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Zusammenfassung

Das Felddersyinh et i schen Biologie zielt dar aBuid- ab
TestLearnfi Kreislaufs auf die | mplementierung
Verhalten biologischer Systeme beeinflussen, anzuwenden. Um dieses Zielcheerrverwenden
Projekte der synthetischen Biologie eine Reihe komplett charakterisierter biologiescher Bauteile
Diese kbnnen nach rationalen, Modell gestutzten Gesichtspunkten, stufenweisen zu komplexe
synthetischen Schaltkreisen kombiniert werden. Roastruktion aus einfachen, charakterisierten
Bauteilen stellt einen optimalen Startpunkt fir das Testen synthetischer Schaltkreise dar. Dere
Design ist allerdings durch die beschrankte Verfugbarkeit von Bi#ésteinen limitiert. Fur
gewohnlich besteheriesnur aus einer Handvoll von Transkriptionsregulatoren, welche zusatzlich
haufig aus nattrlichen Systemen entliehen wurden. Dies kann zu Kreuzreaktionen zwischen de
implementierten Schaltkreisen und Wirt, und damit einem Verlust der Funktion fuhrenddtine
Herausforderungen der synthetischen Biologie ist daher die Entwicklung solcher synthetischer
Systeme mit minimalen Kreuzreaktionen (Orthogonalitét).

Das Ziel dieses Projektes ist es, die Einschrankungen verbreiteter transkriptioneller Regulatore
durch die Anwendung von Extiaytoplasmischerni-Faktoren (ECF) zu Uberwinden. ECFs sind die
kleinsten und einfachsten alternativénFaktoren welche Promotoren mit hoher Spezifitat
erkennen. Sie stellen einen der wichtigsten Mechanismen der SignalUbertimd@aidgerien dar.
lhre Aktivitat ist haufig von Antid-Faktoren kontrolliert. Auch wenn gezeigt wurde, dass-Anti
Faktoren negative Effekte auf den Wirt haben kdnnen stellen sie eine attraktive Moglichkeit dar
ECFs zu regulieren. Zu diesem Zeitpunkt kennér tausende ECE-Faktoren aus einem Grofteil
der BakterierPhyla. Durch bioinformatische Analysen sind sie und auch das dazugehdrige Anti
Faktoren identifizierbar.

All diese Eigenschaften machen ECFs zu optimalen Kandidaten fur das Design ortiggonal
synthetischer Schaltkreise. Um EGfFaktoren als Standardbausteine in der synthetischen Biologie
zu etablieren, haben wir zuerst eine Methode fir Hochdurchsatzmessungen entwickelt. Dies
basiert auf MikrePlateReader Experimenten, bei denen hoch&daslumineszenReporter
verwendet werden. Dank ihres niedrigen Hintergrundrauschens sind sie FluoiRspenern
Uberlegen, da sie eine grof3ere dynamische Spanne abdecken konnen. Von Nachteil ist d
Durchscheinen emittierten Lichts von einem Topfchen die benachbarten, was die dort
gemessenen Werte beeinflusst. Um diese Einschrankung zu uberwinden haben wir eine
computergestitzten Algorithmus entwickelt der dieses Durchscheinen aus dem Signal herausrecht
kann um die tatsé&chlichen Werte zu erhalten.

In dieser Arbeit zeigen wir, dass der Algorithmus auch Signale knapp Uber dem Hintergrund
erhalt und universell fir verschiedene experimentelle Bedingungen einsetzbar ist. Um die
Assemblierung grol3er, ECF basierter Schaltkreise zu vereinfachen habenewaenmlung von
ECF Bausteinen irE. coli konstruiert. Diese Sammlung ermdglicht, in Kombination mit einer
anderen Sammlung kompatibler Bausteine, eine die Kombination quasi aller ECFs in grofl3er
Schaltkreisen. Zusatzlich erméglicht es die Integrationsdegebauten synthetischen Schaltkreise
in vier verschiedenen PhagérsertionsLoci (att) im E. coli Genom. Das erlaubt den direkten
Ubergang zwischen Plasmid basierter Expression und Expression von gnomisch integriertel
Schaltkreisen. Dadurch wird die dater mdglichen Konfigurationen jedes Schaltkreises erheblich
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erhoht. Zusatzlich konnten wir zeigen, dass die waloci sich beziglich der Expression
integrierter synthetischer Schaltkreise zueinander orthogonal verhalten.

Um ECF basierte, synthetlse Schaltkreise rational Planen zu konnen haben wir das
dynamische Verhalten von 15 EdFFaktoren, sowie deren Anii-Faktoren und zugehorigen
Promoter, charakterisiert. AbschlieRend konnen wir feststellen, dass ECFs funktionieren,
unterschiedliche Affititen zu ihren zugehérigen Promotoren haben und dabei nicht Toxisch
wirken. Unsere Ergebnisse zeigen, dass die dynamische Spanne sowie die Starke des Eingangs
Ausgangssignals, der EGfasierten Schalter abhangig von der Kopienzahl der ECF und
Zielpromdor eingestellt werden kann. Durch die Kombination von bis zu drei-&@¥ltern
konnten wir genetische Zeitmesser bauen. Dies waren die ersten synthetischen Schaltkreise n
mehreren ECFs. Die ECF Zeitmesser kbnnen eine Auswahl von Zielgenen zeit\aktbetaten
und ihr verhalten kann mittels eigens entwickelter mathematischer Modelle vorhergesagt werder
Um die dynamische Spanne der ECF Konstrukte zu erhohen fligten witi-Aakitoren hinzu.
Dabei vielen uns schnell negative Effekte auf das WachstmEv coli auf flr die wir nach
Lésungen suchten. Wir konnten demonstrieren, dass diese negativen Effekte teilweise verringe
werden konnen, wenn gekirzte, I6sliche Varianten der@ftktoren verwendet werden. Darauf
aufbauend fanden wir, dass die Tatdt komplett behoben werden kann, wenn diese chromosomal
integriert werdenAbschlieBend, nachdem wir zeigen konnten, dass-URtiktoren verwendet
werden konnen um einstellbare Verzdgerungen in der ECF Expression zu erreichen, konstruierte
wir ECF/AS Selbstmord Schalter. Diese Schaltkreise erlauben das Einstellen eines Zeitverzdgertel
Zelltods in E. coli und kénnen als Prototypen fur die zukinftige Entwicklung von ECF/AS
basierten Autolys&chaltkreisen dienen.
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Abstract

The gnthetic biology field ans to applythe engineeringdesignbuild-testlearn'cycle for the
implementation of synthetic genetic circuits modifying the behavior of biological systems. In order
to reach this goal, synthetic biology projects use a set of fully characterized k@ablpaits that
subsequently are assembled into complex synthetic circuits following a rational,-cnodal
design. However, even though the bottopmdesign approach represents an optimal starting point
to assay the behavior of the synthetic circuits uniddéined conditions, the rational design of such
circuits is often restricted by the limited number of available DNA building blocks. These usually
consist only of a handful of transcriptional regulators that additionally are often borrowed from
natural lological systems. This, in turn, can lead to cnesctions between the synthetic circuit
and the host cell and eventually to loss of the original circuit function. Thus, one of the challenges
in synthetic biology is to design synthetic circuits thafqren the designated functions with minor
crossreactions (orthogonality).

To overcome the restrictions of the widely used transcriptional reguléitisproject aims to
apply extracytoplasmic function (ECF) (0 fact
ECFs are the smallest and simplest alternat
ECFs represent one of the most impot mechanissof signal transduction in bacteria, indeed,
their activity is often controlled by anfi factors. Even though it was shown that the overexpression
of heterologous anti factors can generate an adverse effect on cell growth, they repagsent
attractive solution to control ECRct i vi t y. Finally, to date, we
widespread among different bacterial phyla, that are identifiable together with the cognate
promotersandanfi f act ors, using bioinformatic appro

All the aboveme nt i oned features make ECF G0 factor
regulatosf or t he design of novel synthetic circt
factors as standard building blocks in the synthetic biologld,fiwe first established a high
throughput experimental setup. This relies on microplate reader experiments performed using
highly sensitive luminescent reporter system. Luminescent reporters have a superido$igisa
ratio when compared to fluoment reporters since they do not suffer from the high -auto
fluorescence background of the bacterial cell. However, they also have a drawback represented |
the constant light emission that can generate undesiredtatbdsetween neighboring wells on a
microplate. To overcome this limitation, we developed a computational algorithm that corrects for
luminescence bleedhr ough and estimates the Atrueo |
microplate. We show that the correcting algorithm preservesldegl signals close to the
background and that it is universally applicable to different experimental conditions.

In order tosimplify the assembly of large E@¥ased synthéat circuits, we designed an ECF
toolbox in E. coli. The toolbox allowdor the combimtorial assembly of circuits into expression
vectors, using a library of reusable genetic parts. Moreover, it also offers the possibility of
integrating the newly generated synthetic circuits into four different phage attachatipsités
present in thgenome oE. coli. Thisallows for aflawless transition betweengdmidencoded and
chromosomallyntegrated genetic circuits, expanding the possible genetic configurations of a given
synthetic constructMoreover, our results demonstrate that the &dusites are orthogonal in terms
of the gene expression levelsthe synthetic circuits.
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With the purpose of rationally design E®BRsed synthetic circuits and taking advantage of the
ECF toolbox, we characterized the dynamic behavior of a set of 150ECF act or s, t h
promoters, and relative antis . Over al |, we f-toxicamd fubctioaal ancEt@aF s
they display different binding affinities for the cognate target promoters. Moreover, our results
show that it is possible to optim@ the output dynamic range of the ER&Sed switches by
changing the copy number of the ECFs and target promoters, thus, tuning the input/output signe
ratio. Next, by combining up to three EGFwi t ches, we genetrianteerd ca rsc
the first synthetic circuits harboring more than one ECF. #@8ed timer circuits sequentially
activate a series of target genes with increasing time delays, moreover, the behtneccircuits
can be predicted by a set of mathematical models.

In order toimprove the dynamic response of the El@Sed constructs, we introduced anti
factors in our synthetic circuits. By doing so we first confirmed thatlantif act or s car
adverse effect on the growth Bf coli, thus we explored possible solutio@air results demonstrate
thatantit f actors toxicity can be partially all e
antt f act or s acoapletelg abelisheduvéal chrgmosomal integration of the-@anti
factorbased circuits. Finallyafter demonstrating that asiti f act or s can be u
tunable time delay among ECF expression and target promoter activadiatesigned ECF/AS
suicide circuits. Such circuitsllow for the timedelayedcell-death ofE. coli and will serve aa
protaypefor the further development &CF/ASbasedysis circuits.
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Introduction

In this introductory chapter, we briefly introduce one the major challenge in synthetic biology,
defining the principleo fo riit h o g .oThea,lwe itlugtiate different DNA manipulation strategies
that are currently used for the generation of synthetic circuits, highlighting their advantages anc
limitations. Finally, we introduce Extracytoplasmic function (EGF) f act or s and t h
antt f actors, as a st ricdépendencybfeyntbeticrciacuits.e t he co

1.1Facing the unpredictability of the living systens: a major challengein synthetic biology

Synthetic biology is described as i@ld that aims to apply engineering principles (such as
standardization, modularity, and simplicity) to the biological systewith, the aim of engineering
them to perform new tasksTo date,even though the engineering of the biological systems has
brought impressive accomplishmefits synthetic biology projects are frequently frustrated when
engineering faces ¢h complexity of the living cell Such complexity arises from the
interconnection of all the compounavithin the living cell that generatesortextdependences and
poses a challenge in the development of synthetic citclitdeed, contextiependences can affect
both the host and the performance of beterologous genetic circuiieading ultimatelyto the
unpredictability of the systefmehavia’. For instance, the expression of a synthetic circuit can lead
to toxic side effects on the host cell, due to competitionsf@aredcellular resources, such as
metabolites, RNA polymerase or ribosofhes the same timethe natural cellular processasich
expression of endogenous transcription factors, as well as different genetic backgrounds, can affe
the functionality and the stability of heterologous genetic circtitHence, one of the major
challenges insynthetic biologyconsists in the devegbment of truly contexindependent (i.e.
orthogonal)geneticcircuits that perform their function witminor crossreactions. To achieve this
goal, the synthetic biology fieldimsto applya rational, modetlriven design that allows for a
robust characteration of the individual genetic parts. This al®their combnation in complex
circuits that feature gredictable response under certain condifioHswever only by combining
the rational design approagchogetherwith the development o$trategiesHat limit the context
dependencethe SynBio fieldwill ultimately succeed iminimizing the undesired croggactions
with the host cell and increase the orthogonality of the genetic circuits.

1.2DNA manipulation strategies for the design of syntheticiccuits

In synthetic biology, the rational design of genetic circuits can be facilitated by implementing
engineering principles, such aandardization, modularity, and simplicitihdeed the use of
standardized, modular DNA parts, will improve the eegring 'desigibuild-testlearn’ cycle in
biology, encouraging, at the same time, the sharing of genetic parts and facilitating automate
processée$. In the design of synthetic circuits applying a bottomapproach, each DNAncoded
component such as@omoter or an open reading frame can be considered as an isolated part
Ideally, a robust characterization of these individual parts allows their combination in increasingly
complex circuits. Within this vision, simple genetic parts (such as promoigospome binding
sequences, coding sequences, and terminators) are combined in transcription units, which a
further combined to assemble biosynthetic pathways, that can ideally lead to the generation ©
synthetic genom@&sThus, another challenge for sietic biology consists in the establishment of
standardized assembly methods that allfmw a hierarchicalassembly and ideallyfor the

2
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generation of part libraries. Such libraries allow a combinatorial approach in the circuit assembly
and simplify the shring of the genetic parts within the SynBio community.

Along the years the scientific community established a plethoPdN#f manipulation strategies
to achieve modularity and standardization goals. The BioBrick standard was established more tha
a decad ago and represented one of the first attempt to standardize a restrictfome-based
DNA assembly methadn the Biobrick standard, DNpAartshave standardized flanking sequences
that are useful for the assembly by traditional restriction/ligation magth'2 With BioBrick it
became possible to create a series of modular biological parts that could be shared and eas
assembled in different combinatiénsThe reusability and simplicity of BioBricks make them
popular, thus helping the augmentationtio¢ genetic parts encoded in this standard. However,
despite the standardization advantages, Biobricks have some drawbacks. For instance, the length
the fusion scafthat is generated by the assembly of two BioBricks pas#s) act as a destabilizing
sequence irE. coli'?, and the presence of anfimme stop codon in the fusion sdarproblematic
when assembling fusion protefndvioreover, the DNA sequences need to be cured for eventual
restriction sites, relative to the endonucleases used in thstidiggrocedure. Even though the
scientific community attempted to alleviate these issw@eg. by shortening the fusion sitgs
creating standards to assist assembly of fusion prétaims using enzyes with rare restriction
sited® no Biobrickbased m#nod allows scaless assembly of the genetic parts. Moreover, the
BioBrick parts can only be assembled in pairs, and the digestion and ligation processes take place
separate reactions. This makes the construction of multipart coeginuetconsumingand labor
intensive.

There are different techniques that alléow scarless assembly of DNA fragments and that do
not require classic digesgation reactios, such as overlap extension yolerase chain reaction
(OE-PCR)*® and its evolution Circular Pdymerase Extension Cloning (CPEC)However, the
assembly of DNA parts witthesetechniques relies on PC&mnplification, which is prone to errors
whenapplied tolarge genetic construcfs

A major innovation in the scdess DNA assembly techniques @mith the development of the
Isothermal Assembly Reaction (Gibson assenmblghd the Ligase cycling Reaction (LCR)
These methodologies allow for ordered assembly of multiple genetic parts and do not strictly
depend on PCRmplification. In particularGibson assembly relies on overlapping sequences
encoded on the genetic parts and three enzymes (5' exonuclease, DNA polymerase and DNA ligas
that work in a ongot reaction(Figure 1.1) During the assembly procedure, the 5' exonuclease
digests the 5'rad of doublestranded DNA fragments and generatesilglestranded overhangs.
Thus two or more DNA fragments that have-20bp of homology at their endsnanneal to each
other thanks to the resulting complementary overhangs. The polymerase fillg neraaining
regions of singlestranded DNA and then the ligase fuses the nicks, generating a single DNA
fragment. A major benefit of this method is that it allows the assembly of large DNA constructs,
even bacterial artificial chromosomes (BAEsHowever one of the drawbacks of the Gibson
assembly is that it does not enathle assembly of more than four DNA parts with morarttb0%
of clones being corret
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DNA fragments with overlap regions

5’ 3’
50°C 3’ 5’
5 s 3
T5 exonuclease 3 5
5’ 3’
50°C 3 =5 5’ 3
v 3’— 5'
Annealing
3’ 5’ 3’
50 OC 3I 5[ 31— 5'
v

Phusion polymerase and Tagq ligase

5° 3’

3’ 5’
Figure 1.1. Gibson assemblyTwo DNA fragments lue and orang@ sharing terminal sequenceeaslaps
(black) are joined into a covalently sealed molecule in aste@ isothermal reaction. T5 exonuclease
removes nucl eoti des -$tranoled DNAneolechlés, conmplkkmentary sirgitended | e
DNA overhangs anneaPhusion DNA polymerastlls the gaps and Tagq DNA ligase se#iie nicks. T5
exonuclease is hetgbile and is inactivated during the 50 °C incubation.

A solution to this problem was given lde Kok and collaborators, that developed the DNA
assembly via LCR that allows thesasbly of up to 12 DNA parts, with 6000% of correct
individual clone&’. The onestep, scarless DNA assembly via LCR uses sisgnded bridging
oligos that are complementary to the ends of DNA parts to be assembled. The procedure includes :
initial denaturation at high temperature folled by a temperature downshift that altowhe
annealing of the upper (or lower) strands of neighboring DNA, on both halves of the provided
bridging oligo. Then a thermostable ligase joins the neighboring DNA parts via a phosphodiestel
bond without the imbduction of any scar sequence. In the subsequent
denaturationannealing ligation temperature cycles, the assembled strand serves as a template for
the assembly of the other strand from neighboring DNA parts. Finally, by applying multiple
temperature cycles, many DNA parts are assembled into complex DNA con@trguate 1.2)
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Figure 1.2. LCR assembly In the first temperature cycleustom singlestranded bridging oliggs
complementary to the ends of neighboring DNA pastsve as a template to bring the upper strands of
denatured DNA parts together, after whicthermostable ligase joins the DNA fragrsenn the second and
subsequent temperature cycles, the assembled upper strand serves as a tentigktierfasf the lower
strand. Mul ti ple denaturationiannealingiligatior
parts into complex DNA constructs.

Both LCR and Gibson assembly, do not require the restriction/digestion step, thus incteasing t
speed of the assembly and facilitating the generation of complex synthetic DNA constructs. Hence
both methodologies have great advantages, for instance speeding up the construction
modification of plasmidd. However, even though in both methodosyithe assembly of the
genetic parts does not rely on P@Riplification, the generation of the DNA parts involved in the
reaction is ofterachievedwith this technique. This impligbe limitationin the DNA fragmensizes
described above and even thoudje tthemical synthesis of the genetic fragments represent a
solution, to date, it is still a costly and slow process. Finally, both LCR and Gibson assembly do no
favor the storage of the single genetic parts, thus limiting the combinatorial assemblyeand th
sharing of the parts on a large scale.

The need for assembly techniques that allow for scalpthe combinatorial assembly, led to
the development of new methods based on Type llIs restriction enzymes. These enzymes have t
peculiarity of cutting ouisle their recognition seqnee, generating 4 bp overhafgs The
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utilization of Type llIs restriction enzymes led to the invention of the Golden Gate assembly method,
in which the customization of the 4bp overhangs altaw the assembly of neighborirfigagments.
Indeed, the design of DNA parts with compatible overhangs allows their directional cloning and
since Type lIS restriction sites are eliminated during the cloning procedure, digestion and ligation
reactions can take place in the same tube asdahee time. Thus, Golden Gate cloning allows fast
and reliable multpart DNA assembly, but it also requires the accurate design cloning vectors.
Indeed, thalestinatiorvector must have the appropriate Type IIS restriction sites and overhangs, in
order tobe compatible with the other DNA fragments involved in the assembly reaction.

1.2.1The Modular Cloning (MoClo) system

A major enhancement of the original Golden Gate Assembly framework came with the
development of the Modular Cloning (MoClo) systemttleaables not only the hierarchical
assemblyof multigene constructs but also the combinatorial assembly of [38gk i the original
publicatior) genetic circuits from a library of fully reusable p&tt3he design of synthetic circuits
greatly benefd from a combinatorial approach in the circuit assembly allowing, for instance, to
randomize the topotty of a circuit®. Thus, the MoClo system represeatprecious resource for
the circuit design in the synthetic biology fielth&dMoClo system providea series of vectors that
are equipped withlacZafragment (for blue/white selection) flankbg two pairs ofdifferent Type
[IS restriction sitegBpil and Bsal) for the generatio of predefined 4bp overhangs called fusion
sites (Figure 1.3) The DNA sequences of the fusion sites determine the order of the-paditi
assembly and, different resistance cassettes, together with the positioning of the two pairs of Typ
IIS restriction sites, define different hierarchically organized MoClo le¢@lsl, M and P§*26
Thus, by the addition of the appropriate Type IIS restriction site and compatible fusion sites, a giver
DNA fragment can be cloned into the MoClo vector system, generating a MoClo part.
Subsequently, the design characteristics of the MoClowadlor the assembly of several parts
encoded within a MoClo level, into a MoGlestinationvector belonging to a higher level.

Fusion sites
il sl e |
Bsal | Bpil Bpil | Bsal
| ¢ I,__l. | + |
SpcR

Figure 1.3 Level 0MoClo destination vector. The positioning of the two papof Type IIs restriction sites

(Bpil and Bsl) allows the generatiorof pre-defined 4bp overhangs (fusion siteks).level 0 vectors, Bpil
restriction sites are used for cloning a DNA fragment into the destination vector, while Bsal restriction sites
allow the combination of multiple level O paitgo level 1 destination vect®rThe lacZa fragment allows

the screening for successful cloning events, through blue/white colony selection.
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The entry vectors of the MoClo system are definedlea®l O (Figure 1.3) Upon PCR
amplification oligo anneahg, or gene synthesig genetic part can be easdpnedin one of16
differentlevel O vectors,via Golden Gate cloninggenerating devel O part.Up to 8 level O parts
can be then assembled in dayel 1 destinationvector, generating transcriptiamits (TUs) (Figure
1.4).

Level O parts

Promoter RBS CDS Terminator
» O—-E-Q
[ -7 I_ ] I _ L ]
Spc®

! | | Level 1 vector
R

One pot restriction digestion + ligation

S ———

37 °C 5 h incubation
50 °C 10 min incubation

80 °C 10 min incubation I_’ _. ._D_. .DO O_g_.

. . . . 2 . a _»
~ \ ! ’ ’
) . -~ & \ I} % ’ '
Transformation and plating * x‘ 2 Xy . s .
.OI]

37°C over night incubation AmpF~

¢=-=-==

@ | I Level 1 part (TU)

Bsal ®Bpil O Fusion site

Figure 1.4. Assembly of multiple level O parts into a level 1 destination vectddp to 8 levels O parts can

be assembled in kevel 1 destination vectoria Golden Gate cloning. The simultaneous digestion of the
genetic partsand of the destination vector, using the same Type lIs restriction enBsa#, generates
compatible fusion sites, determining the order of the mpaltt assembly. The digestion and ligation
reactions take place in the same tube at the same time lirr@aBtion The deactivation of the enzymes is
induced by two temperature shift ss¢p0° C and 80° C) lasting 10 min eadte selection for successful
cloning events is facilitated by the presence ofldbZafragment in the destination vector, thaeliminated
during the cloning procedurd different pair of Type lIs restrictiorsites(Bpil), presentin the destination
vector, allows in a further reaction, for the assembly of multiple level 1 parts into a level M destination
vector.
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There are twaes of level 1 destination vectorgeach one including vector$ that can be used
for cloning the TUs in forwardr in reverse orientatigrstarting fromthe same saif level 0 parts
Independently from the orientation, up to fxel 1 TUs can be threcloned intdevel M vectors,
and subsequentlyp to 6level M parts can be assembledadnevel P vectos. Finally, the system
allows for a continuous assembly of parts frdevel P to level M and vice versa allowing the
design of complex genetic pathws Figure 1.5. The possibility of continuousycling between
level M and levelP assembly was not available in the original MoClo system, in which the final
destination vectorfor the circuits assemblyevedefined adevel 2. However, a further revisn d
the system, by their own invers, introduced this possibilityusing a novel set oflestination
vectors [evel M and level P), together with a series of-soa | | e-tl i fMle@ds 0O . For
explanation of the enlinkers and their utilization focloning the constructs itevel M and P
vectors, we recommend consulting the original public&tion

i R Ml ) s I bl R

SpcR SpcR SpcR SpcR
N = = b
[. | | Level 1
AmpR AmpR AmpR

l,,_l"_o_Dll"_o_DI._l I,._F’ADLF*ADI.

= Promoter SpcR Spc®

] Levelm «:l,

a RBS :

»CDS '
T Terminator I_b—a—|:)l '_’—Q—DI r’_Q_{ >_]_,,,,, ",
O Fusion site Level P 4

B Bpil
Bsal KmR®

Figure 1.5 Hierarchal assembly of multiple genetic parts within the MoClo framework.Up to 8
fragments, fronalibrary of level O partscan be assentdd in transcription unitencoded in level 1 vectars
which in turn serve to generate level M genetic circlis.to six level M genetic circuits can be combined
in level P destination vectors, generating complex genetic pathways. The MoClo system fatlows
continuous cycling between level M and level P assembly.

With the availability of 16 levels O entry vectors and the albescribed features, the MoClo
represent an optimal choice to generate a library of genetic parts, that can then be usedt¢o gener
complex synthetic circuits in a fast and reliable whndeed, the on@ot assembly reaction is
performed within 5 hours and the different antibiotic resistances of the destination vectors in
combination with the blue/white selection guarantee a highirmg) efficiency (99% of white
colonies per reactidf). Moreover, the scaileft between the parts after the assembly (fusios)site
are relatively short (4bp), thus limiting the impact on the design of the genetistructs In
addition, some MoClo véaors are specifically designed to accommodate coding sequences, by
having the fusion sitBAATGO. This can match the canonical start codon of a gene, allowing, for
instance, the establishment of a precise nucleotide spacing between the start codonpsticbtre
RBS sequence. Finallyn casethe genetic parts need to be cured for eventual Type lIs restriction
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sites, this can be easily performed simultaneousigrnwcloning the parts level O vectors, as
described by Webest al.,?%.

Concluding, simpleibbrary generation and combinatorial assembly from reusable parts make the
MoClo a valuable tool for synthetic biology applicatitmdeed, to dateMoClo-based strategies are
used for the generation dibraries of genetic parts:?®2 Moreover, the MoClo ystem is being
furtherimplementedand optimizec?®3°. This will inevitably lead to a further increaséthe MoClo
capabilities and promote the sharing of Mo@lcoded standard parts. While synthetic synthesis of
the genetic constructs will probably repent the definitive solution for synthetic DNA circuit
design, at the moment the cost and the speed of this approach still limit its utilization. Hence, tc
date, all the characteristics described above, make the MoClo and derived methodologies one of tf
bestDNA manipulation stratagsfor the bottoraup design of synthetic circuits.

1.3 Reducing the crosgalk between the synthetic circuits and the host cell: chromosomal
integration

As mentioned in &ction 1.2,the generation of complex synthetic dits and metabolic
pathwayscan counton the utilization of several DNA assembly methods mainly based on Gibson
Assembly®, Ligase cycling reactiof and Golden Gate clonify However, even though these
systems allow for complex genetic circuit generdfiothe constructs are ultimately assembled on
expression vectorsThe use of such vectors as chassis for encoding the genetic circuits is
advantageous in terms of speed of circuit generation and manipulation, however, the presence
medium and higitopy plasmids in the bacterial host can generate unde¥irfddndeed, plasmid
maintenance as well as, high expression of heterologous genetic consanatause metabolic
burden to the celland therefore toxiceffects*36. Hence, lowering the copy nuar of the
constructs using low copy number plasmids, or via chromosomal integration is often a solution tc
reducethe impact ofthe heterologous circuitsn the hostcell. To this end, different methods for
integrating DNA from plasmids into tH& colichromosome have been develofEd.

The most widely wused integration me-médatddo!| o ¢
integration (Recombineerijff. Recombineering iEscherichia colirelies on short (50 base pairs)
homology regions, that areagto target any position in the genome, and on the expression of three
genes of t he b agam bet, and exd. algeeintegratidrR eradced(re involves the
electroporation of linear DNA molecules, usually in the form of PCR products, and thestapre
o f the genes of t he damgene praductp Gaang mreveats B e . T
nuclease, RecBCD, from degrading linear DNA fragments, allowing preservation of transformed
linear DNA in vivo. Thebet gene product, Beta, is an ssDNA bindipgptein that promotes
annealing of two complementary DNA molecules, and together witextigene product, Exq, 5 Nj
t o dsSDNA exonuclease) insert the linear DNA at the target locus, defined by the homology
region$®.

Even though the method allows foffielent gene knockouts, deletions, and point mutations, it
was not designed with the intent of generating and integrating large synthetic cifi@uits.
circumvent this limitation, different Recombineeribgsed strategies such as KIKO vectgrand a
two-plasmid syster? have been developed, allowing the integration of high molecular weight DNA
(up to 50kb) into theE. coli chromosome. However, these strategies often rely on-PCR
amplification and traditional restrictiodigest and ligationwhich limit the speed of circuit

9
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construction/integration and dwt allow for recycling of genetic parts. Recently an innovation was
developed by Schindlest. al., providing a series of MoCloompatible vectors that facilitate the
generation of large genetic construatsl their integration via lambda Rbdsed recombinatidh
However, all recombineerinlgased strategies still suffer from another limitation, which is the lack
of well-characterized orthogonal loci. For instance, it was shown that protein expression and
metabolite production ifE. coli may be influenced by the location of their integrations sites on the
genomé&* and even though five novel open reading frames were identified as suitable integration
loci for synthetic circuits irkE. coli, the integration eiiency and expression of genetic constructs

in these loci varied significantly,

An alternative way to perform chromosomal integration is represented by strategies based o
site-specific recombinatidi. Conditionaireplication, integration, and moduldCRIM)-based
plasmids carry different phage attachmeattR) sites and can be used to insert large DNA
fragments at bacterial phagétachmentdttB) sites. The sitspecific recombination is driven via
expression of phageerived integrationifit) gene acoded on a helper plasmid. The integration
procedure is very simple, requiring only the transformation of the bacterial strain with a CRIM
plasmid, the relative helper plasmid, and a temperature shift that induces thedehege
integrase. Since the Iper plasmid is also temperature sensitive for replication, the integration of
the CRIM and the cure of the helper plasmid are simultanéégsire 1.9. Moreover, CRIM
pl asmids possess the o conditional ;gaicgtiinn go f
protein (encoded byir) for replication. Hence, successful integration events can easily be selected
by transforming CRIM plasmids ipir- host in the presence of antibiotic selectfon

The describedccharacteristics make CRIM plasmids a fastl reliable strategy for chromosomal
integration inE. coli. However, even though the system was further impryed far CRIMbased
integration methods lacked standardization, limiting the speed of DNA assembly/integration and no
allowing for the resability of genetic parts. Moreover, tlat sites used for the chromosomal
integration has, so far, never been characterized in terms of orthibgarfiche genetic circuits
expression.

I ey =42°C =42°C £37°C
(be)y (M) Y ] T e

— 33 f = (3 ) )
) (b
Helper 2
7% o) ‘
é\ﬂ/a\ﬂ% ) % i ji_u;z ] é%
O / O 4 O g & J
Transformation Integrase induction Simultaneous integration Integrated construct
(temperature shift) and plasmids curing
| 1,5 hours | 30 minutes | over night |

Figure 1.6. Chromosomal integration framework using Conditionalreplication, integration, and
modular (CRIM) plasmids in E. coli. The coetransformation of a CRIMbased plasmid and the cognate
helper plasmid is followed by a temperature shift that induces the expressionimtetirase driving the
site-specific recombiation event at the specific phage attachment site. The proprieties of the system allow
for the integration and curing of the helper plasmid in the same incubation step and easy selection fo
recombinant clones after overnight incubation.
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1.4Extracytoplasmi ¢ function (ECF) G factors, as no

Synthetic circuit components interact with the host organism at differesis*’. Thiscan lead
to unexpectedbehavior of the synthetic circuir even loss of its functionaltyOne of the easons
for such crossnteractions between the heterologous circuit and the host cefleisisage of
transcriptional factor§TFs) as core building blocks of complex synthetic circuisr instance
commorly used transcriptional regulators, suchLasl*®, AraC*, and TetR® are borrowed from
natural regulatory systems and thparticularly prone to crossteract with the hostleadng
ultimately to contextlependences. Moreover, even thoumitterial TFsare wellcharacterized,
they are limited in numlvgthus, narrowing the possibility of designing complex synthetic circuits
that feature orthogonality Finally, commonly usedFs aregenerallyspecific for the different
bacterial species, thus limiting the functionality of a given synthetic circuit, plaeed in different
genetic backgrounds. The synthetic biology field would then highly benefit from the development
of a new class of orthogonal, universal, transcriptional regutatéfe this end, in recent years
orthogonal regulators were derived fraratural systems, including dC&$9small transcription
activating RNAS3, translational riboswitché as we | | as extracytopl s
factors.

The ECF O f has bemndentifiédda2by ¢ yr s ago as a ke st i
factars™. Initially, ECF0G f aweredaursd to regulate genes with extracytoplasmic functions in
response to extracytoplasmic signals, thus inspiring the name of the’>gr@Eigure 1.7A, B)
However, currently, there are members of the family that are kntovsense also inteellular
signals and control responses that primarily influence the cytopllasm

The distinct characteristief ECFsisthat hey ar e t he smal | e4attorsand
I ndeed, they only pos:aasdaékingdomand asl damaie 3] thatio ma

0% i ke factors recognize sequences present d
respectively’. T h u szandi& @ofmain$ are sufficient to recruit the RNA polymerase to highly
specific promb er s . | n p ais tespansidledar the ré&c@Rition of thE) element and

promoter melting, ~wh i | seecogriz€ thed5 elementgFigure 1.T).
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To date,we knowthat there are, on averageECFsper genom®, moreover ECFs have been
classified intd56 major and 32 minor phylogenetically distinct ECF subgroups, based on sequence
similarity’® 2, Sincethe majority of ECFs areegulated by positive feedba¢Rigure 1.7D) it is
possible to identify their target promotsgquenceby genetic context analyst® Ecf promoers
appear to be group specifibereforg the consensus promoter sequence of an ECF graligtiisct
from the oneof the othelECFgroups Moreover theecfpromoters are different from the promoters
recognized byi’® andsince bioinformatic approaches allow the identificatioEd® F  Gcogmated
promoters, the increa®f available annotated genomes will lead to an expansion of their number.
Finally, since the core RNA polymerase is strongly conseavmedng diffeent bacteria ECF (s
potentially functional in different bacterial species.

All the described features make ECFs exceptional candidates as novel orthogonal regulators fc
SynBio applications. Indeedn 2013, Rhodiusand collaboratorglemonstrated thaat least 20
het er ol ogous EEdiBpedificaflyactivattreis targehpromotens with minor cross
activation of native, omother ECF target promotet¥Figure 1.8). Mor eov ers,anEBCHR |
domains appear to be modular, being able to mzeghe-35 and thel10 elements independently.
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l ndeed, t he gcaonmibfiotn mvo different sigma féctey along with the respective
T35 and 1T10 promoter sequenc e sfactorawith newpmrainotér h e
specificity?*(Figure 1.8). This pioneeringstudy confirmed that heterologous ECFs, in combination
with their cognate promoters, are functional i coli and that theyexhibit orthogonal
characteristics. Howevem iorder to extensively use ECGF f act or $3aw td be prgcisatyo w
characterized, identifying their advantages and potential limitations when embedded in synthetic
circuits. Moreoverprior to thisstudy ECFs have only been used to dediftF~promotergenetic
switche$§3%4 or regulatory circuifs, feauring only one ECFwhile the possibility of combining

them in more complex synthetic circuitadmever been explored.
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Figure 1.8 Activity and orthogonality of ECF 0 f a éntEo aols Orthogonality matrix of 20 EGF
promoter pairs (Apnd 2 chimeric EClpromoter pairs (Bjestedin E. coli. The Figurewasadaptedrom®,
distributed under the terms of the Creative Commons Attribution@®@mmercial License CC BXC.

15Anti-0c f actors, as ECF G factors regulators

The ability to control the activity of transcriptialregulatorss a fundamental characteristic in
synthetic circuit engineerify I n natur e, ECF G f act osofsignale pr
trarsduction in bactertd, thus precise control of their activation state in respdo external signals
represenbne of theikey featuresECFl  f a lelongingsto group ECF41 and ECF42, are known
to possess a-@rminal exteson that seems to be furnmartal to regulate thetateof these ECF.
However, thisis arare mechanism for @ntrolling ECF activity. mdeed, in the majority of cases,
ECFs are encoded in an operon together with an-@&nti ( AS) > Andi-G factars are
transmembrane or cytosolproteins that bind and block the cognate ECfactor forming an
inactive complex. Upon the arrival of a stressful stimulus AS factor releases the ECF that can thel
activate target promoters expressing genes that are involved in the stress respoesebrime
anchored AS factors, the-fédrminus resides in the cytoplasm and containgfactor binding
domain, followed by a transmembrane domain (TM) and a periplasfteen@inus responsible for
sensing extracellular stimuli. Soluble AS factors show aifftgnt degree of sequence and
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structural similarity to membrar@nchored AS factors, at least in the domain that binds the cognate
U-facto’ nevertheless the mechanisms of their release is generally different. Currently, there are
four known mechanism® trelease an ECF fnothe bind with its cognate A% We can distinguish
between mechanissrthat belongto membraneanchored ASactorsand the aes that belong to
soluble ASfactors

For membrananchored ASfactors regulated proteolysis represents thestunderstood
mechanism of ECF releasing and it has been studied in great detail for two of the paradigmati
ECF/AS: (E-RseA fromE. coli, and"-RsiW of B. subtilis®®. In both cases, the accumulation of
misfolded proteins in the periplasm triggers the proteolytic cleavage of the extracellular domain of
the AS factor and its single transmembrane helix, releasing théASGfair into the cytoplasm.

The remainingsoluble portion of th&S factor isthendegraded by the ClpXP proted%€. Another
mechanism of ECF releasing from membranehored AS is given by proteprotein interaction
cascades. This smechanism in wich the paradigm is represented by Fecl/FecR like proteins, that
are usually involved in regulating iresiderophore uptak® In this casethe AS FecR keeps the
ECF inactive, while the activation of tf&CF is triggered by the binding of the substrate®(FRo

an outer membrane porin (FecA)he presence of the substrate is then signaled avipnotein
protein interaction cascade via Fe¢®t he i nt r ac el | tiugbeaingits éctivatiarcin o r
some cased-ecRlike proteinsarealsorequired br ECF activity, everthough the mechanism of
this positive role is not fully understo@d® The third mechanism of ECF releasing involves
conformational changes the AS factor The conformational changem the AS factorcan be
triggeredin responsedthe binding of cobalt and nickel ions to an extracellular sensor protein, as it
has been shown fdhe transmembrane AS factor CrifYHowever, conformational changase
mainly krown for beingthe main mechanism of ECFs release fewtuble AS factorsin response

to redox or oxidative stre§3’® The fourth known mechanism of EQ#€leaseappliesonly to
soluble ASfactorsand is represented by partssvitching based o factor mimicry”. In this
mechanism, a response regulator possesses a recenandd the @erminus that interacts with
cognate transmembrane histidine kindsecontrast, lte Nterminusof the response regulatbas a
sequencesimilarity to the regulated ECH factor. Under stressful conditions, theEansmembrane
sensor kinas@hosphorylates the response regulator, causing its conformational cliegeew
conformation allows the Xerminal domain to bind the soluble AS factor, #fere releasing the
cognate ECR’8,

Despite the described release mechanisms, AS factors mpoeseof the best options to control
ECF activity, making them a valuable tool to modulate the response oh&$&f genetic circuits
Indeed Rhodius and collaborators identified at leastab®-( factors that were able to repress the
activity of cogna¢  E CsFwithl minor crossreaction&(Figure 1.9. However, the variety of
stimuli that trigger ECF release from the ECF/AS complex poses a challenge in the development o
contextindependent AS factors. Moreover, it has been shown that AS factors cesssap inE.
coli, can lead to growth defeftsHence, these issues must be addressed in order to extensively use
AS factors and enhance the control of H&#sed synthetic circuits.
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Figure 1.9 Activity and orthogonality of anti-G factors in E. coli. The crossreactivity of 12 anii factors
onaset of 12 cognate EQlFfactors, assayed iik. coli. The Figurewas taken froff¥, distributed under the
terms of the Creative Commons Attribution NGommercial License CC BXC.

1.6 Aim of the project

The am of this projectresides inusingExt r acyt opl asmi ¢ f tomesign o n
novel, orthogonal, synthetic circuits EscherichiacoiECF G f actors are the
al t er n BreflyvECFsd 6 f f e r’factor® having just wo d o ma n o, ghat ané
enough to recruit the RNA polymerase to orthogonal target prorfiotérECFsare widespread
among different bacterial phyla, and they are identifiable together with the cognate promoters ant
antrd  f a asing bioinfomatic approach&% Thus, the increase of available annotated genomes
will lead to the expansion of their numb&.o r e o v e i a n & @éaing are modular, thus,
their combination from two differeni factors allowst he const r uc t-factos, thatf ¢
recognizespecific chimeric promotersthat d@s not exst in natur&®. This approach eventually
allowsfor increasinge CF specificity and orthogonalitfzinally, since the core RNA polymerase is
strongly conservedmong bacteriaECF U-based ciraits are potentially functional in different
bacterial speciesThus, br dl the abovementionedfeatures,ECF & f a mepresen®ptimal
candidates as core orthogonal regulator for the design of novel synthetic circuits.

I n order to etedas ftdndasi buildh@ Hocks in the synthetic biology field, in
this study we aim to characterize them in the context of synthetic circuit design, identifying their
features, advantages and potential limitatidresdo so, we first aim to establish @l throughput
experimental setup that allows for a precise quantitative characterization of the genetic circuits
Thus, weaim to establish an easy and reliable cloning framework that allowshé&modular
assembly of multiple, reusable, genetic padpWwing a bottorrup approach. With the purpose of
rationallydesign EClhased synthetic circuits, weswklEent t
and evaluate the i mpact o fE.®ICFe ECFswikclpes wilsatso o n
serve tocharacterize the dynamics of activation exff target promoters in our experimental
conditions. Next, we aim to generai®e first synthetic circuitharboring more than one ECF,
ver i fyi n deatudaroBuStrandareslictablequantitativebehaviour.Moreover, we aim to
explore the possibility of implementing aiiti f a c t o fbasedicircuit€E ToFdo so, weill

analyze the impact of their expression on cellular growth and isolate them from the variety of
15
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extracellular stimuli that trigger their aggition. Finally, we aim to combine ECFand dinti f act o
in order to design threshold gate circuits, that allow for a time turaiol fECF O f a c |
activationand, in turngdelayeddownstream protein expression

16



2. Establishment of a highly sensitive reporter system for syntétic
circuit evaluation



Establishment of a highly sensitive reporter system for synthetic circuit evaluation

This chager introducs the experimental settings that we extensively used in this work, Fe'st
introduce theE. colistrain that served asporter system. Nexive present luminescence reporter
as an alternative to the valy usedfluorescent reporterdpr the evaluation ofgenetic circuit
output. Finally, we introduce a novetomputational method for the correction of luminescence
bleedthrough and the estimation of the '&'uluminescence activityin microplatereader
experiments.

2.1E. colireporter strain SV01

In this project, we aim to explore the possibility of using ECFs factors as core regulators for
novel synthetic circuits. However, to date, ECF activity can balaiszg mainly through AS factors.
There are a variety aftimuli that trigger ECF release from ECF/AS complexes (as described in the
introductory Section 1.5 and most of them are related to stressful conditions. Thus, the inherent
complexity in reproducig the signa that triggefECFs activation poses a challenge in using AS
factors to control of ECF activity. We then reasoned that commonly used transcriptional regulators
(such as TetR, Lacl® and AraC® represent, to date, the best mechanism to coB€F {
expression imovelsynthetic circuits.

In designing synthetic circuithe synthetic biology fielduses extensivelythe abovementioned
well-characterized transcriptional regulatofhese reglators are part othe natural regulatory
system, thus, theare prone to contextependends. In oder to reduce the crogsteractiors
between these regulators and the host, the scientific community hiaeesd) a variety ok. coli
strains.In particular, due to the exogenous nature of TetR and CI parts, dne manyE. coli
strains that are suitable for harboring synthetic regulatory networks builttieseparts. However,
the choice is limited for the networks that use the Lacl and AraC parts, as they are endogénous to
coli®® For instance,te majoity of E. coli strains lead to an atir-none response by tteraBAD
promoter (BBap), in which cells both display full expression or only basal expression, whileajradu
induction cannot be achiev@dThis allor-none phenomenon occurs becathseexpresion of the
inducer transportefencoded byaraE) is also controlled by the inducer itsethrough a positive
feedback mechanist This, in combination with the stochastic expressiora@E prior to the
induction, determines the heterogeneous respons¢hefcell population especially at low
concentrations of the inducerdrabinos&. Moreover it has been shown, that the positive feedback
control, together withthe stochastic expression aefak, leads, at intermediate arabinose
concentrations, to a Higy variable time delayn the inductiorof the arabinose promoter, within the
cell populatiofi?. Finally, the majority of E. coli strains contain arabinoseetabolizing genes,
which results in a decreasethe effective concentration ofdrabinose as éhcells utilize it.

A solution to tkese problens is represented by thg. coli strain MKO1 generated by M.
Kogenaru and S. Taffs This strainis a derivative of BW27788 and it is suitable for gene
regulatory networks involving both the AraC and Lachseiption factorsindeed, i carries a
deletion for the arabinose metabolizing genes, and abolished hrenalhe response, with a copy
of the lowaffinity high-capacity transporte@AraE, under the control of an arabinesdependent
promoter.Moreove, the endogenoukacl copy isknocked out, thusllowing precise control of
genetic circuitscontainingthe Lacl regulatoras welf’. For the proprieties described aboveist
strain represented an optimal candidate as reporter strain for our synttoeiits,diowever, MKO1
carries a chloramphenicol cassette in kel locus, flanked bylLoxP sites.In order to allow
maximum flexibility for further applicationspresented in thisstudy we recombined the
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chloramphenicol cassetfeom MKO1, using theCre recombinas¥ (as decribed in Section 7.3)
and generaed the strainSVO01 (Table 2.1) This strain with all the appealing characteristics
described aboveepresent the reporter strain used in all the experiments that will follow.

Strain Genotype
F- & rph-1 DE(araDaraB)567Jacz4787(del)::rrnB3
S0l DE(rhaDrhaB)568, hsdR514 DE(ara#&taF)570(::FRT)
araEp-532(del)::FRT Phi P_cp8 araE53&cI(del)::Lox

Table 21 E. coli SVO1 strain genotype.The strain was generated byemoving the chloramphenicol
casztte from MKO1.

2.2 A luciferase reporter for a high sensitive circuit dynamic evaluation

Many applications irsyntheticbiology require a precise quantification of gene expression at a
high time resolution.High throughput methodologies such timeoure microplate reader
experimentarethenfundamentatools in the fieldsince theyallow for the simultaneous, reine
monitoring of growth and reporter gene activity of multiple bacterial cultures distributed over the
wells of a microplat®. Using tlese methoalogies it is possible to resolve minute differences in
gene e&pression dynamics ando measuresimultaneouslymany strains and experimental
conditions. For these reasons, ve@asonedhat microplate reader experimentspresenthe best
strategy ® analyze andharacterize thbehavior of novesynthetic circuits

In order to characterize synthetic circuitgnamicin microplate experiments is necessary to
usea sensitive reporter to monitor the output signal of the genetic circuits. Theerspased for
microplate experiments ranges from fluorescent proteins to luciferase enzymes, both of whict
present advantages and disadvantages. Fluorophores ahsogly from a light source at a certain
wavelength and emit light at a different wavelengierefore having the advantage of possessing
different spectral characteristics This allows, for instance, the combination of different
fluorophoresin a given strain to monitor the activity of different promoters or the expression of
different genes. Heever, one of the biggest disadvantage using fluorophores is given by the auto
fluorescence of bacterial céfté”and of certairrommonlyused media such LB medium. This can
lead toincreasedackground noise, therefore limiting the dynamic range. Biwlastence, on the
other hand, is produced by luciferamgzymesduring the oxidtion of the substrate lucifeffiand
presents the advantage of having virtually zero background signal in organisrharinoting
luciferase gené& This featuramakes lucifease an attractive reporter system that is widely used to
monitor gene expression dynanit®. To show the potential of the luciferase operon as reporter
system, we compared, in microplate experirgettie kinetic response of a strain harboring a
plasmidborre arabinoseénducible promoter fused witta gfp reporter gend®, or with the
luxCDABE operon fromPhotorhabdus luminescefis We assayed both strains in transparent
MOPS minimal mediaasdescribed irSection 71 and 7.1pfor 10 h, inducing the cultes at time
t=0 hour(h) with different arabinose concentratiaifsgure2.1).
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Figure 2.1. Comparison ofthe dynamical response of GFP activity and luciferase activityPsap-gfp (A)

and Rap-lux (B) constructslynamical responseare corparedafter theaddition of various concentrations of
arabinose at t=0 hThe reporter activities arshown in relative fluorescent units (A) and relative
luminescence units (B), normalized by the optical density measured at 6dhv@maximal fold induction

for each castruct is indicatedThe red dashed line represents the low detection limit of the plate reader for
fluorescent (A) and luminescent (B) signals. The results are averaged from at least two independer
biological assays and error bars denote standard ibegat

The resultshow for the umduced Bap-gfp construct (Figure 2.1A, black curve) background
activity ~2x10? Relative FluorescentUnits normalized by the optical density measured at 600 nm
(RFU/ODsog), which is close to the minimal sensitivity tife maching defined as three times the
standard deviation of the fluorescence signal registered in a well filled with media, divided by the
averaged ORyovalues registered in the same wetl0? RFU/ODsoo; Figure 2.1A, red dashédihe).

This can actu@y mask any signal below this threshold (e.g. in the case of the construct encoded on
low copy plasmids or chromosomaligtegrated).Moreover the empty vector control straialso
showed a signal~2x10* RFU/ODso0 (Figure 2.1A, purple curvejlue to the atofluorescence cE.

coli described aboveand thiscould actually mask thegkb promoter basaictivity. Indeed, the

same promotefusedwith the luciferasereportershoweda basal activity-10* Relative Luminesce

Units (RLU)/ODeoo (Figure 2.1B black cuve), while thenonluminescent control straidisplayed

values <100 RLU/ODeoo (Figure 2.1B purple curve)which are below the detection limitof the
machinei defined as three times the standard deviation of the luminescence signal registered in
well filled with media, divided by the averaged &&values registered in the same wehix10?
RLU/ODeoo; Figure 2.1Bred dashed tie). Therefore the use of thduciferase reporterevealed a

basal activity of the gp promoter in absence of inducer-50fold higher than the one registered
using the fluorescent reporter GFP, thiisreasng the resolutionMoreover Psap-lux showed a
higher dynamic range-1000xbetween theininducedand the fuly-induced straipnwhen compared

to Peap-gfp (~150x between theaininducedand the fuly-induced straip Finally, when comparing
gualitatively thetemporal response of the two refgws upon induction, we notidethat the
luciferase reporter sigmakeacted the maximum value prior than the GFP reporter, for each
inducer concentratior{Figure 2.1A, B) This is due to the slosv chromophore maturation times
when compared with luciferase enzysnehich folds cotranslationally and are enzymatically active
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upon folding®. Therefore, using thiiciferaseoperon it is possikel to increase resolutipdynamic
range and temporal responsé the circuit output’ properties that can be beneficial to evaluate
more complex synthetic circuitBor these reasons, we extensively addphe luciferasecassette
as a reporter system moonitor the output signal in our novel synthetic circuits.

2.3Deconvolution of luminescence crostlk in high -throughput experiments
The results of this secti@re publishedn Paper [(Mauri et al, 2019)

In the previoussection we showed that the Iwciferase cassette is an optimal candidateaas
reporter systeno evaluate complex synthetic circuitsowever the luminescent reportehsvethe
drawback represented by the constant light emission, that often leads to undesirelkcross
betweenneightoring wells on a microplaf® This is due to the fixed distance between the
microplate surface and the detector that allows the light emitted meighboringwells to be
detected as dalsepositive signal. Although manufacturersproduced black, lightabsorbing
microplates thatimit suchl umi nescemniteo uiggh ce,edwe found that
placed in a single well of the plate illuminated mtiran 50% the other empty wellBigure2.2A).

The bleeethrough can then significantly bias the asarement of luminescent signals, especially in

a scenario where positive and negative controls are placezighboringwells. To circumvent this
problem, many labs either fill their microplates only sparsely or discard reading wells clearly
affected byluminescence crogslk'®’ and thudosesignificant throughput in their analyses. In our
laboratory, in order to utilize extensively luminescent reporters, we developed a computational
method that corrects for luminescence ctoss| k and t o resetoi rhautcad ftelh e ¢
each well of a microplateThe method, developed by Dr. Marco Mauri, is inspired by
computational approaches in supesolution microscopy, in which the posspread function of the
microscope setup is used to infer the adeurpositions and intensities of lighmitting
molecule$®’. Similarly, the algorithm uses the measurements of a calibration plate (in which only a
single high Il uminescent st-sprpadsfpneseaohd t
reade setup. Subsequently, the algorithm uses a deconvolution strategy to estimate the most likel
configuration of true luminescence activities that can explain the observed light intensities in all
wells of the microplate.

2.3.1Deconvolution procedure

Conwlution is a mathematical operation on two functions to produce a third function that
expresses how the shape of one is modified by theléthBeconvolution on the opposite is an
algorithmbased process that reverses the effects of convolution on edcdathin the case of a
microplate reader experiment, the signal generated by multiple luminescent strains represents tf
convolved data recorded by the detector. In order to deconvolve these dastimatedthe
luminescence bleetthrough. To do soye analyzedasec al | ed fical i brati on |
single well (positioned in wellE5) of a black 96well was inoculated with a luminescent
Escherichia colistrain (GFC153). The other wells of the microplate instead, were inoculated with
cells of a nonluminescentE. coli strain SVO1. The luminescent strain (GFC0153) harbors a
plasmidborne, copy of thduxCDABE operon fromPhotorhabdusluminescen¥ fused to an
arabinosanducible promoter(Table 91). After two hours of incubatiorfreferred to ag€=0 h),
expression of thux operon was fully induced by adding arabinose at a final concentration of 0.2%
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and luminescence activity was monitored over time in a Tecan Infinite F200 PRO microplate reade
(Figure2.2B).
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Figure 2.2. Quantification of luminescence bleedhrough in the calibration microplate. (A) The
calibration plate was prepared with a single highly luminescent spot in the well E5. All data are baeckground
subtracted and averaged over three experimental replicates. The background wwed blgtaveraging the
signal of the wells indicated by the white crosses in the inset over the time before addition of arabinose
(induction time). The 3Eplot shows the observed luminescence signal at 270 minutes after the induction.
(B) Time evolution ofthe observed luminescence signal of the&. The red line represents the instrument
sensitivity value, defined as three times the standard deviation of the background value. (C) Luminescenc
bleedthrough factor of the two shells closest to E5, in blog green. Values were obtained dividing the
observed signal from a specific well by the signal recorded in E5. The dashed lines indicate the time rang
over which the bleethrough was averaged to obtain in (D) the bidedugh factor as a function of the
distance from E5 (green dots). Thadk solid line is the parametee prediction of the bleeithrough.This

figure was adapted with permissidrom Paper |(Mauri et al, 2019) Copyright 2019 American Chemical
Society.

This concentration of arabinosdlows full saturation of the arabinose promoter as shown in
Figure 2.1B. After induction, luminescence activity in the i&&llincreased about 10.086ld from
10? to 1¢ RLU. At the same time, we observed a significant increase of apparent luminescence
activities in a radius of three to four wells surroundifgy with the highest values of 4®RLU
reached in closest proximity to the ligltoducing strain (Figure 2.2A and B). This value is about
600-fold above the average background luminescence of dinduminescent strain1(8 + 0.6

RLU). We also defined an instrument sensitivitz 17 RLU given by three times the standard
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deviation of the background luminescence (black plate in Figure 2.2A and red dashed line in Figure
2.2B). Any signal blew the instrument sensitivity cannot be statistically distinguished from the
background valuelNext, we analyzedhe calibration plate, looking dhe correlation between the
luminescence bleetthrough and the magnitude of lighimission from wellE5. To this end, we
defined the bleethrough factoB in a given well (m,n) at timeas the ratio between the observed,
backgrounesubtracted luminescence intensit@# well (m,n) and in well (E5)

O nlit)

B (t) = m 1)

Here m = 1, 2.,e &ow &fi nndiec atiecy otpH at e and n
this we can then obtain, the entries of a bitedugh matrixB with values that can range between
the backgroundgubtracted luminescence intensity o5 signal (no bleedhrough) and 1 (full
bleedthrough). The experimental data plotted-igure2.2C show that as soon as the intensity in a
well exceeds the instrument sensitivity ©fFigure 2.2C dashed line), the bleg¢drough factor
becomes almost constant in time and only dependent odigtace from the emitting well. To
quantify this dependency, we tiraweragedhe bleeethrough factor and plotted it as a function of
the distance from the emitting weligure 2.2D). As roted before, we can observe @0@-fold
initial decrease of theme-averaged bleethrough factor in the wells immediately neighbouring the
emitting well, followed by a slower decliriestill exceeding machine sensitivity up to four wells
away from the emitter. The relationship between the Hieexigh and the distaacfrom the
emitting well can be elucidated with a mathematical model that depends only from the height of the
detector and the distance between the centemseighbouring wells The mathematical model
allows for a parametefree prediction ofthe bleeethrough factor and agrees well with the
experimental data (bladke in Figure2.2D).

Given that luminescence bledtrough can be described by a simple, distateqgndent factor,
Dr. Marco Mauri developed an algorithm that was able to estimate-thisayh factors on a more
complex plate, with many different luminescent wells of different intensities. The algdoghm
estimatingt he Al i ght spread functiond from the <ca
strain is present) generates a decaomvoh matrix Dres). The algorithm then uses the matDxest
to correct the bleethrough of any other measurement obtained under the same technical
conditions.

2.3.2Experimental evaluation of thebleedthrough correction algorithm

To evaluate the ralstness of the algorithm we first corrected the bleed through of the calibration
plate, in which all wells except for E5 do not emit luminescekogufe 2.3). After applying the
deconvolution strategy, the luminescence bigwdugh visible in the raw dat(Figure 2.3A, B)
was removedKigure ,D) , revealing the Atrued experi mer
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Figure 2.3. Deconvolution of luminescence signals in the calibration microplatd.uminescence values
on the calibration plate 270 minutes after the inductio&.afoli strain GFCQ53 (in well E5) with 0.2%
arabinose (AC) and its time evolution in the wells of row E,(B) for raw signalA, B) andafter applying
the deconvolution algorithr(C, D). This figure was adapted with permissisom Paper | (Mauri et al,
2019) Copyright 2019 American Chemical Society.

To test if the algorithm was able to remove bldadugh signals and at the same time

preserving true luminescence signals close to the background, we designed a microplate experime
with the confguratio illustrated in Figur@ 4.
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Figure 2.4. Deconvolution of luminescence signals in the test microplateuminescence values on the
test plate 270 minutes after the inductiorEotoli strainGFC0153with varying concentrations of arabinose
(in wells A5H5: 0%, 16°%, 10°%, 2x10°%, 5x10°%, 10%%, 10%%, 2x10'%:; in wells A#H7: 2x10'%, 10
306, 10%%0, 5x10°%, 2x10°%, 10%%, 10%%, 0%; in wells B6 and G6: 0%) (A, B). The time evolution of
luminescence values is shown in the wells of row B (B, D) for signal (A, B), after applying the
deconvolution algorithm (D). This figure was adapted with permissivom Paper I(Mauri et al, 2019)
Copyright 2019 American Chemical Society.

This arrangement simulates a typical experimental condition were t® ([B6 and G6) were
filled with weakly luminescent cultures resulting from the basal activity of a plasarite,
arabinosanducible promoter (gxp) fused with the laiferasereporter. Strong luminescent signals
(obtained with the full induction of therabinose promoter) were placed in the immediate
neighborhood (wells A5 and A7ZH7). In this way, the signals of the weakly luminescent strains
were completely masked by ble#dough from the strorg luminescent strains (Figur24A).
Moreover comparirg the luminescence of the second raw of the plateBB2; Figure 2.4B) it is
evident that the raw signal of the weakly luminescent strain (B6) is almost identical to the raw
signal of anonluminescenstrain (B8). Applying the deconvolution algorithm, shof the spurious
signals were removed and ldevel luminescence in wells B6 and G6 could be clearly
discriminated from thenonluminescentwells (Figure24C, D and Figure 2.5A Moreover,
performing an independent measurement of the weak signals iabtleace of bleethrough
(Figure2.5B), we obtained a signal that was &irigly identical (within the error tolerances), to the
one recovered in psence of bleethrough (Figure25C). This clearly shows that the
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deconvolution procedure faithfully remes spurious bleethrough signals while preserving true
luminescence signals close to background values.
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Figure 25. Comparison between deconvolution results and independent measurementhe
luminescence values of wells B6 and G6 of the deconvolvedlast (A) as compared to independent
measurements in the absence of bigedugh, for whiclE. colistrain GFCQ53in wells B6 and G6 was not
induced with arabinose (B). Black and red lines in (C) represent the independently measured and th
deconvolved ignal, respectivelyThis figure was reprinted with permissidrom Paper | (Mauri et al,

2019) Copyright 2019 American Chemical Society.

In order to evaluate the robustness of the algortithenthen analyed different experimental
setups. Firstwe evalated if the correction algorithm was affected by a lower luminescence value
in the calibration plate. To this end, we used a modified calibration plate wdtl Gveaker

luminescence signal than Figure2.3 (Figure 2.6A) and corected the raw datshowedin Figure
24A.
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Figure 2.6. Quantification of luminescence bleedhrough in the black calibration microplate for a
calibration plate with low luminescence intensity.(A) The black calibration plate was prepaneih a
single mildly luminescent spoih the well E5. All data are backgrousdbtracted andveraged over two
experimental replicates. The background was obtained by averaging theoitiralvells indicated by the
white crosses in the inset over the time before the addition of aralfindsetion time). The 3fplot shows
the observed luminescence signal at 270 minutes after the induction witi%2xd@binose. (B) Time
evolution of the observed luminescence signal of Ba@w. The red line represents the instrument
sensitivity value, défied as three times the standdeliation of the background value. (C) Luminescence
bleedthrough factor of the twshellsclosestto E5, in blue and green. Values were obtained dividing the
observed signal from a specific well by signal recorded in%E The dashed lines indicate the time range
over which the bleethroughwas averaged to obtain in (D) the blagbtbugh factor as a function of the
distance from E5 (green dots). The black solid line is the parafneg¢gprediction of the bleeithrough.This
figure was reprinted with permissiérom Paper |(Mauri et al, 2019) Copyright 2019 American Chemical
Society.

The results show almost identical values to the deconvolution obtained with thealorig
calibration plate (Figur@.7A, B, C). If we conpare the bleethrough factors of the two calibration
plates (strong and weak luminescence intensities) we can notice that they appear to be equal with
error tolerances in a radius of 3 wells arouhd lightemitting well (Figure2.7D). Beyond this
distance the bleeethrough factors in the calibration plate with weak luminescengeakiare
slightly overestimatethecause the signal intensity drops below backgrdewels. Thus, although
the most accurate estimate for the deconvolution kernel is obtaitledhe strongest possible
luminescence signal on the calibration plate, the deconvolution approach is robust with respect t
(limited) variations in the maximal signal intensity on the calibration plate.
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Figure 2.7. Deconvolution procedure using acalibration plate with low luminescence intensity.(A)
Deconvolution of luminescence signals in the test microplate by using the calibration plate with low
luminescence intensity. Luminescence values on the test plate 270 minutes after the indu€tiodi of

strain GFC0153 with varying concentrations of arabinose (in wdl$5: 0%, 16%, 10%%, 2x10°%,
5x10%%, 10%%, 10%%, 2x10'%:; in wells AZH7: 2x10%%, 10%%, 10%%, 5x10°%, 2x10°%, 10%%, 10%%,

0%; in wells B6 and G6: 0%(B) The time evolutio of luminescence values is shown in the wells of row B
afterapplyingthe deconvolution algorithn{C) the luminescence values of wells B6 (top) and G6 (bottom)

of the deconvolved test plate as compared to independent measurements in the absencerobipfeddt

which E. coli strain GFC0153 in wells B6 and G6 was not induced with arabinose, as described in the main
text. Black and red lines represent the independently measured and the deconvolved signal, respectively. (|
Comparison between ble¢idrough factor generated from the strongly induced luminescent strain (induced
with 0.2% arabinoge from Figure 2.2 and the weakly induced luminescent strain (induced @&h0°%
arabinosg from Figure2.6 as a function of the distance from E5 as blue diateomd green points,
respectively.This figure was adapted with permissitsom Paper | (Mauri et al, 2019) Copyright 2019
American Chemical Society.

Next, we analyad how wells with different optical density influence blktkerbugh over the
plate. To doso, we designed a calibration plate were on one half (columns 1 to 5) was filled with
the nonluminescencé&. colistrain SV01 and the and on the other half (colsi® to 12) with water
(Figure2.8A, B). The results show that the ble#tslough factors araot influenced by the D of
surrounding wells (Figur2.8C), indicating that the optical properties within individual wells do not
critically affectbleedthrough.
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Figure 2.8. Optical density influence on the luminescence bledtirough. (A) Arrangementof the
calibration plate: left half (columns 1 to 5) was filled with ti@luminescent. colistrain SV01 and right

half (columns 6 to 12) with water. Water and bacterial strain SV01 have twa ofdaagnitude difference

in the measured Q& (10* and 102, respectively), as shown from the @Pmeasured along row E of the
plate (B). (C) Bleedhrough factors of water (blue diamonds), SV01 (magenta diamonds) and from the
original calibration plate ifrigure2.2D (green diamonds)This figure was repnted with permissiorfirom

Paper I(Mauri et al, 2019) Copyright 2019 American Chemical Society.

To further assess the robustness of the algorithmestedhow differentlevels of luminescence
bleedthrough would affect the results of the deconvolupoocessTo this endwe designed a test
plate (Figure2.9), in whichlow, medium and strong luminescence signals (in columns 2, 7 and 12)
were positioned adjacetd identicalgradients of luminescence intensit{@scolumns 1, 6 and 11).
Luminescence rgdients were obtaed by inducing a chromosomaliytegrated Bap-luxCDABE
reporter construdfstrain GF©214), while the low, medium and strong luminescence signals were
obtained bynonluminescent. coli strain andE. coli strain GFC0153 induced wittmedium and
high arabinosdevels respedtvely. 170 minutes after induction with arabinose the raw data for the
luminescence gradients are biased by the Hieexdigh strengths of the @hluminescent strains
(Figure 2.9A). This can be appreciated plottimpseresponse curves of the (ralminescence
gradients (Figur@.9C), that show a 10€bld increase of the apparent basal promoter activity at 0%
arabinosaanging from 5 RLU at low bleethrough (column 1) to 500 RLU at high blettatough
(column 11).Strikingly, after deconvolutianthe doseesponse curves at different bletdough
strength collapse on the curwéth low bleedthrough (Figure2.9D). Furthermore, all wells loaded
with media and thenonluminescentstrain (Figure2.9B) are also correed for the apparent
luminescence that appedra the raw data (Figurg.9A). This demonstrates that independently of
the strength of the luminescence bkebugh that affects the plate, our algorithm is able to
recover the real signals within error acacy.
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Figure 2.9. Effect of different bleedthrough strengths on deconvolution.Luminescence values on the
plate 170 minutes after the induction Bf coli strain GF©®214 (columns 1, 6 and 11), and obn
luminescenk. colistrain SV01 (columns 2, 5 dri0) with varying concentrations of arabinose (in rows 1
10%%, 8x10°%, 4x10°%, 2.5x10°%, 1.6x10%, 1.3x10°%, 10%%, 0%). Luciferase expression E coli

strain GFC0153 (columns 7 and 12) was induced with 2%¢l@nd 0.2% arabinose. Raw and alamlved
luminescence intensities in (A) and (B), respectively, were obtained from three independent biological
replicates. (C) Theamnparison of luminescence intensities in column 1 (red dots), 6 (green dots) and 11
(blue dots) at 170 minutes after indoat with arabinose. (D) After deconvolution of the luminescence
signals from (C), the three desesponse curves collapse on each otbata points and error bars represent
mean and standard deviations from three experimental replidhissfigure was eprinted with permission

from Paper [(Mauri et al, 2019) Copyright 2019 American Chemical Society.

To ultimately test the deconvolution algorithm we designed a testvphesieshighly luminescent
strains of different intensities were arranged to yibleet | et t er s faf Btkadsparent t h
plate (Figure2.10A). This kind of plate does not protect against luminescence-tieedgh at all,
indeed a single highly luminescent strain illuminates theolehmicroplate (Figur.10C, D) with
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highest viues of 18 RLU reached in the closest wells to fight-producing strain. Figur@.10B
illustrates the raw data of the test plate were bteealigh (in grey) masked real signals (green and

blue | ines representing L OtewmdosefitdJthe backgeosnp e c
value. However, after generatiray new correction plate (Figur2.10C) and applying the
deconvolution algorithm described above, we

l etters xi@ RXO81Q RLUSand X10° RLU respedtvely) on the plateand reduce
spurious bleedhrough signals, as shown in Figu2elOF.
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Figure 2.10. Deconvolution of luminescence signals ia transparent microplate. Luminescence values at

137 minutes and time evolution of thalibration plate, raw test plate and deconvolved test plate in (A, B),
(C, D) and (E, F), respectively. In the test plate arranged luminesceht coli strain GFC0153 to compose
the word ALUXO0. All wells i“Makbdineel, ettheseiia whrre:
2x10% ar abi nose and t % srabindsen PafeX (B) shows the tifne &volution of
luminescence in row E in the calibration plate. Panels (D) and (F) show the time evolution of the wells in (C)
and (E), respdci vel y, that contribute to fALO (green), i
(grey). Data points and error bars represent mean and standard deviations from three experimental replicat:
This figure was adapted with permissimom Paper | (Mauri et al, 2019) Copyright 2019 American
Chemical Society.

Overall, the results of all experiments showed the precision and reliability of ourtbteedh
correction algorithm. Indeed, we were able to correct the data obtained from differentexypelri
setugs involving high and low luminescent strains, placed in close proximity in the well of a
microplate. In all cases, we were able to recover the otherwise maskedueéatasesignal,
within error tolerance.

2.4Summary

In this chapter, we inbduced theE. coli strain SV01, as reporter strain to characterize novel
synthetic circuits.This strain haghe endogenoukacl copy knocked out, to allow for networks
containing Lacl. Moreover, allows for a graded, arabinegependent induction ofsiRo promoter.
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These modifications make SVO01 a perfect candidate for the utilization of circuits encoding classical
transcriptionalregulators, like the lactose operon regulator (#cand the arabinose operon
regulator (Ara@), in addition to the tetracjine operon regulator (Te®®, due to its exogenous
nature. In thistudy the use of such regulators is fundamental, due to the complexity of the natural
mechanismathat control ECHKI factor activation.

High throughput methodologies such plate reader experiments, repagseptimal choice to
characterize multiple synthetic circuits at the same timea single experiment. In order to
extensively use microplate experiments for ttearacterization of our synthetic circuits, we
introduced a luciferase reporter to measure the circuit output. We showed that this reporte
increases both resolutigntime response and dynamic range of the circuit output, when compared
with the widely usd GFP fluorophoréFigure 2.). However, in microplate experiments, ftivate
distance between photodetector and microplate leads to the false positive detection of luminescen:
activities from neighboring wells on the microplate. As demonstratedection 2.3 the
luminescence bleethhrough clearly biases results and therefore limits the otherwise exquisite
signatto-background ratio of luminescence reporters. Hence, we developed a deconvolution
method to estimate the true luminescence intensities imedls of a fully filled microplate. Since
our method successfully applied to luminescence data obtained from several different experiments
setups, weapplied our correctionalgorithm to all the microplate reader experiments, performed
with strains harbang a luciferase reportgpresented in this study

32



3. ECF toolbox: a modular framework for fast ECF (-based circuit
generation from a library of genetic parts



ECF tool box: a mo dul abhased circaingensratiork froi a library af genetidcp@®1 O

This chapter illustrates the generation of an ECF toolbox, that repraseamsework for the fast
modul ar a s s e-balsdd,ysynthdtic ckcGits. Thie toolhdoased on théMoClo system,
contains novel MoClo compatible vectors, that we designed for the expression and the
chromosomal integration of the genetic circuit&ircoli. Moreover, it contains a library of genetic

parts, encoded in the MoClo standard, thatpnexiselycharacterizedn order togenerateE C F- U
based synthetic circuits.

3.1A novel MoClo expressionvector: pSVM-mc

In Section 1.2.1we introduced the BClo framework*?asone of theinestDNA manipulation
strategies for the bottomp design of synthetic circuitsthe system, based on Golden gate
assembl§#, includes a series of vectors organized in levels-§0 and P), for the assembly of the
genetc parts in circuits with increasing complexity. Thus, a library of level 0 part, can be combined
into a level 1 destination vector, generating a transcription unit (TU). Multiple TUs can then be
assembled into level M and subsequently, from level M td IB\generating more complex genetic
pathways(Figure 1.5) However, since the MoClo was mainly designed to simplify the fpalti
assembly, the majority of MoClo vectors possess a high copy nwrgar of replication (pMB1
or ColE1 ori). This allows fohigh plasmid yield during the cloning process but can leaeltalar
stresswhen the plasmid is used as reporter vectatedd the maintenance of such a high copy
number plasmid can generate metabolic burden to th€3céllowever, the MoClo toolboglso
provides a level Riestinationvector (pICH82094) thateaturesa high copy number origin of
replication (ColE1) before cloning and a medium origin of replication (p15A) after cldfiing
Hence, his plasmidrepresentsa suitablemedium copyreporter ector, however, existing only in
level P, it limits the speed of circuit generation when starting from level 1 jhadfed, due to the
characteristics of the system, level 1 parts havetbrbsie cloned into a level M destination vegtor
to thenbe subcloned in a level P vector

In order b address this problerwe created a variant of thimedium copy vectorpossessing
level M fusion sites. To do seve used Gibson assembly, P@Riplifying the plasmid backbone
from pICH82094, including the kanamyaiesistance cassette and the medium copy number origin
of replication. We then amplified the multicloning site of pICH82094, using primers that provide
the homology region necessary for the Gibson assembly and at the same time allowed the exchan
of the MdClo fusion sites from level P to level M. Finally we fused the two PCR products,
generated the new MoClo reporter plasmid pSkigl possessing two origins of replication and
level M compatibility(Figure 3.1andSection 7.4.
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lacZa
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~5000bp
KMR

pl5a ori

Figure 3.1. Blueprint of MoClo compatible reporter vector pSVM-mc. The vector possess a double
origin of replication (ColE1 and p15a) and a kanamycin resistance cassett®. (BiMing the cloning
procedure, thaise of the Type lIs restriction enzyme Bpil allows the generatiolevel M compatible
fusion sites (TGCE@3GGA) andsimultaneougexcision ofa DNA fragment containinga ¢ Zatbthe high
copy number origin of replication ColE1. Like the original MoClo level M and P destination vectors,-pSVM
mc must be used in combinationtivthe appropriate edihker, (seeSection 1.2.1}hat will add a second
Bsal site for further cloningf the partsin level Rcompatible destination vectorgsee main textor
compatibility with level P vectojs

The majority of the complex synthetizauits, analyzed in thistudy, are assembled, on average,
by a combination of 5 level 1 TUs. Thus, encoding dkeeticcircuits into the original level P
medium copy vector would have required, for easeembly an extraintermediatecloning step
using level M destination vectors. Hence, the novel pS¥id vector offers the fastest way for
assembling MoClo encoded level 1 parts onto a medium copy expression plasmid. However, sinc
this vector possess the same resistance cassette of level P vectorsy¢kgnangenetic circuit
encoded on pSVMnc does not allow, in principleycling between level M and level P. The usage
of the same resistance cassette, in pSWtand level P vectors, is due to the fact that during the
vector construction we were not abto implement the original level M resistance cassette
(spectinomycin), in combination with the merdi origin of replication p15AThis is probably due
to the promoter characteristics of the spectinomycin cassette, that did not allow the propel
expressionof the antibiotic gene when the construct was encoded on a lower copy plasmid.
However, this represents a minor limitation, mainly because the genetic constructs encoded o
pSVM-mc represent the finalized version of a circuit that, usually, do not rdquiner expansion.
Moreover, we further developed a new class of level M and P MoClo compatible vectors (presente
in the following section) possessing additional resistance cassettes. Even though these vectors &
meant to be used for the chromosomatgnation of MoClo compatible genetic constructs, they can
also be used as classic MoClo cloning vectors.
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3.2Expanding the MoClo: CRIMoClo vectors

The results of this section arnecluded in Paper Il (under review in Jawmal of Biological
Engineering)

As illustratedin the introductorySection 1.2, the MoClo system represesrd valuable tool for
synthetic biology, allowing for simple library propagation and combinatorial assembly from
reusable parté. However, even though the system allows for compleetie circuit generation, to
date all circuits are assembled on low and radpy plasmidsEncoding the genetic constructs on
multi-copy plasmidspresers certain advantageqe.g. amplification of the output signal of a
synthetic circuitor increasing tie productionyield of a recombinat proteir), however,it mayalso
leadto overproduction of proteins. This gan turn,generateadverse effects on growth and stress
responses that are not present at |degls of expressioli*. To circumvent these ssiesa general
strategy consists in lowering the copy number of the genetic constructs via chromosomal
integration.As introduced inSection 1.3, currently there ardifferent strategiesfor integrating
DNA from plasmids into theE. coli chromosome mainly based onrecombineeringbased
strategie¥*842 and bacteriophage integra¥¥. However, these methodologies are normally
limited in terms of speed and modularity of the cirgai$ssembly. Thust would be desirable, to
have a system that combinthe advantages of the combinatorial assembly, with dyhafficient
chromosomal integration strategWhile a lambda Reébased recombinatioframework that
facilitated thegeneration and thentegration of multpart geneticconstrucs, was provided by
Schindler et. al®*°, a similar system has never been developed for strategies that oel
bacteriophage integrases.

The principal system that utilizes bacteriophage integrases for the chromosomal integration is
based omi Gnditionatreplication, integrei o n and modul &rwhich(fe@tRésM)
were described in detail iBection 1.3 Briefly, these plasmids allow for theserion of large DNA
fragments atlifferentbacterial phagettachment 4ttB) sites The integration is due tsite-specifc
recombinatiorand itis driven via expression gthagederived integraseir{t) encoded on a helper
plasmid Thanks to the proprieties of the system itmtegration of the CRIM and the cure of the
helper plasmid occur simultaneousioreover, sincéCRIM plasmids can only replicate ahost
carrying thepir gene, the integrant clonesn beeasilyselectedby transforming gir~ host with
CRIM plasmids under antibiotic selectidh (Figure 1.6) These characteristics make CRIM
plasmids a fast and reliabbtrategy fotE. coli chromosomal integration, howevexs introduced
above CRIM-based methods lackstandardization, thus limiting the speed of DNA
assembly/integration. Moreover, the phage attachifagt)tsites have never been characterized in
terms ofgene expression orthogonalityience, in order to increase the speed of circuit generation
and integration, allowing at the same time the recycling of the genetic parts, we decided to combin:
the most valuable CRIM features with the modularity of the Mo§jstem. By doing so, we
created a set of 32 novels CRIMoClo plasmids that facilitate the generation and the integration o
synthetic circuits, built from reusable MoClo genetic parts. Further, we compared the expressior
levels of various reporter constrts, whenintegrated, using CRIMoClo plasmidsio 4 different
phage attachment sites, thus assaying the suitability of étiestes for the orthogonal expression
of synthetic circuits.
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3.2.1CRIMo Clo features

As illustrated previously, the MoClo ggsn provides a series of vectors that are organized in
different levels (0. 1, M and P)defined by a specific resistance cassette and different 4bp
overhangsSincein the MoClo systenthe basic DNA parts and thenscriptionunits are encoded
in level 0 and level 1 vectofé?® we generated CRIMoClo plasmids possessingl M
(PAGM8031) andevel P (pICH75322)fusion sites Thus, like in the original MoClo framework,
up to six level 1 TUs can be cloned in CRIMoClo level M destination vectors, as virelMaxClo
level M destination vectors. Subsequently, up to six level M parts (encoded on MoClo or
CRIMoClo plasmids) can be assembled to level P destination vectors of both systems. Thus, sinc
both CRIMoClo M and CRIMoClo P plasmids can also be integiatedhe genome d&. coli, the
system allows for a seamless transition between MoClo destination vectors, MoClo compatible
expression vectors and chromosomal integration (Figure 3.2).

High/medium copy Chromosomal
plasmids Level 0 integration

Levlel 1 :g%‘

PR

L35

Level P CRIMoClo P

Figure 3.2 Joint use of CRIMoClo plasmids (level M and P) with otkr vectors in the MoClo system.

Any transcription unit generated in Level 1 can be cloned into high/medium copy number MoClo plasmids
or be chromosomally integrated using CRIMoClo plasmids. The design of CRIMoClo plasmids allows for a
seamless transitiorebveen the two systems.

Within thelevel M and P cloning sitesf CRIMoClo plasmidswe maintained théacZ gene
from E. coli, for blue/white selection and added a high copy number origin of replication (ColE1)
derived from MoClo vector pICH828® CRIModo plasmids also possessh e 2 condi t i
of replication of R6K which requires th&rans-acting” protein (encoded byir) for replication,
allowing them to replicate at a medium (15 per cell) plasmid copy numiparig. colihosts, but
not in normal (norpir) hostd®. This setup with dual origins of replication allows propagation of
the CRIMoClo vectors at high copy number before cloning a construct (relying on ColE1), and their
conversion into suicide vectors after cloning (relying R6K), which in turn allow efficient
chromosomal integration in ngur hosts (see belowMoreover, in our desigrthe MoClo cloning
module is flanked by bacteriatghB) and gUl)aegneinaters tq insulate the insert from
transcriptional reathrough Last, each CRIMoClo vector exists in four variants that differ in the
selecthle resistance markersallowing high flexibility while maintaining the capability of
switching betweerevel M andlevel P. CRIM plasmids can be integrated efficiently in different
phage attachment sites into the chromosont ebliand other bacterf& To maintain this feature,
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CRIMoClo plasmids possess four phage attachment sitesobo, attr21, att.so, atts) that showed
the highest integration efficiency beféi@igure3.3A). A detailed description of the strategies used
for the generation of CRIM plasmids is availablé&eattion 75.

MoClo MCS (level M) Resistance cassettes

rgnB Wk

Dralll Dralll

— FRT CmR
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Figure 3.3. CRIMoClo vectors and chromosomal integration.(A) Blueprint of CRIMoClo plasmids.

Each plasmid has a MoGtmmpatible cloning cassette (purple box), flanked by two terminaRe8 and

tL3 depicted in grey) and followed by a selectable resistance marker (orange arrawsynditional
replication origin(grey box), both enclosed between two FRT sites (grey arrows). All CRIMoClo plasmids
have one of four different phage attachment sites (green boxes) for the integration into the chromosome b
site-specific recombination. (Blocations of chromosomalttB sites into the annotated genomeEofcoli
BW25113 (left) and sitspecific recombination of CRIMoClbased plasmid into the @tz (right).

The chromosomal integration into one of #itB sites follows the same strategy of CRIM plasmids
(Figure 3.3B), where a nopir E. coli strain carrying a CRIM helper plasmid (expressing the
integrasespecific to the respectivattB site on the chromosorf is transformed with the
CRIMoClo-based plasmid. Alternatively, CRIMoClo and helper plasmids can be efficiemtly
transformed (seeSection 3.2.3 using the trarfermation and storage solutio(TSS)
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methodology®®. Independent of the preferred strategy, expression of the integrasemgded in

the helper plasmids induced at elevated temperatures during thestoamation procedurea$
described inSection 7.9, and since the helper plasmids are also temperséunrgtive for
replication, integration and curing of the helper plasmid occur in the same incubation step. Single
integration events can be then screebg colony PCR with four primers (FA2-P3P4; see Table

3.1) that allow the distinction between single, multiple, and no integration ef{entdescribed
previously®). Like the original CRIM plasmids, CRIMoClo plasmids can also be excised efficiently
from the chromosome by another round of helper plasmid transformation and excisKisase (
expressiofr.

attB site PCR fragment size (bp)

P1-P2 [ P2P3[ P3P4 | P1P4

HKO022 499 583 824 740

P21 767 881 620 506

w80 | 611 797 732 546

> 787 712 666 741

Table 3.1. The predicted size of PCR fragments forattB sites,using primers P1P2-P3-P4. Successful
integration events at eaektB site are revealed by two fragments generated by2Pand P34 (highlighted

in green). Recombinants with two (or more) CRIMoClasmids at thettB site show in addition,a third
fragment generateby P2P3. False positivi(nonrintegrants) are revealed by the PCR product generated by
P1 to P4 (highlighted in red).

Based on this design we created a combinatorial set of 32 CR®Maa@smids featuring all
permutations of four phage attachment sit$o22, attr21, atteso, atte), four resistance cassettes
(chloramphenicol, kanamycin, spectinomycin, gentamicin) and compatibility with two MoClo
levels (M and P). In theory, this nw allows efficient assembly and chromosomal integration of
synthetic genetic circuits in only four days, starting friewel 1 transcription units. Moreover, the
availability of each plasmidvith one of four resistance cassettes should allow, in principle,
sequential integration in differeratt sites without the necessity of recombining the resistance
cassde after each integration step.

3.2.2Insulation and robustness of gene expression attB sites

To demonstrate the versatility of CRIMoClo plasmids synthetic biology applications, we
evaluated the modularity of chrosmmal integration into the fouattB sites. To this end, we
compared the expression of the same reporter constructs integrated into eachit&fgites. The
position of the integation sites 4ttB) in the chromosome d@&. coliBW25113 (the closest parental
strain of ourreporter strain SVOlith an annotated genome) shown in Figure 3B. Since
essential chromosomal genes lie between the different integration sites and s@B&VEICIo
plasmids are integrated into the same relative orientation, recombination among them does not le:
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to genome instability, as previously descritfeth order to evaluate the gene expression of the four
attB sites we usedthe Rsap-lux reporter costruct illustrated in the previous sectiong/e
therefore sub-cloned thistranscription unitencoded on MoCléevel 1 vector,in all 16 CRIMoClo

M plasmids (all combinations of four differeatt sites and four selection markers) simultaneously
in 1 day After construct verification and plasmid isolation (d3ywe integrated them in the four
different phage attachment sit@dtikoz2, attrzy, atteso, atte) of E. colistrain SVO1 (day 3). On day 4
we tested the clones with colony PCR and strikingly, Isimgtegration events showed a success
rate of 97% for alhtt sitesand selection markers.

The expression of the luciferase cassette was benchmarked by growing strains in defines
minimal media and assaying luciferase activity continuously for 8 h agealdition of the inducer
(Figure 3.4\). We found that in alloci the luciferase signal was not detectable in the absence of the
inducer, while, after induction, the luciferase operon was expressed from all prorDd@300 to
100,000fold over empty vector control depending on the inducer concentration). Strikingly, in all
loci, the expression dynamics (corresponding to different indewels) measured in the different
att sites, are almost identical. In fact, wheuantitatively comparing the luciferase activities
between the different loci, we find a striking correlation of the detected signals for each arabinose
concentration at individual time points (Figu8&A). This shows that integration into the foaft
sites leads to highly reproducible gene expression behavior, suggesting that the loci canrbe used
aninterchangeable and orthogoma&nnerfor the chromosomal integration of synthetic circuits.
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Figure 3.4 Dynamical response of luciferase activityneasured from four phage attachment sites.
Comparison ofhedynamical response of luciferase activity of theoHux construct integrated int@ttikozo,

atteo, att.go, attin forward(A) and revers€B) orientation after the addition of indicated concrattons of
arabinose at t=0 h. The results are averaged from at least two independent biological assays amd error b
denote standard deviations.
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Since each CRIMoClo plasmekist with four different resistance cassettes (FigBiBA), we
wanted to testthe potential influence of the resistance cassettesreporter activity after
chromosomal integration. To this emwde integrated and measured the expredsiosl of Psap-lux
integrated into alatt sites,using CRIMoClo plasmid possessing different st markers (Figure
3.5B and Appendix Figure 9.1-9.3). The results show again virtually any difference in the
expressionevel, suggesting that also the different resistance cassettes can be used interchangeably

Attachment sites orthogonality
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Figure 3.5. Orthogonality of reporter gene expression between different integration sites and between
different resistance cassettes used for integratiofd) Correlation graphs between the luciferase activities
in Figure 3.4A, obtained from Bap-lux integrated into differenatt sites. Eachdatapoint represents mean
and standard deviation measured at a the same time péiigLire 3.4A, while the color code indicates the
inducer concentration as krigure 3.4 (B) Correlation graphs between luciferase activities obtained from
Psap-lux integrated into attukozz, Using CRIMoClo plasmids with four indicated resistance cassettes
(chloramphenicol, kanamycin, spectinomycin, gentamicin). All data indicate averages from at least two
independent biological assays and error bars denote standard deviatio

The position and orientation of genes on the chromosome may affect the expression pattern of
neighboring transcription unit (TU), e.g., due to transcripitmiuced DNA supercoiling, affecting
the activity of neighboring promotéfé Even though th different CRIMoClo plasmids are
integrated into the same relative direction, the orientation of the cloned construct can be easil
inverted using the proprieties of the MoClo system (e.g. startinglevi#h1 parts cloned in reverse
orientation). To teswhether the expression of a TU is influenced by its orientation in theatbur
sites on the genome, we integrateghd?lux in reverse orientation in all lo¢Figure 3.4B). The
results show again no difference in the expreskoel of the construct trm the differengtt sites.
Moreover, the expressidavels of constructs cloned in forward and reverse orientation are virtually
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identical (Figure3.4A and 3.4B), indicating that the circuits are well insulated from the genetic
context and that thatt sites are not affected by effects such DNA supercoiling.

Overall these results show that the four phage attachment sites armsuédited from their
genetic context and that the different positions and orientations of the transcription units on the
chromosome do not influence the dynamics of reporter gene expression. Theyafagperiments
demonstrate orthogonality of the four phage attachrsgas of the CRIMoClo system, which
makes them ideally suited for synthetic biology applications

3.2.3Multi-locusintegrations

The highefficiency of sitespecific recombination combined with the availability of four
different resistance cassettes should, in principle, enable fast and reliabkoouglintegratiors.
To demonstrate thisve sequentially irggrated four different reporter cassettes into Ehecoli
chromosomg without removing the selectable marker after each integration step. The novel
transcription units were buifusing theinducible Bap promoterwith different reporter genegfp,
mChery, mTurquoisg To achieve sequential multitegration, we used tHe. coli strain harboring
Peap-lux in atthkoz2 (GFC0214) characterized above, and integrated-Bfp in attr21, as described
in Section 7.7 The newly generated strain (GFC0505) was theed for the integration ofskd-
mCherryin att.go (GFC0533) and subsequentlgaB-mTurquoisan the last availablatt site @tts),
generating strain GFC0547. We analyzed the expre$suahof the different reporter constructs
expressed in the newly generated strains (single, double, triple andupjeachtegration) and
compared them with single integration strains, were each reporter construct was integrated in one ¢
the four phage attachment sites individually (GFC0214, GFC0514, GFC0531, GFC0544 harborinc
Psap-lux::attikozz, Peap-gfp::atte2s, Peap-mCherry:attiso, Psap-mTurquoiseatts,, respectively). All
the strains were monitored within time course experimentsgical density (measured at 600 nm)
and the four reporter activities (also when one or more of the reporters were absent) following the
expressiorof the reporters, in presence and absence of the inducer. The histogram in3Fgure
shows the dynamic range (reporter signal of induced strain, divided by reporter signaidofced
strain), measured after 10 h, of all single integrant strains in a@esop with strains generated with
single, double, triple or quadruple integration events.
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Figure 3.6. Dynamic range of four reporter constructs measured from four phage attachment sites.

The dynamic range of four different arabindsducible reporteconstructs, integrated sequentially into the
genome oE. coliin four phage attachment sitestgkoz2, attr2y, att.go, att) and control strains in which the
same reporter systems are integrated singularly in one of four phage attachment site. The rdyigenis
measured as the luminescence induced with 0.2% of arabinose, divided by the basal activity of the promott
in the absence of arabinose. All data indicate averages from at least two independent biological assays a
error bars denote standard w@egwns.

Overall we found that the transcription units were functional after the integration (RBgdre
The luciferase construct showed the highest dynamic rdp@éx(0*fold induction), followed by
mCherry D3.5x10%-fold induction), GFP [P8.9-fold induction) and mTurquoiseD(.4-fold
induction). Moreover, the signal measured in the strains that lack one or more reporter syster
(single, double, and triple integia), wasnot detectablén case of GFP and mCherry, or close to
the lower detection limit for mTurquoise, indicating the absence of -tatlsamong different
reporters. Strikingly the dynamic range values for single integrant strains are identical {ethi
error tolerances)o the one calculated for single, double triple and quadruple integration strains
(Figure 3.6, showingthatthe sequential integration of each reporter construes dot affect the
expressionlevel of the previously integrated osi€Also, the simultaneous presence of multiple
copies ofPsap in the same straitloes not lead to instability or change in reporter expressiais,
suggesting that the potential recombination among thedioes not occurFinally, these results

44



ECF tool box: a mo dul abhased circaingensratiork froi a library af genetidcp@®1 O

show ttat the multiintegration strategy using CRIMoClo plasmids is highly flexible and does not
require timeconsuming removal of resistance cassettes after the individual integration steps.
Overall, ourexperimentshowed that the CRIMoClo system allows for ¢femeration of genetic
circuits from reusable, MoCloompatible parts and theiliableintegration into 4att sites into the
genome oE. coli. We showed that the expression lewaf a reporter construct from each logsis
highly similar and independenby the orientation Moreover, tilizing four different resistance
module CRIMoClo system allows for easy, fast, and reliable multiple integrations. With these
featureshe CRIMoClo system brings the combinatorial assembly to the next step, making possible
a flawless transition between plasa@idcoded and chromosomally integrated genetic circuits.
Finally, used together, MoClo adRIMoClo systers, allow for thegereration and simultaneous
utilization of plasmidborne and chromosomally integrated geneticubes.We will extensively
use this possibility in the next chapters, showing llo& combination of the tweystems allow
fine-tuning the stoichiometry of the different components of a synthetic circuit, maximizing the
downstream output signal dynamic.

3.3A library of parts encoded according tothe MoClo standard

In the previous sectionsve presented our expansions to the MoClo system, that now can count
on a novel medium copy number expression vector, as welh asset of 32nodular CRIMoClo
plasmds for fast and reliable chromosomal integration. As mentioned above the MoClo framework
represent an attractive solution to perform combinatorial assembly from a library of genetic parts
Hence,in this sectionwe present ouMoClo-encoded partibrary that servedas a base for the
constructiorof all the genetic circuitanalyzed in thistudy

As mentionedreviously the entry vectors of the MoClo system are defineldwae 0, thus we
encoded our library of basic genetic pamishin different destiation vectors belonging tthis
level. As illustrated inSection 1.2.1upon PCR amplification with primers that include the Type IS
restriction site Bpil and the appropriate fusionsigegenetic part can be easily cloned in on&6of
differentlevel O vectors, generating lavel O part. It is important to notice that this is the only step
in the MoClo system that requires PCR amplification, indéesl next cloning steps only require
the level 0 parts generated by the user and an empty MoClo vectondiey) to the nextevel.
According to the proprieties of the MoClammework any transcription unit assembledl@vel 1
must begin with a part cloned inevel0 vect or having the | eft f us
part cloned in develOvectorlavi ng t he r i gh 4 Figuesij.dnrorder to fuldill i C C
this requirement, we cloned the different genetic parts of the library (pranobersome binding
sequencg coding sequencesnd terminata) in specificlevel 0 vectors (pICH41233ICH41246,
pICH41308, pICH41276 respectivéfyas illustrated in Figura.7.
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Level 0 cloning vectors

GGAG TACT CCAT aATG AGGT T TCG GCTT GGTA -
o-1 02 03 04 -5 06 07  0-8
pICH41233 PAGM1263 ; pICH41258 | pAGM1299 PAGM1301 pICH53388 1 pICH53399

f | 0-9 0-11
| pICH41246 : ; pICHA41276 |
| Ribosome Binding Sequence | ] Terminator
0-12 | % 0-13 '
in pAGM1251 ‘ ! in pAGM1287

lacZa
- 0-15
pICH41295 | i | |_pICH41308

1 Coding sequence

Figure 3.7. MoClo level 0 vectors and positioning of MoCleencoded library parts. Yellow boxes
indicate the positiorfwithin different level O destination vectorahd the ceegory ofdifferent library parts

The original names of the MoClo vectors (pICH and pAGM series) and the sequence of the 4bp fusion site
are indicated.We assignedcodes from @ to 0-16 to the MoClo vectors in order tosimplify the
identification of speific MoClo-encoded parts within the librarfhe complete list of our level 0 part library

is reported inrable 9.3

We selected these vectors in order to maintain maximum flexibility for future expansion of the
library. For instance, a coding sequencat tis normally cloned in the vector pICH41308 can be
also cloned in the vector pAGM1287 and fused wifir@eintag cloned in the vector pAGM1301
(Figure 3.7) In this way is still possible to join the newly generated tagged sequence with the
promoters, ibosome binding sequences and terminators already present in the library. We alsc
cloned short (15bp) and long (300bp) random DNA sequences that covdewachposition. We
refer to these sequences as dummy (Du) sequences, as they can be usedute sulyspart in a
transcription unit. In this way we facilitate, for instance, the creation of an operon, using
transcription units that lack the promoter or the terminator. Dummy sequences are also suitable fc
the generation of insulator elements, esdhcin combinationwith terminators (se8ection 3.3.4.

Finally, for easy identification of the library parts, we named the level O vdobonsD-1 to G-16, as
indicated inFigure 3.7. Thus,for instanceall the parts encoded in the vector pICH4123B lne
named pXX61, where fAXX0 represents t he-1identfiesithal s
position of the part within the library (Figuge?).

Promoters, ribosome binding sites (RBS), coding sequences (CDS) and terminators are the bas
DNA components that serve for the generation of genetic circuits. Hence, we selected these DNy
parts from different sources in order to buolgr library encodedrni MoClolevel O vectors. In order
to precisely control the transcription in the syntheticuircthe library includes three inducible
promoter parts @p'%® Pet® PLac1'9 together with their regulatgrproteins (AraC*® TetR®,

Lacl®) encoded in divergent orientation. In this way, we ensured to maintain the stoichiometry
between the praoter and the regulatory protgsee ®ction 3.3.1)In addition, the library contains
two members of theGEM Andersonconstitutive promoter collection, having low and medium
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strength (BBa_J23117, BBa J2310&tp://parts.igem.org/Promoters/Catalog/Arsdey. Finally,
the library includes 15ecf promoters that previously showed high fold induction and high
orthogonality inE. colf¥(see ®ction 3.3.3.

In order to tune the translational efficiency of the mRNA, we included in the library 12 ribosome
binding sites (RBS)possessing different strengthi¢see ®ction 3.3.2) Moreover, we also added
12 synthetic terminators, to mediate transcriptional termination. These terminators have sufficient
sequence diversity to reduce homologous recombination whentogether in a desigit, a
fundamental characteristic in order to combine them in complex synthetic cifsegs®ction
3.3.4. To monitor gene expression we added to the library five different reporters, including four
fluorophores (GFP me8%, YFP!3 mCherry°, mTurquoisé!¥ and the luciferase cassette from
Photorhabdus luminescetisFinally, to control the expression of the synthetic circuits the library
contains 1ECF U factors, 14 antil factor$3, and 2ltruncatedsolublg anti- factors variantsthat
we createdn this study(see ®ction 3.3.3andSection 5.2.

Upon their incorporation in the library, all the genetic parts were sequenced. Moreover, in some
cases, walso performed some modificatgrprior to their insertion into the library. For instance,
we added a different strong terminator sequence at the end of each gene encoding the regulatc
proteins TetR, AraCand Lacl (seesection 7.8§. This allows the wmge of these parts in complex
genetic circuits, limiting the interference with the expression of neighboring genes. Further, some
coding sequences required the removal of Bpil or Bsal restriction $ab#e(9.3. In this case, we
ensured to perform syngmous mutationgienerating, at the same tineecodon with the same, or
enhanced translation efficiency B. coli. A detailed description of the strateg usedfor the
generation ofhe parts included librarig available inSection7.8. The complete lisof the level 0
part library is available in Table 9.3.

3.3.1Part characterization: Promoters

Most of the synthetic regulatory circuits built to date are based on classic transcriptional
regulators such as TetR, AraC or Lacl. These regulators amdl#tiee inducible promoters allow
for precise tuning of the expression level, upon different inducer concentrations. Another advantag
is represented by the fact that different inducers can also be used at the same time, allowing for tt
combination of tkse promairs in a single bacterial cBff. Finally as introduced iSection 2.1, the
usage of such regulatorséatso essentiab control the expression of ECHactors For theabove
mentionedreasons, we decided to include the three mostly orthogonal inducible praniweese
controlled by these regulatois our library.

In case of TetR, we included the natural cognate promotgrghBt in theh OFskated ( ab s en
of the inducer)s tightly repressed and can be activatager a broad dynamic rangey tuning the
amounts of the netoxic inducer anhydrotetracycline (AP&) Indeed the repression of & by
TetR is very efficientand orthogonal, due ta high binding constant of TetR the operator
sequencetetO and its low affinity for noroperator sequences wheasompared with other
repressors>!%® |n case of AraC, we also included the natural cognate promgxer $ince it was
recentlydemonstragd, by Kogenaru and Tanshat this promoter modulates the gene expression
with a high (up to 898old) output dynamic rand® Moreover the authorsneasuredhe promoter
activity using the SVO01 closely related strain MK@&e &ction 2.1) thusenhancig our chances
of obtaining asimilarly high foldinduction by usingthis promoteiin our experimental conditions.
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In the same work, the authoasso show that the naturalafPpromoter, controlled by the Lacl
repressor, modulates the gene expression umip 23fold®°. For this reasarin the case of Lacl,
we selected the IPTG inducible promoterdg: created by Lutz and Bujar. In their work, they
used the phage lambda promotertiat is commonly induced by inactivating the repressor cl 857
via a temperature shifand replacedhe cl binding sites with sequences encoding the operator of
the lac operon [acO1). In this way, they obtained an IPTG inducible promoter whose activation
was not dependent by temperature shift (like in the case)pi®é by the activating complex
CRP/cAMP (like in the case of:p) andthat displayed a dynamic rang600 fold°.

To extensively use these promotensd control gene expressian our syntheticcircuits, we
characterizd their dynamic response to the imeus in our experimentatonditions. These include
the MOPS minimal medium that we u$er our assays (se®ection 7.1), and our reporter systems
(plasmidborre with an averagecopy number of 50 per cell, or chromosomally integrated)
expressedn the strin SVO1. In order to characterize the three inducible promoters, we generated
three differenfTUs, where each of the promoters was fused with the luciferase ca$satduX,
Prerlux, andPiaco1-lux). We tested these constrsieincodedn the medium apy plasmid pSVM
mc and whenchromosomally integrated, assaying the response of the luciferase upon the additior
of therelativeinduces (arabinoseATc, IPTG)atincreasing concentratioriBigure 3.8.
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Figure 3.8. Comparison of the dynamical responseof three inducible promoters measured in two
genetic configurations.Comparison othe dynamical response of luciferase activity, expressed from three
inducible promoters in twa@enetic configurations,after the addition othe indicatedconcentrations of
inducersat t=0 h(grey dashed line)The reporter activities arshown in relative luminescence units,
normalized by the optical density measured at 600Tira red dashed line repressthie low detection limit

of the plate reader. The constructs indédain A, C, E are encoded on the medium copy number plasmid
pSVM-mc, while the constructs indicated in B, D, F are integrated at the phage HK022 attachment site intc
the genome oE. coli. The indicatedfold inductionsare measured as the luminescenceiged withthe

highest inducer concentratidndicated divided by the basal activity of the promoter in the absence of
inducerattimet = 6 h The results are averaged from at least two independent biological assays and error
bars denote standard deviaiso

Overall we found thatall the promoters are inducible with thEBUs encoded in both
configurations (plasmidborre; Figure 3.8A, C, E and chromosomally integrated; Figure B,®,
F). Interestngly, the plasmieborne Rt promoter, showed, fohTc indudions below 10ng/mL;-2
fold decay in luciferassignal from t =5h to the end of the measurement (Figure 3.&Mce the
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ATc is light sensitive'’, wereasonedhat the signal decay may be caused by the relatively low ATc
concentrations, together withethhigh levels of light produced by the straififis seems to be
confirmed by the fact thathe signal decay is leggomounced(<2 fold) in the chromosomally
integrated constructhat show ~2 fold lower RLU/Odg signal for the same inducer concentrasion
(Figure 3.8C, D). Moreover, the signal decay t®mpletely absent for the two highestduction
levels (ATc 10ng/mL and ATc 100 ng/mL)that allow full saturatiorof the Ret promoterin both
genetic configuration@~igure 3.8C, D)

To compare the chacteristics ofall promoters, we reportedn Figure 3.8, the fold inductions
(calculated taking th&uciferase signal relative to the high@stluctionlevel divided by the basal
activity of theuninducedconstructy of all strains,6 hours after induceaddition. The promoters
display marginal differences in the dynamic range when encoded on medium copy ptesdoid (
3000-fold induction Figure3.8A, C, E), while the dynamic ranges show more variability when the
constructsare integrated into the chromase (~100-200000-fold-induction Figure3.8B, D, F. In
particular, the Pet promoter presestthe samedynamic range when encoded @rasmid or
chromosomally integrated, due to the fact timathe two configurationshe luciferase signals in
both ON (ATc 100 ng/mL) andOFF (ATc 0 ng/mL) statesscale~10-fold (Figure3.8C, D; red and
black curvey In contrastthe constructs driven bigsap and PLiaco1 did not show a proportional
shift of theluciferase signals of th@N andthe OFF stateswhen going frommulti-copy to single
copy. Indeed, when chromosomally integratedac® shows, 6 hours after inducer additiorg
signal in theOFF state~50 RLU/ODe0o (Figure 3.8F; black curve) generating @0-fold reduction
when compared with thesignal of the plagnid-encoded construéh the same conditian(Figure
3.8E; black curve~2x1G RLU/ODsgog). In contrastpy comparing the tw®N states of the plasmid
borre and the chromosomally integrated constructs (FiGuB&, F;red curve} we founda sgnal
~10° RLU/ODgoo and ~5x16 RLU/ODsoo respedively. This generates 200-fold signal reduction
betweenthe ON states, when the construct is expressed in single coffhis apparent lack of
proportionalshift of the OFFandON signals(40-fold and D0-fold, respectivly), when going from
multi-copy circuit to single copy circuit, could arise by {tlate readedetection limit.Indeed, the
baseline signal of the chromosomally integratest®-lux construct (from the beginning to the end
of the measurement) is beldte detection limit of the instrument (~4XIRLU/ODeoo; Figure3.8;
red dashed lines). We can thassumet h at the Atrueo baseline
integrated construct is also reduced by-161@ (like in the case of th®N signal), but maskely
the instrument sensitivity. This would bring the ém signal valuefrom ~2x1G¢ RLU/ODsoo
(plasmidencoded construct) t610 RLU/ODsoo (chromosomally integrated construahd, as
result, toan identicaldynamic rangdor the twogenetic configuratins(~500fold-induction Table
3.2).

Comparing the plasmidlorne and the chromosomally integrat@gp-lux construcs, 6 hours
after inducer addition, we observadsignal reduction o800-fold for the OFF state(from ~3x1G
RLU/ODeooto ~10 RLU/ORog; black lines inFigure3.8A, B) and of5-fold for the ON state(from
~10' RLU/ODsooto ~2x1¢ RLU/ODgog; red lines inFigure 3.8A, B). Therefore, the surprisingly
low signal values obtained for chromosomally integratgg Promoter in theOFF state (belowhe
detection limit), confers to this promoter the highest dynamic ra2@@000fold inductio) among
all inducible promoters in both configuratioffsigure 3.8and Table 3.2). The precise molecular
reasons for this severe baseline deshift remain elusig. However, a possible explanation
involves the formation of the DNA loop, required fenPrepression in the absence of arabiftse
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Indeed, even though the formation of the DNA loop needs the presence of supercoilingfension
the loop could be lesstable when the promoter is encoded on medium copy plasmid, due to
hypesupercoiling of the plasmid DNA’12? This, in turn, would lead to a tightes4d regulation
when the Bap-lux construct is chromosomally integrated and, consequéattize higherdynamic
range displayed by the construct in theneticconfiguration.

Summarizing, the results of the experiments performed using the highly sensitive luciferase
reporter, showed for all inducible promoters a certain level of leakiness when the reposteuct
is encoded on medium copy plasm{@gure 3.8A, C, D), from ~1G RLU/ODsoo (PLiaco-1-lUX) to
~10* RLU/ODsoo (Peap-lux). This must be taken into account, especially in the evaluation of
genetic switches and more complex circuits, driven by tipgemoters. However, sincesd
promoter displayed virtually zero basal activity when chromosomally integitaésdline below the
instrument detection limitand it haghe highest dynamic range both configurationgTable3.2),
we conclude that it repsents the first choice to indugenesexpression in our synthetic circuits.

Promoter | Plasmid (fold induction) | Chromosome(fold induction)
Psabp ~300Qx ~200000x

Pret ~1000x ~1000x

PLiaco1 ~500x ~B00x*

Table 3.2. Dynamic ranges of three inducible promaters fused with a luciferase reporterin two genetic
configurations. The dynamic range is measured as the luminescsigo@l obtainedusing the highest
inducer concentration (Arabinose 0.28d,c 100 ng/mL, IPTG 100nM), divided by the basal acttyiof the
promoter in the absence wfducerat t=6 h *The value was calculated assuming a baseline signtie
absence ainducer10 RLU/ODso.

3.3.2Part characterization: Ribosome binding sequences

The initiation of protein synthesis EBscherichia oli and other bacterimvolves the recognition
by the 30S ribosomal subunit of specific elements in the mRNA near the start codon of a coding
region. These elements, represented by the initiation codon and theD@lgaeno (S/D) sequence,
define the ribsomebinding sequencgRBS). Between these two elements lies a spacer region
which has variable length and nucleotide compositfotn previous workR. Vellanoweth and J.
Rabinowitz generated a series of synthetic RBSs varying the length of the Isgimeosen the S/D
sequence and the initiation codon. Hence, starting from a strodAGGAGG- gqG =-99.1 kJ
mol?) and weak-AAGGA- qiG =-53.8 kJ mof) S/D sequengehey generated and measured a
library of 11 strong and 10 weak RBSs

In the generation of theysthetic circuit, the ability to tun@rotein production is a valuable
feature herce we decided to clone 6treng and 6 weak RBS$rom the previously generated
collection*!, and include them in our library. In the original wook R. Vellanoweth and J.
Rabinowitzthe different RBSs were tested using-&alactosidase activitgssay?, however a
characterization of the dynamic response of the different RBSshigher resolutigrwas missing
Hence,to characterize the RBSbat we included in the library, we used them to drive the
translation of the luciferase operon, fused it Psap promoterand assayethe constructg time
course experiment§o compare their dynamic response upon different arabiomseentrations,
we plotted doseesponse curves at time pothh after inductionKigure 3.9.
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Figure 3.9. Translation efficiency of 12 RBSs, in the function of increasing arabinose induction levels.

The different constructs harbor an arabinimskicible Bap promoter, fused with a luciferase operon using
one of 12 different RBSs. The strong (st) and weak (wk) RBSs posfsmitranslational strength and are
listed according to increasing strength, as reporteR.Byellanoweth and J. Rabinowitz. The luciferase
activity (reported as relative luminescence units normalized by optical density measured ramh)6i30
repored 2 h after the addition of the indicated arabinose concentrafibeged dashed line represgtite

low detection limit of the plate reader. The results are averaged from at least two independent biologica
assays and error bars denote standard dengati

Overall the resultsn Figure 3.9 show, for the strong RBS¢st3, st4, st5, st7, st8x similar
luciferaselevel (between 5x1Dand 10 RLU/ODsog), obtained usinghe two higher arabinose
concentrations (I and 2x10%). In contrast, for mild akinose inductions (2x1® and 10"

%) RBS st3shows valueghat are 16800-fold lower than the one obtained for the other strong
RBSs (Figure 3.9) We observed similar behavjowhen comparing the signal relative to these
RBSs,in presencdow arabinose riductiors (10°% and 106°%) and in theuninducedcondition.
Indeed, forlow arabinose inducticn RBS st3 displays valudselow the detection limit €4x1CF
RLU/ODsoo), while the other strong RBSs have valttest range betwee?x10° RLU/ODsoo (RBS
st4) and2x1® RLU/ODsoo (RBS st8). Moreover, in theninducedcondition, wecan observe that
the signal forthe RBSs st4, st5, st7, st@nd stll is overall similar, ranging froB5x1¢
RLU/ODsoo (RBS st4) to 7x1DRLU/ODeoo (RBS st8) while the one obtained f@BS st3 is again
belowthe detection limi{<4x10 RLU/ODeoo).

Analyzing the dynamic response of the wddlRSs (Figure 3.9;wk2, wk4, wk5, wk6, wk7,
wk11), we found an overall similar behavity the one observed in the strong REBgure 3.9;
A st @es). maeed, all weak RBSs displayed a similar lucifetasel for the two higher arabinose
concentrations (between 3»18nd 16 RLU/ODsoo for 102% and 2x10% respectively), while for
mild arabinoseénductions (2x10 % and 16 %) two RBSs Figure 39; wk2, wk4) display values
D p 1100-fold lower than othersinterestingly,in theuninducedcondition only RBS wk6 and wk7
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presented a detectable signBtl(®> RLU/ODsog), while all the others displayed signals below the
detection limit(<4x1¢ RLU/ODgog).

Summarizing, our resulthew that we can distinguish two classes for the strong (&tasst,
stb, st7, st8 stll; class 2: st3), and two classes for the weak (classl: wk6, wk7, wk5, wk21; class
wk2, wk4,). RBSs. In both cases, the members of each class displayed a sinataicdgsponse.
Indeed, class-RBSs and class-RBSs confer a higher or lower expressievel for mild arabinose
inductions, respectively, while the expression at full induction is overall sirmli@ase of low (10
%) andno-induction, the RBSsvithin each class present similar pattern to the one described
above with class 1RBSs displaying higher expressiavels than class-RBSs (with the exception
of classtRBS wk5 and wk11 that displayed values below the detection limit fand 16°%
arabinos). We then concludehat at least one RBffom each class represents an interesting choice
to variate the gene translation efficiencyhmvel synthetic circuits.

3.3.3E CF edfpromoters,andanti-i f act or s

I n this project, we focus on degsAslinrqducadgn sy
Section 1.4 andBection 1.5, V. Rhodius and collaborators screened different heterol&giisd
factors as well as thecognate antll f act or s f oR. cofulmtioetr wookntleey foundy i
20 ECFUs that were able to activate their target promoters showing limited-oeastvity with
nontarget ECF promoteras well as 12 AS factors that can regulate thgnate ECFsHigure
1.8A and Figure 1)0 Thus, $arting from the best 20 orthogonal ECGF pr evi ousl y cf
we excludecE. coliendogenous ECE ( ECF02 _2817) , as wel |l as E
due to the high toxic effect on cell growth showptkviously®. Moreover, we excluded
ECF42_4454 and ECF41_491 due to the possession-tdranmal extension that modulates ECF
activity and can lead to unexpected beh&fioFherefore, we selected the remaining setl®f
orthogonal ECRis and their cogra promoters and included them in our library.

Anti-0 factors (AS) are transmembrane or cytosolic proteinsbihdtand block the cognate ECF
0 factor keeping it inactivésee ®ction 1.5) To control ECF activity in our synthetic circuits we,
therefore,included in the library the AS factors that regulate the ECFs we previously selected.
Among them,ECF32 does not have a known AS factor, therefore, we included the remaining 14
cognate AS factorsin our library®. Moreover, we generated and included ke tibrary 21
truncated, soluble, AS factor variarbst are described iChapter 5 The ECFs and anfi factors
present in our librarwyill be deeply analyzed in Chapter 4 andapter 5.

3.3.4Insulation of neighboring transcription units

Terminators are nucleic acid sequences that mark the end of a gene or an operon and enhance
dissociation of RNA plymerase, terminating the transcription. In synthetic biology, strong
terminators are highly desirable since strong promoters are frequently used to generate circuit
containing multiple transcription units encoded on a relatively short stretch of xidar This
leads to a high flux of RNApolymerasdrom the first promoter of the circuit, that can then interfere
with the expression of the following transcription units. A strategy to efficiently terminate
transcription consists of using multiple stroegminators in series. However, the limited number of
available natural strong terminator lead to their reuse and therefore can generate homologot
recombinatiot??. Indeed, the presence ofultiple DNA stretchwith D20 base pairs ofomplete
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homology, is aough for significant recombination iB. coli, thus generating instability of the
synthetic circut?®. In order to solve this problem, the laboratory of C. Voigt characterized 582
natural and synthetic terminators, finding 39 strong terminatorsfgi0eduction in downstream
expression) that also have enough sequence diversity to reduce homologous recombination whe
used together in a circttt.

In order to mark the end of our transcription units and build insulator elentieatdlock the
interaction between gdcent TUs we arrangedhe 39synthetic €rminators according to strehg
and selected the21strongest for our libraryNext, © assess the termination efficiency of these
terminators in our circuits and to infer the best insulation strategyur genetic circuits, we
assembled, on medium copy plasmids, the circuits illustrated in RBdu.
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Figure 3.10. Insulation of neighboring transcription units from transcriptional read -through and other
polar effects. (A) Different DNA constructarrying a variable number of neadundant transcriptional
terminatorsdescribed by Chen Yet al., 12, 300 base pairs of randemoncoding DNA®, as well as
alternating orientations between an upstream transcription unit and a downstream lucifendee gepe
cassette(B) Downstream luciferase activitf the genetic circuits illustrated in (4) h after the addition of
indicated concentrations of arabinoSée luciferaseactivity is reported as relative luminescence units
normalized by optical desity measure@t 600nm. The results are averaged from at least two independent
biological assays and error bars denote standard devialibisdigure was taken from &per Il (Pinto et.

al., 2018)by permission of Oxford University Press.

All the circuts (from 1 to 5) are composed of two transcription units. In the first transcription
unit, the Bap promoter drives the expressioneff2§ analternative ECEI  f act or wused
coding sequengewhich is terminated by the strongest terminator (L3S2P11thenpreviously
mentioned collectiolt? In the second transcription unit, we placed a prordess dummy
sequence of 15 random base pairs (indicatedhbyred cross), upstream thex operon. We,
therefore, measured the luciferase signal in the absence and in the presence of theamuducer
plotted the results as desesponse curves(Figure 3.1B). In the case of the first circuit, we
observed a basalgnal of 2x18 RLU/ODsoofollowed by D10-fold increase to 2,5xPARLU/ODsoo
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upon full promoter inductior(Figure 3.10A;1). The basal signal seems to be caused by the
combination of the basal activity of thesAB promoter that weobserved previously (cfr. Figure
3.8A) together with the inconigte termination of the transcription by L3S2P11. We reasoned that
the close proximity of the terminator to the followiluy-containing transcription unit could lead to
suboptimal termination efficiency. In this scenario, the presence of ribosomes tingnshe
spurious mMRNA containing also the second transcription unit could interfere with the formation of
the secondary structure necessary for efficient termination. To further investigate this phenomeno
we increased the distance of the two transcmptioits, placing between them a spacei300
random base pait$ that we analyzed with  the software  Bprom
(http://www.softberry.com/berry.phtml?topic=bprpto ensure that no promotkke sequence was
present(Figure 3.10A; 2). Strikingly the only augmeation of the distance between the two
transcription units lowered both the basal signal (5¥I0J/ODeog) and the full induced signal
(7x10° RLU/ODsoq). To further improve the insulation welded a single (L3S3P2%), Figure
3.104; 3) or double (rNBT1T2%! Figure 3.1@; 4) terminator following the 300 base pairs element.
This further lowered both the basal signal (<RQ.U/ODgoo and 2x18 RLU/ODgoo) and the full
induced signal (8x10* RLU/ODsog), Yet, in both cases, we still observed high luciferativity
(D100fold above background) at high arabinose concentrations. Only assertti®i last circuit
(Figure 3.10A;5) with a convergent arrangement of the transcription units we finally obtained an
output signal close to the background. In this construct we adsled a new insulating element
(composed by the two additional synibeterminators L3S3P22, L3S2P%5 and a different
promoterless 300bp random DNA sequeffefter the second transcription unit, to prevent any
read through from the plasmid backbone

Summarizing, @ characterize the chosen synthetic termirssdod decide for the best insulation
strategy in our genetic circuits, we decided to use the highly sensikweporter instead of the
previously used fluorophor€. This allowedanalyzingthe termination effiency with a higher
resolution, demonstratintpe limits of natural and synthetic teinators. This must be takentn
account when generating genetic circuits that include more thamldme close proximity Only
with the combinatio of insulating elements and the convergent arrangement we achieved complete
insulation of the two TUs. Thereforee conclude that the alternatioh convergent and divergent
arrangememstof the TUsrepresents an optimal choice for encoding multiple TiUs isynthetic
circuit.

3.4 Summary

In this chapter, we introducedur expansions tahe MoClo system,represented by new
medium copyreportervector (pSVM-mc) for the fast assembly of synthetic airts from level 1
parts(Section 3.1) Moreover, to adanore degrees of freedom to the possible configurations of a
given synthetic circuit, we generat&®? CRIMoClo vectors These vectors allow for an easy
assembly and chromosomal integration of MeCGbmnpatible genetic circuits. Using CRIMoClo
plasmids we chacterized the expression levels from four different phage attachatgrgifes in
the genome oE. coli. Our results showed that the fait sites are orthogonal and suitable for the
simultaneous expression of different genetic const($etstion 3.2)

Next, we introduced novel MoClo-comgatible library of genetic partgiving an overview of
the dynamic response of three distinct inducible promg@kegsire 3.8)andshowing the translation
efficiency of12 different ribosome binding sequen¢Egure3.9). Moreover, we identified the best
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insulation strategy to clone multiple transcription units in close proximity, avoiding anfeneteare
such as transcriptiona¢adhrough(Figure 3.10)

All the genetic parts presented above, together wittetied 0 dummies, the new MoClo vector
pSVM-mc, and the 32 CRIMoClo plasmids constitute tB€F toolbox(Table 9.2,Table 9.3 and
Figure 3.11). We developed this toolbox with the aim of facilitating the generation of large
synthetic ECFbasectircuitsin different genetic configuratiofrom a library ofreusable parts. The
design characterissof the toolboxallow further expansios) e.g. to include more ECE f act o
and cognate promoters. Moreover, even if the toolbabesigned foE. coli, it allows, in principle,
the generation of genetic constructs that can beckuted irio vectoss suitable for the expression
in a different model organism. Weherefore,considerthe ECF toolboxas a valuable tool to
generate ECIbased synthetic constrgcandin orderto prove it, we extensively used it for the
generation of all thgeneticcircuits described ithis study Tables 9.3-9.6).
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3.11. ECF Toolbox.A MoClo-basedgenetictoolbox for the fast and reliable assembly, expression and
chromosomal integratioof ECFbased synthetic circuits B. coli.
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The previous chaptenstroducedthe ECF toolboxand our typical experiment setugpat were
used forthe construction andhe evaluation ofdifferent genetic constructs respectively This
chaptef ocus on us istogen&aldeneficcirEudasonvithoincreasing complexityirst,
we characterize 1%listinct ECFPecrswitchesanalyzingthe dynamic of their target prooter
activation among differenECF expressiorlevels and in differentgenetic configurations (e.g.
plasmid encoded and chromosomally integrated). Newet,combine different ECiSwitches
designingE CF G f actor cascades, fneea ti ucr iitcigontst tiaed
activate a series oihcredSiyime @elajsaMoteover, wg @alidate ouw i t
experimentakesults,by usingmathematical modsithat can describe and predtbe behavior of
the circuits Finally, we show thathe design of EClIBased fAgenetic ti merso
the phylogenetically distant organidacillus subtilis

4.1ECFQ f ascharacterization

In Section 3.3.3wveillustrated our selection df5 out of 20orthogonal ECFs previously screened
by V. Rhodiusand collaboratofS. In order torationally assemblehese ECFs and their target
promotersin genetic circuits with increasingomplexty, we first analyzed their dosesponse
characteristicsas well as their effects on the growth of thestbaal cells,in our experimental
conditions. D this endwe assembled 15 E&witches, in the medium copy plasnpg§VM-mc,in
which an arabinosmducible promoter (ko) controls the expression of an ECF, that can then
activate his target promoter fubevith thelux operon(Table 95). These ECFswitcheswere then
introducedinto our reporter strain SV01, described Saction 2.1, generating the GFrains
reported inTable9.1 We thenused microplate experiments to monitor the growth of the bacterial
strains in MOPS minimal med{&ection 7.1) measuring th@ptical density at 600 nfODeoo), as
well as the reporter signal over time, upon Ef&Fexpressionachieved usinglifferent inducer
concentratios (Section 7.10) Using this experimental setup we generated time evolution plots
(Figure4.1). In these graphs, we display, for each E@ktch, the Olgyoin the function of time, as
well as andhe reporter signal, indicated as relative luminescent units (RLU), divided ky.OD
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