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Summary

Summary

Cytokinins (CK) hormones are one of the main morphogenetic signals in plants. They modulate
plants growth, developmental and physiological processes. The CK signal network involves a
histidine kinase receptor that after hormone perception triggers a His-to-Asp phospho-relay, a
phosphotransferase protein and a response regulator that directly modulates the transcription
of target genes. The study of CK canonical circuit and their function in plants has so far been
addressed using classic genetic approaches such as qualitative analysis of loss-of-function
mutants or transient protein expression in isolated plant cells (protoplasts), bacteria or yeast.
The characterization of individual signalling components, however, has been impeded due to
the high level of complexity of the pathway in terms of genetic redundancy, extensive crosstalk
with other networks and shared components as well as multiple negative feedbacks.

Synthetic biology is an interdisciplinary field that provides us with tools to tackle this
impediment. Implementing basic engineering principles combined with modern cell biology
we dissected the Arabidopsis thaliana CK signalling pathway to rebuild a synthetic CK-
responsive biological network in mammalian cells. The combination of quantitative
approaches such as confocal microscopy, protein-protein interaction (PPI) and reporter genes
expression allowed us to characterize functional CK signalling regulators. We investigated the
receptor selectivity for different CK and explored the mode of action of three response
regulators (RRs) acting as repressors of CK signalling. The absence of endogenous plant
proteins in our platform permitted to evidence different roles for members of the same
multigene family, including a novel regulatory mechanism and non-canonical activation of a
type-B Arabidopsis response regulator (B-ARR). We further quantitatively investigated PPIs
between various signalling effectors. These analyses allowed us to both explore the role of the
conserved aspartate(D) residue of the B-ARRs as well as the effect of the formation of different
complexes on the CK pathway activation. We also explored a proposed CK-dependent
subcellular relocation of the Cytokinin response factors (CRFs) for the design of a ratiometric
biosensor. Finally, validation of our observations in Arabidopsis protoplasts demonstrated the
predictive power of our synthetic biology platform. This work reflects the potential of synthetic
biology approaches for the exploration of plant signalling pathways. We believe that this
platform will accelerate the generation of new knowledge by rapidly challenging new

hypotheses for their posterior, and most important, validation in planta.



Summary

Zusammenfassung

Cytokinine (CK) Hormone gehodren zu den wichtigsten morphogenetischen Signalen in
Pflanzen. Sie regulieren das pflanzliche Wachstum, die Entwicklung und physiologische
Prozesse. Im CK-Signal-Netzwerk 16st ein Histidinkinasenrezeptor nach hormoneller
Perzeption eine His-Asp Phosphorylase, ein Phosphotransferprotein und einen
Antwortregulator aus, der die Transkription der betreffenden Gene steuert. Studien zu CK
kanonischen Schaltungen und ihrer Funktion in Pflanzen haben bisher auf klassischen
genetischen Vorgehensweisen aufgebaut, wie etwa qualitative Analysen zu Loss-of-Function-
Mutationen oder transienten Proteinexpressionen in isolierten Pflanzenzellen (Protoplasten),
Bakterien und Hefen. Individuelle Signalisierungskomponenten konnten dagegen nur
beeintrachtigt dargestellt werden. Grund dafiir ist die hohe Komplexitét des Verbindungswegs
in Form der genetischen Redundanz, weitreichender Uberschneidung mit anderen Netzwerken
und gemeinsamer Bestandteile sowie des zahlreichen negativen Feedbacks. Die Synthetische
Biologie ist eine interdisziplindre Fachrichtung, die uns Instrumente zum Angehen dieser
Problematik in die Hand gibt. Durch grundlegende technische Prinzipien kombiniert mit
moderner Zellbiologie konnten wir den CK-Signalweg der Arabidopsis thaliana (Acker-
Schmalwand) zerteilen zum Bau eines synthetischen CK-responsiven biologischen Netzwerkes
in Sdugetierzellen. Die Verkniipfung von quantitativen Methoden, wie etwa konfokaler
Mikroskopie, Protein-Protein-Interaktion (PPI) und Reportergen Expression erlaubte uns,
funktionierende signalisierende CK-Regulatoren darzustellen. Wir untersuchten die
Rezeptorselektivitit verschiedener CK und erforschten die Wirkungsweise von drei
responsiven Regulatoren (RRs), die als Repressoren der CK-Signalisierung dienten. Der
Mangel an endogenen pflanzlichen Proteinen in unserer Plattform beweist verschiedene Rollen
fiir die Angehorigen derselben Multigenfamilie, einschlieBlich einem neuartigen regulierenden
Mechanismus und einer nicht-kanonischen Aktivierung eines Typ-B Arabidopsis responsiven
Regulators (B-ARR). Quantitativ untersuchten wir ebenfalls PPIs zwischen mehreren
signaliibertragenden Effektoren. Diese Analysen befdhigten uns, die Aufgabe des
beibehaltenen Aspartatrests des B-ARRs sowie den Effekt der Formation der unterschiedlichen
Komplexe auf die Aktivierung des CK-Verbindungswegs zu testen. Des Weiteren priiften wir
eine CK-abhéngige subzelluldre Verschiebung der Cytokinin responsiven Faktoren (CRFs) fiir

den Entwurf eines ratiometrischen Biosensoren. Schlussendlich demonstrierte die Validation
XI
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unserer Beobachtungen in Arabidopsis Protoplasten die Prognosefdhigkeit unserer Plattform
der synthetischen Biologie.

Diese Arbeit zeigt das Potential von synthetisch biologischen Verfahren zur Erforschung von
signaliibertragenden Verbindungswegen. Wir sind davon iiberzeugt, dass diese Plattform eine
neue Generation an Wissen hervorbringen kann, indem sie nach neuen Hypothesen verlangt

und der Validation in planta.

XII



Summary

Résumé

Les hormones végétales de la famille des cytokinines (CK) sont un des principaux signaux
morphogénétiques des plantes. Elles régulent leur croissance, leur développement et divers
processus physiologiques. Les cytokinines sont pergues grace a un récepteur de type "histidine-
kinase", qui une fois li¢ a ’hormone, déclenche un phospho-relai d’histidine-a-aspartate, qui
active en cascade une protéine phospho-transférase puis un facteur de la famille des
"Régulateurs de Réponse" (RR), capables a leur tour de moduler directement la transcription
de genes cibles. Cette voie canonique de signalisation CK et ses fonctions chez les plantes ont
€té jusqu’ici étudiées a travers des approches de génétique classiques telle que des analyses
qualitatives de perte de fonction dans des lignées mutantes, ou grace a des expressions
transitoires de protéines dans des cellules isolées de plantes (protoplastes), bactéries ou levures.
Jusqu'ici, ces approches n'ont pas vraiment permis d'entreprendre la caractérisation individuelle
des différents composants de la voie de signalisation CK, en raison d'un haut niveau de
redondance génétique, de nombreuses interférences et composants partagés avec d'autres voies
de signalisation, ou encore du fait de I'existence de nombreuses rétro-actions négatives.

La biologie synthétique, domaine interdisciplinaire, offre des outils pour surmonter ces
obstacles. En combinant les principes de base de l'ingénierie a la biologie moderne, nous avons
disséqué la voie de signalisation des CK de la plante modele Arabidopsis thaliana pour
reconstruire une voie de signalisation CK synthétique dans des cellules de mammiferes. La
combinaison de nombreuses approches quantitatives (microscopie confocale, interaction
protéine-protéine, expression de geénes rapporteurs) nous ont permis de caractériser les
régulateurs fonctionnels de la signalisation CK. Nous avons en particulier étudi¢ la sélectivité
du récepteur pour différentes CK et exploré le mode de fonctionnement de trois facteurs RR
agissant comme répresseurs de la signalisation CK. L’absence de protéines endogenes de
plantes dans notre systéme expérimental hétérologue a permis de mettre en évidence des roles
différents au sein des membres d’une méme famille multigénique, notamment un mécanisme
inédit impliquant une activation non-canonique d'un facteur RR de type B issu de Arabidopsis
(B-ARR). Nous avons ensuite étudi¢ quantitativement les interactions protéine-protéine entre
les différents effecteurs de signalisation de la voie des CK. Ces analyses nous ont permis d’une
part d’explorer le role du résidu aspartate conservé des B-ARR, et d’autre part les effets de la
formation de différents complexes sur I’activation de la voie. Nous avons aussi examiné

I'hypothese existante d'une relocalisation subcellulaire de protéines appelées "facteurs de
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réponse aux cytokinines" (CRF), dan l'idée de concevoir un biosenseur quantitatif. Pour finir,
nous avons confirmé nos observations en protoplaste d'Arabidopsis, démontrant le pouvoir de
prédiction de notre plateforme de biologie synthétique. Ce travail refléte le potentiel des
approches de biologie synthétique pour I’exploration des voies de signalisation des plantes.
Nous pensons que cette plateforme peut accélérer 1’acquisition de connaissances nouvelles en
permettant de tester rapidement des questions et hypotheéses jusqu'ici inexplorées, avant de

valider les plus prometteuses dans des expériences qui restent nécessaires in planta.
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Introduction

1. Introduction

1.1 Rationale of this thesis

Due to the impossibility to escape from adverse environmental stresses, plants have developed

highly efficient and sophisticated programs to respond to external stimuli in order to adapt and

survive.
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Figure 1. Plants coordinate a wide range of signals for growth and development. Plants have evolved into
highly sophisticated organisms that can integrate both endogenous and environmental signals to regulate growth
and developmental processes that ensure their survival.
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The integration of both external and internal signals allows them to take advantage of
favourable conditions to coordinate growth, development and physiological processes (Fig.
1)!2,

Among all physical and chemical stimuli plants had mastered to integrate, phytohormones are
the main morphogenetic signal. These small molecules can influence several processes
individually or, more commonly, as a coordinated response that involves several networks.
Together with auxins, gibberellins (GA), brassinosteroids, abscisic acid (ABA) and ethylene,
CK are one of the six classical hormones in plants. CK take on many roles in plant
development. The ones that have placed these hormones as potential protagonists of a second

293

“Green Revolution™ are: the regulation of seed yield*?, the participation in pathogen defense®

8 and nutrient uptake®'°.

Therefore, a deeper understanding on how CK (in coordination with other phytohormones)
determine the architecture of plants can play an important part to address food shortage and
climate change, two main contemporary issues. Therefore, unravelling the mechanistic
underlying CK signal transduction is fundamental in order to achieve these goals. Towards this
aim, to overcome the limitations encountered when studying signalling pathways in plants,
such as the interconnectivity with other networks, the functional redundancy, and the negative
feedback loops, is needed. This dissertation seeks to contribute to the generation of new
knowledge by providing an experimental (orthogonal) platform for the study of CK perception
and signalling networks. On the basis of a large body of literature available, we will focus this
study on the CK signalling network of the model organism, Arabidopsis thaliana. While
Arabidopsis is not of major agronomic significance its CK pathway is conserved in rice, maize,

tomato, and poplar'!='®. Therefore, the results presented in this study can potentially be

extrapolated to other species of great ecological and economical importance.

1.2 Cytokinins

1.2.1 Discovery and function

The search for substances that pair up with auxin to stimulate cell division of cultured plant
stem tissues culminated in the identification of 6-furfurylaminopurine, an N6 adenine derivate

present in coconut milk (a liquid endosperm), later named Kinetin (KIN)!7-!8, Twenty-five
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years later zeatin was identified in maize endosperm!®. As KIN is presumed to be a product of
oxidative DNA damage rather than a molecule synthesized de novo, zeatin is instead
considered the first identified naturally occurrent CK. Through the years the regulation of
several growth, developmental and physiological processes by these hormones have
encouraged the plan to find other natural or synthetic occurring molecules with similar
activity®2021,

In addition to the functions in the regulation of seed size** and inmunity®®, CK modulate a
plethora of processes in plants. Importantly, CK maintain both apical meristems by increasing
cell proliferation in the shoot apical meristem (SAM), while inhibiting elongation in the root
apical meristem (RAM) and lateral root formation?>?3. They play a role in chloroplasts
development, leaf expansion and seeds germination as well as flowering and fruit ripening?!->*.
Moreover, CK also influence the dynamic of the microtubular cytoskeleton in roots?®, and are

linked to nodulation and light response’! (Fig. 2). Altogether, from organ formation to

senescence, CK regulate key processes during all of the plants” life cycle.

Acting via various regulatory networks, CK regulates SAM function, increases
cell proliferation and plays a role in phyllotaxy

&. © O
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Figure 2. CK role in growth and developmental processes in plants. CK  regulate a plethora of
developmental processes in plants. Their role in shoot apical meristem cell proliferation is especially
remarkable as it involves the regulation of morphogens as well as interaction with the auxin pathway. For this
function CK are transported via the xylem as trans-zeatin (tZ). In exchange the iP-type are transporter to the
root via the phloem. Adapted from Kieber & Schaller, 2018.
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1.2.2 Metabolism and activation

CK are adenine derivatives with either an isoprenoid or aromatic side chain in the N6 position
of the adenine ring. The isoprenoid derivates are the most abundant forms in plants including
isopentenyladenine (iP), cis- and trans- Zeatin (c¢Z, and ¢Z), and dihydrozeatin (DHZ). Present
in their nucleobase-, riboside- or ribotide- forms, as well as their inactive O-, N’- and N°-sugar
conjugates®®. Their biosynthesis has come a long way since the proposal of the naturally
occurring cZ being mainly a product of tRNA hydrolysis and posteriorly interconverted into
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Figure 3. Overview of de novo, and tRNA degradation, metabolic pathways of cytokinins. AMP
adenosine 5’-monophosphate, ADP adenosine 5’-diphosphate, ATP adenosine 5’-triphosphate, CKX
cytokinins oxidase/dehydrogenases, cZ cis-Zeatin, cZR cZ riboside, cZRMP cZ riboside 5’-monophosphate,
CYP735A cytochrome P450 monooxygenase, family 735, subfamily A (cytokinins trans-hydroxylase),
DMAPP dimethylallyl diphosphate, DHZ Dihydrozeatin, DHZR DHZ riboside, DHZRMP DHZ riboside 5°-
monophosphate, IPT isopentenyl transferase, iP N6-(D2 -isopentenyl)adenine, iPR iP riboside, iPRMP iP
riboside 5’ —monophosphate, iPRDP isopentenyladenosine- 5’-diphosphate, iPRTP isopentenyladenosine- 5°-
triphosphate, NCS adenosine nucleosidase, LOG cytokinins phosphoribohydrolase ‘Lonely guy’, tRNA
Transfer ribonucleic acid, tZ trans-Zeatin, tZR tZ riboside, tZRDP tZ riboside 5’-diphosphate, tZRMP tZ
riboside 5° monophosphate, tZRTP tZ riboside 5’-triphosphate, RPH ribonucleotide phosphohydrolase.
Adapted from Hiroshe et al. 2008.
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Today we know that the initial step of isoprenoid-like CK biosynthesis is catalysed by
isopentenyladenine transferases (IPT) (Fig. 3). These proteins add a prenyl group derived from
the dimethylallyl diphosphate (DMAPP) to: 1. the N position of an ADP/ATP?*2%, producing
(1P)-type CK or 2. an adenine bound to tRNA, generating the cZ-type.

Later, the iP nucleotides will be converted into tZ-type CK by hydroxylation of the side chain
induced by the cytochrome P450 enzymes, CYP735A1 and CYP73542%. On the other hand,
the hydrolysis of the modified tRNA produces the cZ riboside monophosphate (cZRMP).
Finally, the CK nucleoside 5'- monophosphate phosphoribohydrolase LONELY GUY (LOG)
catalyses the conversion of all nucleotides into their active free-bases form3°.

The reduced form of zeatin DHZ, however, is an exception. Knowledge regarding this derivate
metabolism is still scarce, probably because it is excluded from most studies as it has been long
considered the less active form of #7312,

The aromatic CK, represented by KIN, the N°-benzyladenine (BA), its hydroxyderivates
(topolin or methoxiderivates) and the 6-(3-methylpyrrol-1-y1l)purine (MPP) are also an
exception. The natural occurrence of these CK is reserved to fewer plants®*35. Their
biosynthesis, in particular, is still unknown. They supposedly originate from symbiotic bacteria
or nucleic acids. The ortho-topolin form 2-methylthio-derivates are believed to originate
exclusively from tRNA hydrolysis. Nevertheless, both natural and synthetic aromatic CK are

weak substrates for the CKX, therefore, their effect is presumed to last over time36-7,

1.2.3 Transport and de-activation

In Arabidopsis thaliana, the relative abundance of CK in different tissues and developmental
stages depends on the expression patterns of the genes involved in their biosynthesis***° and

1340 as well as on their long-distance transport®?. The tZ-riboside (tZR) is the main

degradation
CK type found in the xylem while the phloem primary transports iP-type*'. In addition, CK
can be also transported across the plasma membrane and into the lumen of the endoplasmic
reticulum (ER). CK efflux across the plasma membrane is carried out by the ABC transporters,
the ABCG14, mainly expressed in the roots*?. The decrease of the content of CK in the shoots
in atabcgl4 mutant lines proposed the main role for these transporters in root-to-shoot

communication*?, This signal exchange is thus essential for coordinating CK responses in both
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organs?®*. On the other hand, CK influx is carried out by the purine permease family (PUP)*43
and the nucleotide transporters (ENT)*47,

Together with hormone efflux (possibly into the apoplast*®#°) the levels of CK are finely tuned
by either conjugation to a sugar or cleavage by the CKX family’. Glycosylation of the N° or
N? residue is irreversible and results in the loss of CK activity, possibly, by decreasing the
ligand affinity for the receptor’' 3. As N-glycosylation is believed to be gained later in
evolution, it was proposed that this mechanism intends to reduce the toxic aldehyde product
from CKX degradation3®>*. On the contrary, O-glucosides could be considered a reservoir of
CK, as this type of glycosylation can be reversed by B-glucosidases®. Further, CKX-mediated
degradation of most naturally occurring CK involves the irreversible cleavage at the N°-side
chain of both the free-base and riboside form>°. Exceptions are DHZ and aromatics derivates,

including the synthetic CK BA used in this study, which are resistant to CKX degradation*’-%,

1.2.4 Perception and signalling pathway

CK signal transduction involves an extended version of the basic Two-component systems
(TCS) found in yeast and bacteria (Fig. 4). In these organisms, the TCS are the major circuits
to perceive and respond to environmental cues>’*8. These simpler systems involve a sensor
kinase that perceives and propagates the signal, and a RR that receives it by means of an His-
to-Asp phospho-transfer. CK canonical circuit instead, similarly to other TCS found in higher
organisms>>®, includes a hybrid histidine kinase receptor that comprises both a donor and
receiver domain, a phosphotransferase protein and a RR that directly modulate the transcription
of target genes®' 93,

In Arabidopsis thaliana, binding of CK to the Arabidopsis Histidine Kinase (AHK) receptors
triggers the phospho-relay (Fig. 5). The phosphate at the conserved D residue in the receiver
domain of the AHK is then transferred to Histidine (H) residue of the Arabidopsis Histidine-
containing Phosphotransferase (AHP1-5). Later, these intermediate proteins phosphorylate the
RR of the pathway, the type-B Arabidopsis Response Regulators (B-ARRs), whose activation

lead to the transcriptional regulation of the genes responsive to CK®'-93,
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A. Basic TCS
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Figure 4. Representation of TCS systems. A. TCS found in yeast and bacteria. A sensor
HK phosphorylates the circuit response regulator via a His-to-Asp phospho-transfer. B.
Extended version of the basic TCS. A hybrid HK phosphorylated the RR via an intermediate,
the HP protein. D, aspartate; H, histidine; HP, Histidine-containing phosphotransferase;

REC, receiver domain; TCS; Two-component system

A second less characterized RR, the Cytokinin Response Factor (CRF) can, in turn, modulate
CK signalling®. However, their phosphorylation by the AHPs has not yet been shown. In
addition, the type-A% and type-C%®” ARRs, and the pseudo phospho-transfer protein
AHP6%%-%? participate in negative-feedback loops modulating CK signal.

In plants, 65% of annotated genes belong to multigene families, probably as a consequence of
tandem and segmental gene duplication. In Arabidopsis, 50% of multigene families have, at
70,71

least, five members

Arabidopsis genome encodes for 5 AHKs, 5 AHPs, 23 ARRs and 12 CRFs. This multiplicity

. The families of proteins involved in CK signals are no exception.

of proteins within the same family proposes a high level of functional redundancy, which
hinders the study of the contribution of single TCS components to the network. The second
level of complexity in the study of the TCS is the non-canonical activation of CK responses,
which may lead to misinterpretations of the results. Two known examples are the Cytokinin
Independent 1 (CKI1) receptor, an HK that lacks the CK binding domain yet its overexpression

generates CK responses’? and the upregulation of CRF3 as a response to cold stress’.
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Figure 5. Representation of CK perception and signalling pathway in Arabidopsis thaliana. After
hormone binding to the CHASE (Cyclase/ Histidine kinases Associated Sensor Extracellular) domain of the
Arabidopsis Histidine Kinase receptor (AHK), the conformational change triggers the phosphor-relay. The
phosphate (P) is then transferred to the Arabidopsis histidine-containing phosphotransferase (AHP), and finally
to the type-B Arabidopsis response regulator (B-ARR). A second response regulator, the cytokinin response
factor (CRF) also regulates CK responsive genes. The type A- and type C-ARR together with AHP6 act as
repressors of CK signalling.

In addition, a large body of literature has investigated the interconnectivity among different
phytohormones’ networks’#78. This crosstalk, which leads to coordinated responses, represents
the third major impediment to interrogating CK signalling in planta. To mention a few
examples, it has been observed that jasmonates (JA) can diminish CK signalling by repressing
AHK4/CRE1 while promoting AHP6 expression, positively regulating drought-induced xylem
differentiation”. As well related to drought response, the SnRK2 protein kinases, key
components of the ABA signalling pathway, were proposed to phosphorylate and activate the
type-A ARR, thus downregulating CK responses®*8!. Oppositely, auxin seems to inhibit these
negative RRs in the SAM where CK signal is essential for cell division through
ARF5/MONOPTEROS®#2. In roots, however, auxin and CK have antagonistic roles
regulating RAM size by the generation of high auxin/ low CK regions where cell proliferation
is favoured and areas of low auxin/ high CK in the transition/elongation zone promoting cell
differentiation. This regulatory effect includes activators of the CK pathway such as the B-

8
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ARR, ARRI1 and the CRFs. The latter integrates both auxin and CK signal by the regulation of
PIN1 expression®~®°, Lastly, CK are involved in pathogen defence together with salicylic acid.
Another B-ARR, ARR2, interact with the transcription factor (TF) TGA1A-RELATED GENE
3 (TGA3) to activate as a dimer the transcription of a marker gene for systemic acquired

resistance’.
1.2.4.1 Arabidopsis Histidine Kinase Receptors

The first HK receptor believed to be involved in CK sensing was CKI1. Not only was it
overexpression in calli-induced constitutive CK responses®, but later it was suggested to be
involved in the regulation of female gametophyte development, vegetative growth and A-
ARRs expression®”®°. While CKI1 is not a genuine CK receptor, its identification suggested
that CK was perceived by a TCS.

Only three years after CKI1 was identified, a second HK receptor was isolated from dehydrated
Arabidopsis plants, the AHK1%. In yeast mutants for a structurally related HK receptor, the
Synthetic lethal of N-rule 1 (SLN1), AHK1 was shown to respond to osmotic stress yet not to
CK®. More recently, a recombinant AHK 1 protein was successfully purified in bacteria further
evidencing its phosphatase activity in vitro®'.

The first canonical CK receptor was discovered almost simultaneously by three different
groups, finally showing to encode for the same HK. It was identified as the gene responsible
for the wooden leg mutation and referred to as WOL?2. Later, for inducing CK resistance in
tissue culture it was named CYTOKININ RESPONSE 1 (CRE1)%. It was finally titled the
Arabidopsis HISTIDINE KINASE 4 or AHK4 (which is what will be referred to henceforth in
this work) and was revealed after in silico screening using a conserved domain of known HKs®?.
The first evidence of AHK4 activation by CK was obtained by analysing the complementation
of an SLN1 lethal mutant (slnlA) in yeast®?. Only when CK was added into the media, the
AHK4 expressing cells bypassed the lethal phenotype. As for AHK, this receptor also presents
intrinsic phosphatase activity, which prevails in the absence of a ligand®*.

Within the 5 members of the AHK family only AHKS lacks the extracellular domain, which is
involved in the hormone binding. Instead, this receptor participates in both peroxide- and
ethylene-induced stomata closure®>. On the contrary, AHK2 and AHK3, are (as AHK4)
genuine CK receptors and were characterized in the same in silico study previously mentioned.

The three CK sensing receptors, AHK?2, 3 and 4, consist of:
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1. two or three transmembrane regions,
2. a conserved extracellular CHASE domain (cyclase/ histidine kinases associated sensor
extracellular) involved in hormone binding®®"7,

3. acytosolic region that contains the HK domain and

4. areceiver domain.

5. A diverse receiver domain is present in the C-terminal end as well, it is, however, unlikely

to be involved in the phosphor-transfer.

The AHK 2, 3 and 4 receptors are expressed in all plant tissues (with different mRNA
abundance in each of them) and they are believed to act in concert®*%%°, Nevertheless, some
predominant roles were attributed to each of them. For example, AHK4 is predominately
expressed in vascular tissues and RAM and thus it is the main regulator of primary root growth
controlling of cell proliferation and elongation as well as shoot regeneration in-vitro®>92%,
AHK3, on the other hand, is more abundant in shoots, inducing photomorphogenesis and
chlorophyll retention during dark-induced senescence, and together with AHK?2, is involved in
leaf formation®®. Importantly, both ahk3 and ahk4 single mutants displayed particular
phenotypes, while the ahk2 mutant did not. The phenotypes of the double mutants were
enhanced compared to the single mutant and the triple mutant rendered plants infertile, due to
the CK effects on female gametophyte development!'%%1%! (Fig. 6).
At the cellular level, whether these receptors are present (and active) in the plasma or
endoplasmic reticulum (ER) membrane was extensively debated. Evidence suggest that the
AHKSs localize, and initiate CK signalling, mainly at the ER'%192-1%4 However, recent studies
proposing a functional activation of the HK receptors localized at the plasma membrane should
not be dismissed!%:1%,
Crystal structure and in silico analysis showed that a monomer of AHK4 binds a molecule of
CK, independently of its nature (natural or synthetic) in the same site. Moreover, the binding
pocket can allocate isoprenoid and aromatic CK without a major structural rearrangement.
Oppositely, the larger or apolar nature of the derivates modified by N- and O-glycosylation
restricts the binding, thus explaining the absence of activity of such derivates®1%7,
Different groups calculated the apparent dissociation constant (Kd) of these receptors using
saturation assays with *H-CK and comparison with unlabelled competitors in vitro. The Kd for
AHK2, 3 and 4 is now estimated to be approximately 40 nM>2. For these assays, initially, the

714,61,108—-111

receptors incubated with the probes were expressed either in Escherichia coli or

10
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yeast’?. Additionally, biochemical parameters of the hormone binding to AHKs, including pH,
temperature and salt dependency were investigated, as well in these heterologous
systems!*19%-119 However, the composition of the membrane in bacteria greatly differs from
that of plants!'>!13, raising the question of the suitability of bacteria-based systems for the study
of the AHK receptors. To overcome this difficulty isolated systems based on plant membranes

were further implemented>!->, providing a native-like environment for the receptor.
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Figure 6. The ahk2, ahk3, ahk4 triple mutants severely affected gametophytes and rosettes development.
A. Percentage of arrested gametophyte in wild type (wt) and triple mutants. While all lines presented fewer
ovules, only the ahk2-1, ahk3-1, ahk4-1; and the ahk2-2, ahk-3, crel-12 lines were morphologically different
(n>50 from at least three plants for each mutant) B. Aerial phenotype analysis of 4-week-old wt and triple
mutants. The strongest rosette morphology was observed in the ahk2-7, ahk3-3, crel-12 mutant. Consistently,
this line has the highest percentage of arrested gametophytes (scale bar: 1cm). Adapted from Cheng et. al
2013.

The following is a summary of all in vitro and in vivo outcomes. AHK3 showed higher affinity
for tZ, followed by DHZ and iP, and had the lowest affinity for BA and c¢Z in comparison with
AHK4 in all tested conditions. The latter instead showed a higher affinity to iP and tZ followed
by BA and cZ. Based on the lower affinity for iP-types observed for AHK3, it was proposed
that this receptor sensitivity is higher for root-derived CK (tZ-Types)'?. A much-debated
question is whether the ribosides, the main long-distance forms of CK, have genuine CK
activity?6-233:107.114 While the affinity of the AHKs for tZR and iPR was evidenced in the
previously mentioned bacteria-based assays, no receptor activation has so far been associated

with the observed hormone binding.

11
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Further, in vivo analyses in Arabidopsis protoplast addressed the activation of reporter genes
after the addition of the isoprenoid derivates tZ°:!15:116 and iP®'; or BA3!®!, The latter, while
not focused upon the calculation of the Kd, provided evidence of the sensitivity of the receptors
for different CK forms. Nevertheless, investigation of the sensitivity of the receptors, as well
as the activation of CK response by different CK/AHK combinations in plants, could be
impeded by CK metabolism, non-canonical activation of the pathway and negative regulators.
Therefore, it will be advantageous to engineer a more suitable platform for quantitative in vivo
analysis with reduced complexity yet conserved general mechanisms such as

transport/secretion systems.

1.2.4.2 Arabidopsis Histidine-containing Phosphotransferase proteins

After signal perception, five of the six HPs encoded in the genome of Arabidopsis (AHP1 to
5) mediate the transfer of the phosphate from the hybrid HK to the response regulators. These
proteins lack catalytic activity therefore they rather act as phospho-donors for the B-ARRs.
Within the cell, AHPs are localized both in the nucleus and the cytoplasm, constantly shuffling

117

independently of the presence of the hormone''’. AHPs interaction with several members of

the HK (including CKI1), RR and CRF family was suggested, supporting their role as
intermediate proteins in the pathway®!-!18-121,

Protein alignment of AHP1-5 revealed that these approximately 150 amino acids long proteins
have a highly conserved sequence!??. Interestingly, as mentioned before for the AHKSs, the role
of the AHPs as mediators of the TCS in 4. thaliana was first evidenced after complementation
with AHP1 of a ypdIA yeast mutant line'?3. Moreover, in vitro studies of AHK4 kinase and
phosphatase activity included AHP1,2,3 and 5, together with YPD1. Up until then, it was the
only HP proven to receive the phosphate from the CK receptor®. Altogether these analyses
demonstrate an interkingdom functionality of the TCS components.

The expression of these phosphotransferases is induced by CK coincidently with their function
as pathway mediators. Down-regulation of their expression was reported in response to abiotic
stress 2. Moreover, the AHPs can be S-nitrosylated in a conserved cysteine residue by nitric
acid reducing their ability to both, receive and transfer the phosphate'?3.

AHP regulatory roles have been widely assayed using loss-of-function mutants and fewer

overexpression assays (mainly for AHP2). Single mutants displayed an undisguisable response

to CK compared to wildtype (WT)'?6. Moreover, the quintuple mutant ahpl ahp2 ahp3 ahp4
12
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ahp5 exhibit reduced shoot development, enlarged seeds and diminished fertility, similar to the
ahk2 ahk3 ahk4 triple mutant. The study of double mutant lines for ahp2 ahp3 revealed these
proteins prominent role as negative regulators of drought-tolerance!?* (Fig. 7). Later, the loss
of central and antipodal cells fates in ovules of the triple mutant ahp2 ahp3 ahp5 suggested

they play a role in female gametophyte development!?’.

A C 120 Figure 7. The ahp2, ahp3, ahp5 triple mutant
i presents enhanced drought tolerance.
;\,‘; 100 ] A. 3-week-old mutant lines presented reduce
B’ 80 growth compared to the WT. B. Photography of
© 3-week-old plants prior rewatering and
(—‘; 60 inflorescence removal, after 13d of drought
% 40 stress shows increase stress tolerance in mutant
B U;J lines. C. Survival rates showing the average of
20 three independent experiments (n=30 plants/
0 _i.__ line) evidence AHP negative role in drought
\?\« ?J reponse  (***P<0,001). Adapted from
Q'L* (Nishiyama et al. 2013)
)

AHP2, 3 and 5 were proposed to be expressed ubiquitously in plants, while AHP1 was
predominantly found in roots'??. AHP4 is mainly expressed in the aerial parts of the plants and
it was suggested to have a weak contribution to CK responses, proposing that it may instead
interfere with the pathway, for example, by interaction with other signalling elements!?%12°,
AHP6, the pseudo-HP of Arabidopsis thaliana, is a unique protein in the AHP family. The
negative regulatory function of this AHP was first discovered in screening for suppressors of
wol root phenotype. The wol ahp6 double mutant evidenced a role for AHP6 in promoting
protoxylem specification®. Interestingly, AHP6 expression is induced by auxin!?%. In shoots,
where CK and auxins have an antagonist function, AHP6 seems to work in coordination with
auxin to regulate developmental patterns. To this end, AHP6 can move to adjacent cells via
plasmodesmata®-128:129,

It has been proposed that the mechanism of action of AHP6 inhibition relies on an interference
with the phospho-transfer between the different domains of the hybrid HK receptor, and
between the AHPs and B-ARRs’*. However, how precisely this pseudo-HP lacking a conserved

phosphorytable residue affects the phospho-transfer remains unknown.
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1.2.4.3 Arabidopsis Response Regulators

The type-B ARR family includes 11 transcription factors known as the main effectors of the
CK pathway. Oppositely, the 10 type-A ARRs and the type-C ARRs act as negative regulation
of CK signalling.

1.2.4.3.1 Type-A Response Regulators

The type-A response regulators family comprise 10 proteins whose sequence includes a
receiver (REC) domain yet lacks the transactivation domain present in the B-ARRs.
Transcription of these RRs is rapidly induced after exogenous CK application and occurs in
the absence of de novo protein synthesis'3°. Because of this fast induction, the promoters of the
A-ARRs, mainly ARRS and ARRG6, are often used to engineer reporter systems for the study
of CK transcriptional responses.

Transcripts levels of many A-ARRs are regulated by other inputs as well. ARR7 and ARR15
expression is repressed by auxin in the SAM, but induced by the same hormone in the
RAM?®2131 ARRS that is highly expressed in SAM and RAM is transcriptionally suppressed in
the WUSCHEL (WUS) domain, thus controlling the spatial distribution of CK response in the
SAM!'32_ In addition, ARR4, which is mostly found in stems, leaves and flowers, seems to be
post-transcriptionally regulated. In response to the phytochrome B action, the level of ARR4
protein but not of its mRNA will increase. In turn, ARR4 will stabilize the active form of
phytochrome B both in yeast and in plants!33!34,

Two mechanisms were proposed as the mode of action of these RRs. First, as it was shown that
response regulators can interact with several AHPs and their sequence contains a conserved
asp residue, they could be competing for AHP interaction/phosphate with the B-ARRs'3?, A
second model based on biochemical and structural studies proposes that, even when ARR-A/B
interactions were not evidenced, they may be forming an inhibitory complex when both are in
their phosphorylated state. Another piece of evidence that supports the latter hypothesis is the
finding that the phosphomimic form of a type-A ARRs could partially rescue the arr3 arrd
arr5 arr6 mutant phenotype'®®. This implied that, even when the A-ARRs cannot receive the
phosphate (as they mimic the phosphorylated state by the point mutation) from AHP, they still
exert their inhibitory role. In the same direction, a non-phosphorytable mutant of ARR7 was

still localized in the nucleus and had a similar half-life as the WT, when the conserved D residue
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was replaced for asparagine (N). However, this mutant failed in generating ARR7
phenotype!'3°.

These proteins function will be enhanced by CK, as evidenced by the increase stability of these
proteins in the presence of the hormone!'?3. Later, dephosphorylation and further degradation

by the ubiquitin-proteasome pathway result in the turn-off of these RRs.
1.2.4.3.2 Type-B Response Regulators

The B-ARRs are transcription factors (TF), whose sequences comprise a C-terminal region of
variable length and an evolutionary conserved REC in the N-terminal end. The C-terminal
region includes a Myb-like DNA binding domain followed by an activation domain rich in
glycine and proline and a nuclear localization signal (NLS)'37-138,

It is believed that the REC domain of the B-ARRs masks the DNA-binding domain, thus
negatively regulating their function; as its deletion leads to constitutive activation of the
responsive genes!'**'4!. Further, phosphorylation at the REC domain seems to be key to
releasing this inhibition, as phosphomimic forms ARRI(D94E)!*> and ARR2(DS8OE)'®
resulted in a constitutive up-regulation of CK responses. These observations agree with the
phospho-transfer being the motor of the CK signalling by triggering a conformational change
in the RRs. Interestingly, analysis of the CK-inducible expression of reporter systems in
Arabidopsis protoplasts further revealed the ability to activate CK responses of the non-
phosphorytable mutants of ARR2'®! and ARR18!43, when the conserved D residue was
replaced for N. These findings suggest that other modifications at the conserve D, which
presumably alter the structure of the REC domain, can activate these B-ARRs by unmasking
their DNA-binding domain.

Type-B ARRs will bind their target DNA either in a core CK response motif (CRM) A/GGATC
or an extended version (ECRM) AAGAT(T/C)TT, as characterized for ARR1!37:140.141 Baged
on their DNA-binding domains, these TFs have been further subdivided into three subfamilies:
B-I (ARR1, ARR2, ARR10, ARRI11, ARR12, ARR14 and ARR18), B-II (ARR13, ARR21)
and B-III (ARR19, ARR20)!#+!45_ The most widely studied subfamily has been, by far, the B-
I. These seven RRs are expressed in all tissues and play a predominant role in controlling CK
responses. Among them, ARR1, ARR10 and ARR12 have been shown to regulate the majority
of genes involved in canonical CK responses!46-148,

These three TFs are similarly expressed in roots, hypocotyl and cotyledons and localize in the

cell’s nucleus'*. Studies of their mutants presented them as regulators of different division and
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differentiation events. The arrl arrl0 arri?2 triple mutant was shown to have reduced apical
dominance in the SAM, while abnormalities were observed in vascular development!47:14%:150,
The antagonistic role of auxins and CK was also promoted by these RRs, as ARR1 and ARR12
can induce SHY2 expression, a known auxin signalling repressor®*$4. Importantly, many
phenotypes of the b-type-arr triple mutant were analogous to those observed in ahk2 ahk3 ahk4
triple mutants, reinforcing the idea that these TFs have a prominent role in the CK response'#’

(Fig. 8).

A Cal arrl/10 arrl/12  arrl0/12 arrl/10/12 ahk2/3/4

Figure 8. The arrl, arrl0, arri2 affect
Arabidopsis aerial and root growth.

A. 18-day-old WT, double and triple mutant for
arr, and ahk were grown on MS agar plates on long
day conditions. Only the arr triple mutant exhibit
a strong phenotype, comparable with the receptor
triple mutant in roots. B. 14-day-old plants were
grown in MS and then transferred to soil for
another 14d. Triple mutants for the response
B Col _arrl/I0 _arrl/I2 _arrl0/12 arrl/10/12 ahk2/3/4  regulators developed inflorescence later than the
WT, yet produced flowers, while the receptor
triple mutant was not fertile. Adapted from
(Ishida et al., 2008)

30 mm

In prokaryotes, homologous RRs involved in TCS pathways require dimerization, or even,
oligomerization for their activation'>"!>2, In addition, eukaryotic organisms also use TFs
complex formation as a regulatory mechanism'>3. It is therefore likely that the B-ARRs can
bind and activate their target genes as dimers. Homo- and heterodimerization of the B-ARRs
have been proven for some of these TFs by Y2H. In these studies, ARR10 was suggested to
interact with CRF6 and ARRI12 with CRF1/2, and other TFs belonging to different
networks!'%!?!, Moreover, ARR14 was proposed in the same studies to form homodimers and
heterodimers with ARR2. However, the biological relevance of these interactions needs to be
further assessed. Up-to-now evidenced, activation of CK responses by homo- or heterodimers
between the B-ARRs are: the activation of ARR6 promoter by ARR18 homodimer and ARR1-
ARR12 transactivation of TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1
(TAAT1)'54155,
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It was also proven that the DELLAs (aspartic acid—glutamic acid—leucine—leucine—alanine)
proteins enhance the transactivation ability of ARR1 and can bind as a complex to the TAA1
promoter'>®. Additional support to the TFs complex hypothesis is the evidence that more than
50% of the promoters of CK inducible genes lack the CRM or ECRM motif. Moreover, from
the genes recognized by ARRI, ARR10 and ARRI12, less than 15% are transcriptionally
regulated by CK 41149156 Therefore, suggesting the need for these TFs to interact with others
that physically bind the promoter of the target genes.

In comparison with the A-ARRs, only increased stability of ARR1 was so far evidenced in the
presence of the CK'37. Finally, CK signal transduction will be regulated by the degradation of
the B-ARRs as well.

This turnover involved the F-box family of proteins, the Kiss Me Deadly (KMD), that targets
the B-ARRs for degradation by the ubiquitin-proteasome pathway, with particular kinetics for

different members of the family!'3®,

1.2.4.3.3 Type-C Response Regulators

Even when the type-C ARRSs structure is similar to those of the type-A ARRs, unlike them, C-
ARRs expression is not regulated by CK®”-'> | Moreover, their functional receiver domain
resembles those of the HKs. This family includes two proteins, ARR22 and ARR24. Both C-
ARRs are expressed in the cell cytoplasm at the funiculus/chalaza junction developing seeds
or pollen grains, respectively, and their loss-of-function mutants failed in displaying a
particular phenotype'®®. However, ectopic overexpression of ARR22 in Arabidopsis induced
dwarf phenotypes and general attenuation of CK responsive genes expression, as observed for
the receptors and the type-B ARR triple mutants®6-67,

Surprisingly, ARR22 activity depletion occurred when the aspartate was replaced with alanine,
asparagine or glutamate'®!. Therefore, unlike type-A ARRs, the role of this protein is not likely
induced by phosphorylation, but rather, by the availability of a phosphor-receiver residue. This
supported the finding that ARR22 could rapidly dephosphorylate AHPS by in vitro assays,
while no phosphorylated C-ARR could be recovered. Suggesting that ARR22 might act as a
histidine phosphatase®’. As this RR can interact as well with other AHPs (Y2H and in planta),
it was questioned, if ARR22 may function as a histidine phosphatase to other HPs from
different organisms®6-161,

Overexpression (-ox) of type-A ARRs as ARR7, ARR4 and ARR15, while partially repressed

B-ARRs responses generate weaker repression in comparison with the ARR22-ox mediated
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signal depletion!®?. This suggested that the down-regulation of CK signalling by the C-ARRs
seems to be more efficient than the exerted by the A-ARRs.

1.2.4.4 Cytokinins Response Factors

The CRFs were first identified as CK-responsive genes that rapidly increased the levels of
transcripts after hormone treatment®. Subsequently, binding sites for the type-B ARRs were
found in the promotors of two members of this family, CRF2 and CRF5. The role of these
proteins as regulators of CK responses was later evidenced by analysing the transcriptome of
double mutant lines for crf or b-arr. This study revealed a substantial overlap in the

transcriptional regulation exerted by these two families of TFs®*!4!

, proposing the CRFs as
effectors of CK pathway.

As observed for the other signalling element involved in this pathway, the phenotypes were
more visible in higher order loss-of-function mutants suggesting functional redundancy®. As
an example, the crf5 crf6 double mutant, but no other mutant combination of CRFs were
embryo lethal, thus suggesting that these TFs have a role in the control of embryo
development®. Further, CRF2, CRF3 and CRF6 have been suggested to regulate numerous
stress responses (reviewe'®). In addition to its capacity to negatively regulate senescence',
CRF6 was proposed to regulate oxidative stress via a non-canonical TCS pathway!%.

Unlike the type-B ARRs, the CRFs belong to the B-5 subgroup of the family of the Apetala 2
(AP2) transcription factors!'66.

The AP2 domain is located in the middle of the sequence of these proteins, flanked by a highly
variable region in the C-terminal and an evolutionary conserved N-terminal part. The N-
terminal end includes a domain that differentiates the CRF from the other AP2 TFs, the CRF
domain. This sequence is crucial for their PPI. The C-terminal variable domain presents a
putative phosphorylation site with an SP(T/V)SVL motif'¢’. Based on the conservation of this
C-terminal region, the CRFs can be further subdivided into 5 clades. Clade I (CRF1-CRF2),
Clade II (CRF3-CRF4) and Clade III (CRF5-CRF6) have been so far the most, if not the only
ones, under study. Each clade has been attributed a role in a specific type of stress response:
Clade I to salt stress, Clade II to cold response and Clade III to oxidative stress
response! 310318 However, there is evidence of proteins from different clades being involved
in the same type of response. For example, CRF 2 and 3 regulates lateral root formation during

cold response’3. Interestingly, the same study showed that CRF3 can be upregulated by cold
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via non-canonical circuits. This evidences once more the high level of complexity and
interconnectivity within different networks for the regulation of common responses. In
addition, Clade IV CRFs (CRF7 and CRF8) lack the conserved C-terminal domain (thus, the
putative phosphorylation site) questioning whether these TFs participate in the phospho-
relay!!’.

CRFs were proposed to be located mainly in the cytoplasm and relocated into the nucleus in a

64,169

hormone-dependent manner, as it was also initially suggested for the AHPs . However,

later studies questioned this hypothesis, finding the CRFs in the nucleus before any CK

170, in stable transgenic lines expressing

application, in protoplasts and onion epidermal cells
CRF1 or CRF5'"! and in protoplasts, when analysing cold response’>.

Finally, CRF1-8 ability to form homo- and heterodimers as well as to interact with the AHP1-
5, was identified using Y2H and/or Bimolecular Fluorescent Complementation (BiFC), with

119

some exceptions ' 7. Further proven interactions with the ARRs were previously mentioned.

1.3 Synthetic biology (SynBio)

The term “synthetic biology” was first used by Stéphane Leduc in 1910 in his book Théorie
physico-chimique de la vie et générations spontanées and later in two following publications:
The mechanism of life (1911) and La Biologie Synthétique (1912)'72. Although Leduc’s use of
the term (mainly referring to crystals) does not correlate with today s usage, his philosophical
conception still applies. A good example is his description of the synthetic method as
“reproduction by the forces of physics of biological phenomena that must contribute to give us
a comprehension of life” (Leroc 1912, page 12). Nevertheless, synthetic biologists have a more
ambitious goal. Whereas they still focus on synthetically reproducing naturally occurring
events to understand life, they also aim to create biological systems that do not exist in nature.
Therefore, we could define SynBio as a multidisciplinary field that combines theoretical and
experimental strategies for the engineering of novel biological modules and systems as well as
the re-design of previously existing biological systems with new functionalities.

The iconic event that brought forth the “synthetic thinking" was the characterization of the lac
operon, highlighting the existence of modules that can specifically regulate gene expression!”3.
Moreover, Jacob and Monod proposed the possibility of generating new systems by

recombining existing ones. Altogether, the discovery of chemical synthesis'’+!75, the emergent
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molecular cloning methods!”®!”7, the polymerase chain reaction (both for amplification and
mutagenesis)!’® and the ground-breaking CRISPR/Cas application for genome editing!”® have
propelled decades of design and engineering of building blocks for such systems.

The engineering of a genetic toggle switch'®, a transcriptional regulatory loop controlled by
an oscillatory function'®! and an autoregulatory gene network'3? in bacteria were the start of
this still-growing field. Since then, the application of SynBio has been far-reaching and

encompass: biocomputing'®?, design of new proteins!®4, production of living materials!8>186,

188,189 " organoide'”’, biofuel production'®!, reconstruction of

synthetic life!®’, biotherapeutics
signalling pathways'? and even applications in space exploration'®? (For more applications

refer to!9>194).

1.3.1 Modular reconstruction strategy for the analysis of signalling processes

The perception and transduction of endogenous and exogenous signals are essential for all
living organisms to coordinate growth, differentiation, metabolism and survival. Signalling
pathways present natural modularity where each building block has a distinguished role and
participates in the signal transduction over a wide array of PPIs (or second messengers) with
the other components. These networks comprise a multiplicity of signalling elements often
presenting functional redundancy. In addition, numerous feedback control loops modulate this
circuit, together with cross-interactions with other pathways. The intrinsic complexity of most
signalling pathways has long-limited the detailed study of their kinetics and dynamic
interactions, as well as the role of individual components and the mechanism underlying their
function. To better understand (and manipulate) these complex processes, new approaches are
needed'®.

To assist the classic genetic, biochemical and molecular biology approaches, the modular
architecture of signalling pathways has been utilized to generate tools, which can be further

implemented for SynBio strategies'®*196:197

. Among them, of main importance for the
acquisition of new knowledge are the bottom-up approaches!*®2%. These methods attempt to
build new experimental models combining biological and artificial building blocks. Further,
partial or full reconstruction of the signalling networks after heterologous expression in
orthogonal systems reduces the level of complexity of the analysis. The dissection of the

pathway into their minimal components permits the quantitative analysis of the role of single
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elements in the network, their subcellular location and the level of expression. Posterior
addition of other elements through the bring-in-and-play approach allows them to explore their
PPIs or to perform competition assays while analysing, for example, different RRs activation
or repression.

This method has to this day been successfully applied for deciphering the key role of proteins
in many fundamental biological processes. As an example, transient expression of mammalian
proteins in cells of the evolutionary distant Drosophila melanogaster permitted the study of
the signal transduction from the B cell antigen receptor (BCR)?°!. This complex is formed by
a membrane-bound immunoglobulin (mlg) and the Iga/Igp heterodimer. By expressing these
proteins in different combinations, a model for this complex transport from the ER to the
plasma membrane and assembly was proposed. The enhanced green fluorescent protein
(EGFP) was used as the reporter gene to evidence the complex relocation. Moreover,
combinatorial analysis of the kinase activity of the mutant form of the BCR proximal protein
tyrosine kinase (PTK) Syk permitted to characterize of the role of its SH2 domain in the signal
transduction.

Synthetic approaches had also been fundamental in the study of phytohormone signalling
pathways. Many of these works were focused on the study of the auxin pathway. An example
is the partial reconstruction of the auxin-induced degradation system in the yeast
Saccharomyces cerevisiae?’?. Briefly, auxin responses required the turnover of the
Auxin/Indole-3- Acetic Acids (IAAs) by interaction with the Transport Inhibitor
Resistantl/Auxin signal F-box Protein (AFBs). To explore the degradation behaviour of
different IAAs/AFB complexes, a yellow fluorescent protein (YPF)-IAA fusion was expressed
in yeast in the presence of AFB. Posterior treatment with different concentrations of the
hormone allowed us to visualize the differential degradation rate of the different complexes.
Later, the same group reconstructed a minimal auxin response circuit to explore the
contribution of single modules to auxin responses®®. In this innovative study, a synthetic
switch was engineered to visualize auxin-induced transcription. In this module, the expression
of the GFP reporter was controlled by a promotor containing an auxin response element
(PARE). In the absence of the hormone the IAAs repress the activity of the auxin response
factors (ARFs) by recruiting the co-repressor TOPLESS (TPL). As expressed before, in the
presence of auxin the [AAs are targets for degradation. The IAAs turnover results further in

the activation of the PARE promotor, and thus in increasing signal of GFP.
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1.3.2 Mammalian cells as chassis for plant signalling pathway reconstruction and study

A critical step during pathway reconstruction is the selection of an appropriate structure
(chassis or host) that supports the synthetic network. The chassis directly affects the behaviour
of the system and determinates the available tools for its analysis'®.

Yeast, as previously mentioned, and bacteria have some advantages as hosts for reconstruction.
The genome of these organisms has been sequenced and is trackable, they have rapid growth
and inexpensive maintenance and there is a wide range of tools available for
transformation'8%181:1930n the other hand, limitations of working with bacteria are the lack of
quantitative tools for PPI and the need for codon optimization for correct plant protein
expression. Further, even when properly translated, correct protein folding and function cannot
be ensured, as bacteria introduces reduced post-transcriptional modification. Yeast instead are
evolutionarily closer to plants, yet they tend to hyper-glycosylate proteins. In addition, while
we recognize the great contribution of the Y2H technique for the identification of many PPIs,
this approach is not quantitative, requires nuclear localization of the partners and presents a
high rate of false positives?**?%5, These organisms, moreover, present major disadvantages
particularly for the study of CK signalling pathway, as pursued in this work. First, as CK signal
comprise a membrane receptor, the different architecture of the membrane in prokaryotes may
not alter or imped AHK function. Secondly, as mentioned in the previous section, both bacteria
and yeast include multiple TCS pathways. These endogenous components are, even more,
known to interact with the TCS of Arabidopsis thaliana, thus obscuring the analysis of the
observations.

In contrast, mammalian cells as a platform for the reconstruction and study of signalling
pathways offer multiple advantages. Since the development of the first inducible switch for
mammalian cells, adopting the tetracycline-regulated promoter of E. coli, a wide range of
expression vectors and analytical tools were developed to simplify the experimental set-up and

provide quantitative readouts!®7.19%.206-208

. In addition, while several regulatory mechanisms are
preserved, such as protein degradation, there is a reduced amount of mammalian homologous
for most plant regulatory elements. Moreover, plant proteins are normally properly expressed
and active in mammalian cells, even when the temperature of growth differs>*®-2!!, Therefore,
mammalian cells closely mimic the natural plant environment allowing fast and systematic

screening of plant signalling pathways, with tight control of the level of complexity (Fig. 9).
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Of particular importance for this work, the membranes from plants and mammals have similar
composition, while no TCS has been characterized in these organisms. Furthermore, there is a

growing body of literature that recognizes the suitability of this platform for the study of plant

signalling pathways.
Signalling pathway in plants Pathway reconstruction in mammalian cells
o i @
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Figure 9. Illustration of the advantage of heterologous expression in orthogonal systems.
Phytohormones perception and signalling is a complex mechanism that coordinate sensing of signal
molecules, inter- and intrapathway interactions and extensive feedback control. Functional redundancy of the
signalling elements hinder the identification of single component contribution to the pathway. Reconstruction
of plan pathways in mammalian cells contribute to reduce the level of complexity of the analysis, while
providing a setting that resembles plants natural environment, yet avoiding interconnectivity with other
networks. The expanded tool box for quantitative studies, and genome modification in this orthogonal
platform are major assets driving pathways reconstruction.

For example, in 2009 an auxin-based degron system was proven to rapidly deplete proteins in
mammalian cells using the endogenous Skp, Cullin, F-box containing complex (SCF)
degradation pathway?'?, highlighting the importance of the conserved mechanisms between
mammals and plants. Further, the possibility of optimizing synthetic tools for posterior
implementation in plants is another superior advantage of the mammalian system. An example
is the successful characterization in the Human Embryonic Kidney 293-T cells (HEK-293T) of

213

a radiometric luminescent biosensor for auxin“'>. More recently, the formation of a ternary

complex between COP1, SPA1 and the DELLA proteins was evidenced, and quantified in a

214-216

similar system , providing evidence of the predictive power of mammalian platforms.
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1.3.3 Tool-box for exploring plant signalling pathways in mammalian cells

From their perception to the transduction of the signal, phytohormone signalling networks can
be interrogated and manipulated by systematic implementation of different SynBio approaches.
These include (but are not limited to) the study of proteins’ function and location, quantitative
analysis of transcriptional regulation and PPIs as well as manipulation of protein
degradation'%3217,

The control of transcriptional regulation is usually achieved through the design of genetic

switches, combining natural and engineered molecular parts?!”

. For interrogating hormone
signalling at the transcription level, the design of these switches usually includes the
introduction of multiple repeats of binding sites for the TFs of the pathway followed by a
reporter gene. This was exemplified by the Pare: GFP in the previous section and it is also the
rational design for the CK sensitive promotor-reporter systems. The engineering of TCS: firefly
luciferase (LUC) was an important breakthrough for CK signal comprehension®'. This
synthetic reporter comprises the LUC gene under the control of concatemerized binding motif
for the B-ARRs (normally, from the ARRS, or ARRS promotors) and the 35S promotor of the
cauliflower mosaic virus (CaMV). The TCS:LUC, and later its version where GFP was
implemented as the reporter gene, allowed the visualization of CK signal patterns in plants with
high specificity for the first time'3!.

Synthetic tools such as the TCS:GFP, which allows for analyse with high spatial resolution of
the perception of an analyte, are called biosensors. A biosensor should, ideally, offer a high
signal-to-noise ratio, be sensitive and selective for the analyte, and be easily detected, while
not perturbing the system. In addition, subcellular resolution and quantitative output are desired
as well. Transcriptional fluorescent biosensors, such as the TCS:GFP, integrate both perception
and signalling events. This delayed response restricts the observable processes as well as the
dynamic of the measurement. Moreover, no subcellular resolution or quantitative readout can
be achieved by these biosensors. Alternatives biosensors are the ratiometric biosensors, which
include a normalization module that permits quantification, as the ones previously
mentioned?'3?'%. The latter, is specifically a degradation-based biosensor, and the same
principle was implemented for the design of JA, GA and Strigolatones (SL), reviewed in?'°. In
addition, relocation-, or Foster resonance energy transfer (FRET)-based biosensors offer

a ratiometric measurement as wel]195.213,219-222
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The relocation-based biosensor comprises two modules. The sensory module includes a
protein that changes the subcellular distribution in response to a signal fused to a
fluorescent protein (FP). The second module is a normalization module that includes a
second FP, for example, constitutively expressed in the nucleus. After perception of the
signal and relocation, the ratio between the FPs provides a quantitative read-out.
Moreover, as protein relocation can occur within seconds, these biosensors allow the
quantification of rapid changes in vivo and with subcellular resolution. However, to this
day no relocation biosensors were designed for the analysis of hormone pathways yet
they have many other applications reviewed in220.

A FRET-based biosensor for hormone sensing requires the signal-dependent interaction
between two proteins. Each of the two candidates for interaction is tagged to an FP from an
established FRET pair. This approach relies on the energy transfer from a donor-fluorophore
to an acceptor-fluorophore, and requires: 1. an overlap of the donor emission spectra with the
acceptor absorption spectra, 2. proximity of both molecules (below 10nm) and, 3. a correct
orientation of their dipolar moments??* (Fig. 10A-D). Many FRET pairs have been optimized
over the years improving their brightness, photostability, folding at 37°C, reduced sensitivity
to pH, reducing interconversion, etc?0+203-224225 Cyan-yellow and red-green pairs are the more
widely used. Particularly, the mCherry-EGFP excitation induces less autofluorescence from
flavoproteins, less phototoxicity and has greater spectra separation?°4226227 This approach was
used for the study of ABA perception as well as for GA and was reviewed in?!°,

Besides being used for the detection of low abundance molecules, such as hormones, FRET-
based approaches are widely implemented to quantitative interrogate PPIs. In comparison with
the bi-molecular fluorescent complementation approach (BiFC), which relies upon the re-
assembly of a slip FP?2%22°. FRET approaches present no false positives, while still providing
the subcellular definition. First, most split fragments can spontaneously reassemble. Secondly,
the irreversible complementation of the split fluorescent protein fragments hinders the analysis
of the interaction dynamics.

Among all FRET approaches available to explore PPIs, the FRET-Acceptor photobleaching
technique (APB) measures the donor emission after photobleaching of the acceptor. During
FRET, the donor fluorescence is quenched (reduced) by the energy transfer to the acceptor?°,
Therefore, disrupting the acceptor fluorophore by photobleaching results in an increase in the

donor fluorescence. This event is irreversible and eliminates the quenching effect®*’ (Fig. 10).

25



Introduction

A major advantage of this technique is that quantification of the energy transfer can be later
performed with most confocal fluorescent microscopes. However, because photobleaching is
irreversible, it allows only one use per cell, limiting dynamic measurements®®. For the latter,
as well as for proteins with low expression patterns, FRET FLIM (fluorescent lifetime imaging

microscopy) is a more suitable technique?%+231-232,
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Figure 10. Foster resonance energy transfer (FRET) principle and data analysis..

A-D. The term “FRET pair” defines two fluorescent proteins (FP) with overlapping spectrum. If the donor
and acceptor of this couple are fused, independently, to two proteins presumed to interact, their complex
formation will bring the FP to close proximity. If the fluorophores dipoles are properly oriented, the energy
transfer can take place, and the donor protein fluorescent intensity will decrease. E-G. If the acceptor
fluorophore is bleached, its intensity will decrease (close to 0%), evidencing an increase in the donor signal.
H. Two candidate proteins not interacting will not favor the energy transfer. I-J. For FRET acquisition the
cell will grow on top of a microscopy glass. Samples will then be fixed and mounted in a slide for further
observation in the confocal microscope. The apparent FRET efficiency is then calculated and represented as
the average of 10 independent measurements. Protein A, B, and C, hypothetic proteins; E, transfer efficiency;
RDA, mean distance between the dipoles of the fluorophore; R0, Foster radio.

An alternative for the rapid and quantitative screening of PPIs in mammalian cells is the use of
split TF systems. The first engineered chimeric transcription factor included the DNA-binding

motif of the tetracycline repressor (TetR) and the transcriptional activation domain VP16 of
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the Herpes simplex virus®*3. The binding of TetR as a dimer to the operator motif for the
repressor (tetO) naturally occurs in the absence of tetracycline, inhibiting the expression of
tetracycline resistance genes. TetR protein fused to VP16 converted this repressor system in a
tetracycline-controlled transcriptional activator of a desired gene, located downstream the tetO
and a minimal promoter. Several years later, this system was transferred to yeast and
mammalian cells. tetR and VP16 were then used for analysing PPIs by M2H. Replacing the
dimerization domain of the TetR for either bait or prey protein, the chimeric TF TetR-prey/bait-
VP16 activity was restored, in the absence of doxycycline?**. In 2013, a more intuitive M2H
design using the TetR-VP16 system was engineered?*>, where TetR-PIF6 / PhyB-VP16 split
TF controlled the expression of a reporter gene in a red light-dependent manner. This same
principle can be further used for the analysis of any PPI, where one of the candidates for

interaction is fused to TetR, and the other to VP16.
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2. Aims

This thesis aimed to address the challenge of studying plant signalling networks in their natural
environment by providing a new synthetic approach for the exploration of CK perception and

signalling in mammalian cells.

The specific aims of this thesis were defined as:

1. Design and engineering of an experimental platform for the study of CK signalling
using mammalian cells.

In the first part of this thesis, we identified the minimal components needed for the full

reconstruction of the A. thaliana CK pathway in mammalian cells. We then established the

optimal experimental setup to interrogate CK responses in the orthogonal platform and

presented the workflow for the studies performed in isolated plant cells (protoplasts) as

validation of the observations obtained in mammalian cells.

2. Exploring the predictive power of the new synthetic platform
In the second part of the thesis, we addressed the previous hypothesis concerning CK signalling
using the newly established experimental platform. From the signal perception down to the
transcriptional activation, we interrogate the role of specific signalling elements of the
pathway. While verifying the suitability of the synthetic circuit to mirror results obtained in
plants, we also explored new hypotheses and gave experimental validation to overlocked

observations present in the literature.

3. Interrogating CRFs suitability for the design of a radiometric biosensor
The last part of the thesis aimed to design a quantitative tool with spatial and temporal
resolution, for the study of CK signalling in planta. To address this, we first explored the
suitability of the CRF1 to 12 to be implemented as sensory modules for a relocation-based
biosensor, by analysing a putative CK-dependent subcellular relocation. In addition,
considering the design of a FRET-based biosensor, we quantified the PPIs between the CRFs
and the AHPs, using MxH approaches.
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3. Results and Discussion

3.1 Chapter 1. Design and engineering of an experimental platform for the

study of CK signalling using mammalian cells.

The study of phytohormone signalling in plants is highly impeded by the redundancy of
function of the signalling elements, the crosstalk with other phytohormone pathways, and the
extensive feedback control. This high complexity especially difficult the quantitative analysis
of the contribution of single components to the transduction of hormonal signals. The SynBio
toolbox offers a wide supply of approaches to (quantitatively) undertake these studies by
exploration of PPIs, subcellular location, or reporter assays, after reconstruction of these
signalling pathways in orthogonal “complexity-free” systems?!+23¢237 In particular, for the
study of CK pathway, these alternatives have included transient expression in protoplasts and
partial reconstructions in heterologous systems such as bacteria and yeast. The latter is
fundamental for revealing the role of all three genuine CK receptors, the AHK2, AHK3 and
AHK4 permitting the study of the phospho-relay between the different TCS components.
Nevertheless, the chosen heterologous systems have their limitations. Besides their known
incorrect protein folding and deficient post-transcriptional modifications, both bacteria and
yeast have several conserved TCS, whose components could interfere with the CK TCS
analysis. Secondly, studies of the AHKSs selectivity in these organisms have been largely argued
based in the different lipidic composition of their membranes. These impediments remark the
need of finding a more adequate platform for the TCS reconstruction. Mammalian cells models
are an emerging favourite among all available chassis for heterologous expression, and
particularly for the study of plant signalling. To our knowledge, and of special importance for
our work, only fewer histidine kinases and histidine phosphatases have been identified in the
past in this kingdom?*%23°, Moreover, no TCS has so far when characterized in this kingdom.
In addition, plants and mammals have similar membrane architecture and secretion/ transport
systems overcoming the limitation of using bacteria, and yeast systems.

This chapter is (partially) based on the manuscript in preparation “Full reconstruction of
Arabidopsis CK signalling in mammalian cells reveals new regulatory mechanisms” (Pavesi et

al., in preparation 2022; Appendix 7.1) and describes the establishment of a novel experimental
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approach to interrogate CK signalling. We will discuss the full reconstruction of the
Arabidopsis thaliana CK pathway in the Chinese ovary hamster K1 (CHO) cells. We will
explore the rational design of a promoter-reporter system that will allow us to visualize CK
responses in platform and the posterior optimization of the experimental set-up. We will
interrogate our system orthogonality and sensitivity, to conclude with the analysis of the
subcellular distribution in mammalian cells of the representative members of the AHK, AHP

and B-ARR families used for the pathway reconstruction.

3.1.1 Full CK pathway reconstruction in mammalian cells

3.1.1.1 Reconstruction and optimization of the experimental set-up

A key step in the reconstruction of signalling pathways in orthogonal systems is the
identification of the minimal components involved in the circuit. The canonical CK pathway
has been characterized and comprises an AHK receptor that will transfer a phosphate to the B-
ARRs via the phosphotransferase, AHP. Phosphorylation of the receptor will lead to the
activation of CK-responsive genes. We hypothesized that transient expression of a member of
each multigene family will be sufficient for the activation of a responsive promotor-reporter
system, similar to the previously used TCS:LUC""'® (Fig. 11A). For this purpose, we
engineered vectors for mammalian expression where the full-length cDNA sequence of AHK3,
AHP2, and ARR10, was cloned downstream the Simian virus 40 early (constitutive) promoter
(Psva40) (Fig. 11B). The selection of these proteins was based in the vast body of literature
addressing their roles!03:10%:110.147.240-242 45 their joint action in drought responses'?*!%°, Next,
the promoter-reporter system (henceforth, TCSm) was engineered including repetitions of the
core for B-type DNA binding to the ARR6 promoter, followed by the minimal human
cytomegalovirus early promoter (Pcvvmin), and the Secreted embryonic alkaline phosphatase
SEAP, as the reporter gene (Fig. 11B). In addition, a normalization module to monitor the
effect of the CK treatment in the survival of the CHO cells was designed. This module included
the Gaussia luciferase gene (GLuc) also under the control of the Psvio. As every assay
throughout this work consistently showed no effect of the experimental condition in the cells’

survival, to avoid information overload we only included a representative example in Fig. 12C.
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After the addition of CK into the cells medium, we expect that the hormone binding to the
receptors will trigger the canonical CK phospho-relay (AHK—>AHP->B-ARR) resulting in the
transactivation of the TCSm and observable as an increase in SEAP expression (Fig. 11A and

Q).

CKI1 3
-.-—-3

Reduce
complexity
q

Arabidopsis CK signaling pathway

HIOMIBU Y9 d1IBYIUAS S|[22 OHD

B pSVAO AHK mCherry Tsv4o é c

NO Cytokinin

5 ARR19
e e - G
: +
Psvao B-ARR Tsvao % TCSm ,lm. SEAP "\
Reporter module Cytokinin

°
"
Normalization module P ¥ ‘ ¥

Psvao Gluc Tsvao % TCSm ol ); SEAP %
D 64 i M. 0nMBA
. B 100nM BA
b b o 1M BA
s N 10uM BA
5 4+ 6x
o a
o
0 2+
0-

31



Results and Discussion

Figure 11. Synthetic reconstruction of CK pathway in CHO cells. A. Representation of the principle of
heterologous expression in orthogonal systems applied for CK reconstruction in CHO cells. B. Representation
of the different modules engineered for the analysis of CK responses in mammalian cells. C. Schematic
representation of the expected behavior of the CK-responsive module used in this work. It is expected that
after hormone perception ARR10 will bind the TCSm promotor and activate the reporter (SEAP) expression,
in a hormone-dependent fashion. D. TCSm activation was quantified after addition of the indicated BA
concentration in CHO cells co-expressing AHK3, AHP2, and ARR10. The system was induced for 24 h, four
hours post-transfection. SEAP expression is expressed in units per litre (U/L). Data are representative of
three independent experiments. Mean and S.E.M. are plotted for n= 4 mammalian samples. The statistical
significance was determined using a two-way ANOVA analysis (P value < 0.001) and is indicated with bold
letters. AHK, Arabidopsis histidine kinase; A-, B-, C-ARR, Arabidopsis response regulator type A, B or C;
AHP, Arabidopsis histidine-containing phosphotransferase; BA, 6-bencilaminopurine; CRF, Cytokinins
response factor; CHASE, Cyclase/histidine kinases associated sensor extracellular; CKI1, Cytokinins
independent 1; m-Cherry, mVenus and Cerulean, fluorescent proteins; Gluc, Gaussia luciferase; P, phosphate;
PCMVmin, minimal cytomegalovirus promotor; PhyB, Phytochrome B; PSV40, Simian virus 40 early
promoter; SEAP, Secreted embryonic alkaline phosphatase; TCSm, CK-responsive synthetic promoter
designed for this work; TBGH, Bovine growth hormone polyadenylation signal terminator; TSV40 SV40
virus terminator. This figure and the figure legend are adapted from the manuscript in preparation of Pavesi
et al., Appendix 7.1.

For our initial experiment, cells were directly induced with BA 4 h post-transfection (PT), and
SEAP activity was measured 24 h later. In these conditions, samples treated with 100 nM, and
1 uM BA showed a 6- and 11-fold increase in TCSm activation in comparison with the mock
cells (“OnM BA”), respectively (Fig. 11D). Further increase in the hormone concentration did
not improve the dynamic range. These results evidenced the system selectivity for CK and its
sensitivity, which resembles the physiological concentration of CK in plants>2.

Next, we wondered if an increase in the period of time between the transfection and the
treatment with BA could result in higher activation of the TCSm and/or increase the dynamic
range. To explore this, in our following experiment we applied the hormone 24 h PT, instead
of 4 h PT. Simultaneously, we induced the system with lower concentrations of BA and tested
the effect of inducing the system for longer periods of time. Our results showed a significant
TCSm response after 12, 24, and 48 h of BA treatment (Fig. 12A). After 12 h treatment
approximately a 16-fold increase in the TCSm activation in comparison with the mock cell was
observed at concentrations > 10 nM. Due to the lack of dynamic measurement for this
condition, we dismiss it. Further observation of the samples treated during 24- or 48 h with the
hormone showed a good dynamic range in system response when comparing the concentration
of 1 nM, 10 nM, and 100 nM of BA. However, the posterior addition of BA didn’t affect the
dynamic range. Therefore, we decided to treat the samples with the sampled in upcoming

experiments with concentrations 1 nM, 10 nM and 100 nM of BA.
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Figure 12. Optimization of the experimental set-up. A. Cells co-expressing AHK3, AHP2, and ARR10
were induced 24 h post-transfection with the indicated BA concentration during 3-, 6-, 12-, 24- or 48-
additional h. SEAP expression is expressed in units per litre (U/L). B. Schematic representation of the expected
behavior of the CK-responsive module used in this work. It is expected that after hormone perception ARR10
will bind the TCSm promotor and activate the reporter (SEAP) expression, in a hormone-dependent fashion.
C. Gluc activity was quantified in cells expressing AHK3, AHP2, ARR10 and the TCSm, 3-, 6-, 12-, 24-, or
48 h after induction with BA in the indicated concentrations. No significant differences were observed in the
survival of cells expose to CK treatment in comparison with the mock, at any time point. Gluc expression is
represented in relative luminescence units (RLU). Data are representative of three independent experiments.
Mean and S.E.M. are plotted for n= 4 mammalian samples. The statistical significance was determined using
a two-way ANOVA analysis (P value < 0.001) and is indicated with bold letters. AHK3, Arabidopsis histidine
kinase 3; ARRI10, Arabidopsis response regulator 10; AHP2, Arabidopsis histidine-containing
phosphotransferase 2; BA, 6-bencilaminopurine; PCMVmin, minimal cytomegalovirus promotor; SEAP,
Secreted embryonic alkaline phosphatase; TCSm, CK-responsive synthetic promoter designed for this work.
This figure and the figure legend are adapted from the manuscript in preparation of Pavesi et al., Appendix
7.1.
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When deciding between a 24 h or a 48 h treatment we considered the dynamic range and the
effect of the total length of each experimental set-up on the cells’ survival. Comparing these
two conditions, the systems showed a 14- and 16-fold increase after treatment with 10 nM of
BA, and 21-, and 25-fold for a 100 nM concentration, after 24 h and 48 h treatment,
respectively. In addition, both treatments showed a similar GLuc expression level (Fig. 12C).
These results evidence that both treatments were equally innocuous for the cells. The
diminution of the growth rate of cultured mammalian cells after 48 h treatment is normally an
effect of the limiting space in the plates, and the nutrient depletion of the medium. Lastly, as
extending the exposure time over 24 h presented no quantitative advantage (no increased

dynamic range), we selected a 24 h treatment with BA for the following experiments.
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Figure 13. Schematic representation of the workflow for the analysis of CK responses in mammalian cells.
50,000 CHO cells were seeding in 24-well plates with cutltured medium and incubated for 24 h (1). The next day
cells were transfected using PEI-method (2). Four h later the transfection was disrupted by changing the medium
(3), and cells were incubated for another 20 h. The next day, the cells were treated with CK directl applied into
the fresh medium (4). 24 h after induction 200ul of the supernatant was transferred to round-bottom plates (5) and
heated at 65°C for 1 h (6), before SEAP measurement (8-9). Simultaneusly, 80ul of the supernatant were
transferred to flat-bottom plates and used to measure luminiscence of GLuc (5 and 7). The data was later analysed
to obtain either the activity of SEAP(U/L), or the relative luminiscence units (RLU) for GLuc. CHO, Chinese
hamster ovary; GLuc, Gaussia luciferase; PEI, polyethyleneimine; pNpp, Nitrophenylphosphate; SEAP,
Secreted embryonic alkaline phosphatase.
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When comparing the results in Fig. 11 where the system was induced for 24 h, with the same
period of treatment as Fig. 12, we observed a 5- and 3-fold increase in the response in samples
treated with 100 nM and 1 uM BA. These results showed the importance of permitting the
system to accumulate the transiently expressed proteins before hormone induction.

Altogether, the selection of our experimental set-up considered the health of the cells and
practical aspects such as days of work invested for each assay, while it searches for the best

dynamic range possible. A detailed representation of the workflow can be observed in Fig. 13.

3.1.1.2 Analysis of the influence of the mammalian environment on the TCSm activation.

The main constraint that could impede the correct performance of the heterologous expressed
pathway is the false activation (or “leakiness”) of the reporter system. In the previous section,
we observed no activation of the TCSm in the absence of the hormone. Moreover, there are no
identified TCS in mammalian cells. However, we needed to ensure that no endogenous proteins
were obscuring our observations. For this purpose, we next co-transfected either the TCSm
alone or in every possible combination with the CK signalling components. Our results showed
TCSm activation only when the full pathway has been reconstructed in a CK-dependent fashion
(Fig. 14A). This evidenced orthogonality strongly suggested the suitability of our platform for
assessing the CK TCS.

Next, we performed a similar assay now for AHK4-mediated responses. Whereas we didn’t
expect this will affect the system leakiness, we needed to assay this important CK receptor
sensitivity and activation to be used in future analysis. Our results showed that the AHK4-
mediated response required a concentration of 20 nM BA for the activation <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>