.2.

The -35 box is shared between all the promoters and it differs from the
standard one in two points. The effect of these mutations is probably a re-
duction in the affinity between the promoter and the RNA-polymerase, since
the standard sequence should be the one that the transcriptional machinery
will most likely recognize and bind.
The -10 box is the same for promoters 1 and 3, it was chosen because, be-
tween the feasible alternatives, it was the one with the lowest unregulated
activity. It is even more similar to the standard sequence for this regulatory
element, since only the first base is different. In the prototype promoter the
sequence of the -10 box differs, from the one of the other constructs, for the
value of the fifth base. This substitution is probably responsible, at least
in part, for the significantly lower gain of the system containing the proto-
type promoter, since the only difference between this construct and the one
comprising the first promoter is in this region. This consideration is even
supported by evidences, reported in [25], that identify the -10 box as the
most important of the three consensus sequences of the bacterial promoter.
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5.2 Regulated Promoters Engineering

The use of regulated promoters is a classical technique employed to regulate
gene expression. In particular it is the method of election whenever it is
necessary to relate the production of a certain protein to the presence, or
absence, of a certain molecule. This situation is very common and encom-
pass every application that require the system to sense the environment and
respond to external stimuli, like the realization of sensors or logic gates.
Almost every regulated promoter employed in biological research has been
obtained from a natural system, even if the organism in which it is used might
not be the one in which it was originally present. The possibility of importing,
in a bacterial strain, a regulatory element that evolved in another system is
very important because, beside widening the range of possible functions and
behaviours, it should minimize the interactions between the exogenous DNA
and the host. Having a genetic circuit functionally independent from the host
reduces the uncertainties that may arise with multiple sources of production
for the same protein like, for example, both the plasmid and the genome.
At the same time it is possible to use the regulatory element independently
from its original function, making it more versatile. On the downside, the
introduction of a completely new system can elicit unpredictable reactions in
the host, that may change or disrupt the regulatory abilities of the complex.
A regulated promoter contains one or more sequences that can be recognized
by specific molecules, they are usually very short, about 5-6 nucleotides,
and their position is almost as important as their sequence. This concept is
clearly represented in Figure 2.6 and Figure 2.7 where a wrong positioning
of the Lux site makes the promoters completely insensitive to VAI.
As a general rule, a repressor will be more effective if placed close to the tran-
scription initiation, since it generally acts preventing the RNA-polymerase
from binding the DNA, while an activator will be more powerful if placed
upstream of the -35 box, where it can aid the binding of the molecular ma-
chinery to the promoter, without hampering it. Some repressors can be ef-
fective even if placed tens of bases upstream of the promoters, the repressor
binds this site and another regulatory region, positioned inside the promoter,
this operation cause the DNA to bend and makes the promoter inaccessible
[15]. An example of this is reported in Figure 5.1 and it refers to the natural
Lactose digesting system.

These considerations, supported by the experimental data presented be-
fore, confirm some of the rules reported in [22]. Comparing the behaviour of
the construct with promoter 1 and the one with promoter 3 it is even possible
to notice that the addition of the second Lux site has the effect of slightly
reducing the protein production, obtained upon induction. The binding of
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Figure 5.1: A transcription factor can bind two operators sites at the same
time

the activator in core probably interferes with the polymerase binding, instead
of facilitating it. The analysis performed on the behaviour of the first pro-
moter confirms another rule, of the ones defined in [22], the proximity of the
regulatory sites makes the interaction more competitive and so, more AND
like (Figure 3.9).
Observing the data relative to promoter three it is clear that, in this case,
the activation dominates the repression, in contrast with what reported in
[22]. Since only this construct exhibit this behaviour, it is not clear if it’s
a peculiarity of this promoter or if the directive in the paper is imprecise.
Certainly when an activator site and a repressor site coexist in the same
promoter, one will dominate on the other. This will increase the asymmetry
of the promoter but, probably, both the activator and the repressor can be
the predominant, depending on the strength of the consensus sequences em-
ployed. Another factor worth considering is that, in the Follower cells, the
LacI protein was produced by the genome, while the LuxR gene was on a
low/medium copy number plasmid. Even if the strain chosen for these ex-
periments over-expresses the Lac repressor, it isn’t possible to exclude that
LuxR may be over-produced, with respect to LacI, and that its higher con-
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centration may bias the effect of the transcription factors. The increased
symmetry of the first promoter is probably caused by the presence of the
additional Lux sensitive sequence, their combined effect is probably able to
balance the action of the two inducers.
The process of promoters engineering has greatly benefited from the increas-
ing completeness and standardization of the characterization of the regula-
tory systems.
In particular this work demonstrates that, following simple design principles,
it is possible to obtain promoters with the desired characteristics. But the
complete and precise prediction of the behaviour of these elements is still
very far since even very similar sequences, like the ones here presented, have
significantly different responses to the same experimental conditions.
The construction and screening of big libraries of components can be really
helpful in the determination of heuristics and general design criteria, but
they don’t fully explain the molecular mechanisms that lead to a certain
behaviour. This lack of knowledge drastically limits the ability of engineers
to rationally design promoters and genetic circuits, increasing the time nec-
essary to tune their behaviours and the chance of obtaining unpredicted
reactions.
Deeper analysis of natural and engineered systems coupled with computa-
tional modelling and simulation will be key elements in the realization of
complex, reliable genetic circuits with real life applications.

5.3 Complex circuits realization

Synthetic Biology has had a great development in the last few years, many
applications have been presented and significant advances has been made in
many aspects of the field like design, modelling and experimental character-
ization.
But, as Luis Serrano ably says, “We are still like the Wright Brothers, putting
pieces of wood and paper together” [14]. There are still many unsolved prob-
lems and many applications are still beyond the verge of realizability due to
their complexity and the lack of knowledge of the basic components.
The biological world is incredibly complicated and heterogeneous, it slowly
evolved and molded itself to solve problems and increase its fitness for sur-
vival. The mankind began to shape this world very early in its history,
domesticating plants and animals and selectively breeding them to enhance
useful features.
But understanding how a long series of consecutive changes and modifica-
tions lead to the organisms that now inhabit the earth is really complex and
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until recently, the nature of most of the information about the functioning
of biological systems and processes has been qualitative or semi-qualitative.
The introduction of engineering principles and techniques in this field is of
prime importance in order to increase the knowledge of the basic phenomena
and really becoming able to modify them purposely.
As previously described, the pivotal points of classical engineering, standard-
ization, decoupling and abstraction are fundamental, their application allows
the development of simple systems, completely characterized and with de-
fined functions and features that can be used and combined as the electrical
components of the natural world.
But there are aspects that these principles are unable to encompass, due
to their rigidity and strict categorization. The organic matter is prone to
changes, might react unexpectedly to external stimuli and for every stated
rule, there are tens of exceptions. This calls for a redefinition of the concepts
of standardization, abstraction and decoupling for the biological world.
Developing standard modules and techniques for Synthetic Biology applica-
tions will surely involve the ideation of new experiments and technologies
to obtain quantitative data, independent of the particular instrument and
attentively measured with very clear and detailed protocols. Up until now
many efforts have been focused on developing standard techniques for assem-
bling genetic circuits, but none of the proposed approaches has yet imposed
itself. Simultaneously, the DNA synthesis is becoming really cheap.
Soon many laboratories will find convenient to synthesize most of their con-
structs, drastically reducing the importance of the standardization of the
assembly techniques. The standardization of the results, on the other hand,
will be very useful because it will make the data obtained by different labo-
ratories readily comparable and it will be easier for the scientific community
to develop well characterized, plug and play, systems and concentrate the
efforts toward common goals.
Decoupling is the principle that has probably been exploited the most in the
work here presented. The complex Leader Election circuit has been subdi-
vided in smaller, more manageable modules that have been built indepen-
dently and tested both in isolation and in combination. In this particular area
the development of accurate computational models will be crucial since it will
allow the identification of the critical points and major issues of the partic-
ular circuit. This knowledge will guide in the choice of the assays necessary
to fully characterize the behaviour of each genetic element, while providing
suggestions for obtaining the desired response. Combining this strategy with
a standardized and quantitative experimental characterization, will help to
identify the most suitable modules to use in the final system while reducing
possible unwanted interactions. All these methodologies will combine leading
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to a reduction of the time necessary for the realization of complex circuits.
In the previous description two kinds of abstraction have been introduced
for their importance in the biological engineering context. One of them is
strongly correlated to the decoupling principle and states that each module
should be simple to model and easily used in combination. This typology of
abstraction incorporates even the Occam principle, since it suggests to prefer
the simplest solution, that can realize the desired behaviour.
In the other are described abstraction hierarchies, these structures should
allow the researchers to focus only on one determined level of complexity
without regard for the others. In order to fully realize this concept is funda-
mental to limit the informational exchange between the different hierarchies.
This entails that inputs and outputs of each level should be defined very
clearly. Currently this form of abstraction isn’t achievable due to the in-
sufficient knowledge of the genetic circuits, the hosts and their interactions.
Abandoning the organisms that are most currently used and focus on more
artificial life forms, like the minimal cell, might be a step toward the real-
ization of this goal. This organism doesn’t have a clear definition yet but,
removing every element and function that is not fundamental for the sur-
vival of the system should minimize the interactions between the host and
the exogenous DNA. Furthermore, the development of this organism would
probably lead to a deeper knowledge of bacterial cells’ physiology and func-
tioning, thus clarifying the informational exchanges necessary between each
level of complexity.
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