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SUMMARY

Synthetic biology, as an established but ever-growing discipline, bridges engineering with life
sciences. Basic engineering principles are implemented for the logical design of novel tools
and the modular and combinatorial assembly of biological parts into higher order complex
signaling and metabolic structures. In the last years, numerous synthetic biology switches and
even synthetic networks have been designed and implemented in bacteria, yeast and
mammalian cells. As plant signaling networks are highly complex in terms of genetic
redundancy, interconnectivity and shared components, the implementation of synthetic biology
tools in planta lags behind. In this work, quantitative tools and platforms have been generated
and implemented to study plant hormone signaling processes in plant cells and mammalian
cells as an orthogonal system.

Genetically-encoded ratiometric, degradation-based biosensors for the plant hormones
strigolactones, auxins and gibberellins were constructed and implemented to analyze hormone
signaling at various levels. Substrate specificity and sensitivity screens were performed to
characterize the degradation behavior of distinct regulators involved in phytohormone
perception. Furthermore, experimental approaches in Arabidopsis thaliana signaling mutant
protoplasts revealed the necessity and functionality of certain signaling components. The high
sensitivity of the biosensor platform allowed for the answering of metabolic questions in a
quantitative manner. In a combined approach of quantitative experimental data and
mathematical modelling, new insights on mechanistic aspects were obtained.

Due to the high interconnectivity and redundancy of signaling components, the analysis of
single components and their interplay with other related or unrelated components is particularly
difficult to study in vivo in planta. In the course of this work, mammalian cells, which display
reduced complexity and crosstalk with plant-specific components, were utilized as an
orthogonal platform to reconstruct gibberellin perception and signaling. Towards this aim, a
synthetic biology toolbox comprising Mammalian-Hybrid systems, ranging from M1H to M4H
systems, was developed and successfully implemented. The binding of transcription factors to
certain promoter regions as well as protein-protein interactions related to gibberellin signaling
could be demonstrated and analyzed in M1H and M2H systems. In addition, the order of
perception complex formation in response to gibberellin was revealed utilizing M3H and M4H
systems.

This work illustrates the necessity of synthetic biology tools and approaches to quantitatively
investigate plant signaling in plant and orthogonal systems. The combinations of these
strategies together with traditional tools in planta, comprise a powerful platform with their

application spectrum being far from exhausted.

VI



Introduction

1 Introduction

1.1 Plant Signaling

Plants, as sessile organisms, need to react and adapt their behavior towards different internal
and external stimuli. Changing light conditions as well as temperature influence the plant’s life
cycle. In order to meet these challenging demands, plants developed extremely complex and
intertwined signaling pathways with extensive crosstalk, but also a high degree of redundancy
increasing their robustness (Koornneef and Pieterse, 2008; Depuydt and Hardtke, 2011;
Vanstraelen and Benkova, 2012). However, this redundancy makes it also difficult to
investigate plant signaling components separately. As many pathways share key signaling
components or even mechanisms, there is a great need for molecular tools to quantitatively
analyze them. The generation of mutant plants and their analysis, molecular cloning and
genetic engineering, as well as ever-growing databases have led to major breakthroughs in
the past decades (Sheen, 2010). Today, plant signaling research aims at applying molecular
biology tools to quantitatively analyze specific, individual signaling components as well as
crosstalk between pathways. Synthetic biology approaches comprising distinct techniques
might help to overcome remaining challenges in plant signaling research. Obtained
quantitative data can be integrated in computational tools and mathematical modeling to
decipher plant signaling step by step and develop predictive models that could also be useful

for agricultural sciences.

1.1.1 Phytohormones

In the 19™ century, Julius von Sachs and Charles Darwin both described “substances” that
moved throughout the plant to regulate numerous growth processes (von Sachs, 1880; Darwin
and Darwin, 1880). These “substances”, later called phytohormones, are structurally
unrelated, molecular compounds that comprehensively regulate processes of the plant
lifecycle such as seed germination, vegetative growth, flowering, development and responses
to biotic and abiotic stress factors (Bernier and Périlleux, 2005; Gazzarrini and Tsai, 2015;
Verma et al., 2016). Phytohormones are typically present at very low concentrations and their
biosynthesis, metabolism and distribution are strongly regulated in plants. They act either
locally or in distant tissues mediated by passive or active transport, e.g. through specific
transporters (Santner et al., 2009). To date, several phytohormones have been identified
including auxins (IAAs), abscisic acid (ABA), brassinosteroids (BRs), cytokinins (CKs),
ethylene (ET), gibberellins (GAs), jasmonate (JA), nitric oxide (NO), salicylic acid and
strigolactones (SLs) (Santner and Estelle, 2009). Additionally, plants make use of peptide

hormones to regulate growth responses (Jun et al., 2008).
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During the last years, many proteins involved in hormone signaling, for instance hormone
receptors and regulator proteins, have been identified through genetic screens in plants and
have led to major breakthroughs in phytohormone research (Santner and Estelle, 2009). These
new insights have led to the conclusion that the phytohormones auxin, jasmonate, gibberellin
and strigolactone are perceived through similar mechanisms. Target gene expression is
regulated through de-repression. The phytohormone binds to either a F-box/receptor or to an
additional specific co-receptor and thus initiates complex formation with specific hormone
response regulator proteins. Auxins and jasmonates are perceived over a “two component”-
mechanism (F-Box and regulator proteins) while gibberellins and strigolactones are perceived
over a “three component’-mechanism (F-Box, co-receptor and regulator protein). The
subsequent polyubiquitination of the regulator proteins is mediated by the conserved Skp
(Arabidopsis SKP1-related (ASK1))-1-Cullin-F-box (SCF) E3 ubiquitin ligase complex. Finally,
the polyubiquitinated regulator proteins become degraded by the 26S proteasome (Figure 1,
Vierstra, 2009). As a result of this degradation process, hormone regulator proteins no longer
physically interact with transcription factors (TFs) and other regulators. This leads to an
activation of the hormone response, mostly by de-repression of target gene expression.
Finally, even small changes in hormone concentrations can result in major alterations in
transcription. Details about the investigated hormone signaling pathways during this work are

discussed in the following sections.
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F-Box

Regulator

ol Proteasomal Degradation

Regulator

Auxin Gibberellin Strigolactone

Aux/1AAs

Figure 1: Phytohormone perception mechanism. (A) General phytohormone perception complex formation
through either a two or three-component perception complex. Both mechanisms are formed with a SCF perception
complex comprising SKP/ASK (rice/Arabidopsis), Cullin (CUL), and an E3 ubiquitin ligase (containing an E2
ubiquitin-conjugating enzyme loaded with ubiquitin residues (U)). In the two-component perception complex, the F-
Box is at the same time the phytohormone receptor, for instance for auxin, whereas in the three-component
mechanism an additional Co-Receptor (Co-R) for phytohormone perception is needed that binds the hormone and
associates to the complex via the F-Box protein. As a consequence of hormone binding, specific response
regulators (Regulator) can associate to this SCFFB°* complex and become polyubiquitinated and thereby targeted
for degradation by the 26S proteasome. (B) Specific phytohormone perception complexes for auxin, gibberellin and
strigolactone. The phytohormone auxin is perceived through a two-component complex with TIR1 as a F-Box and
hormone receptor and Aux/IAAs as regulator proteins. Gibberellin and strigolactone both denote the necessity of a
co-receptor for hormone perception, GID1 and D14 respectively, in addition to the F-Box, SLY1 and MAX2.
Regulators for gibberellin signaling are called DELLA proteins and for strigolactone SMXLs (figure elements are
adapted from the manuscript of Andres et al. and modified from Samodelov et al., 2016.).
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1.1.1.1 Strigolactones

Strigolactones (SLs) are carotenoid-derived lactones that affect diverse growth-related and
developmental processes in plants by acting as endogenous phytohormones as well as
exogenous signals in the rhizosphere (Al-Babili and Bouwmeester, 2015; Soundappan et al.,
2015). They fulfil a plethora of tasks within plants regarding adaptations to nutrient availability,
drought and stress tolerance, shoot branching and gravitropism, leaf shape and senescence
as well as root architecture (Ha et al., 2014; Sang et al., 2014; Yamada et al., 2014; Al-Babili
and Bouwmeester, 2015; Ueda and Kusaba, 2015). In addition, they support the plant by
promoting symbiosis with arbuscular mycorrhizal fungi and thereby provide the plant with
minerals (Akiyama et al., 2005; Besserer et al., 2008). However, SLs also display a huge
drawback in plants by conveying the recognition of host roots by parasitic weeds of the genera
Striga or Orobanche (Samodelov et al., 2016; Waters et al., 2017). This leads to enormous
crop yield losses in Africa, Asia as well as in Europe and thus increases the research interest
in this important endogenous phytohormone and exogenous signaling molecule (Parker,
2009).

In the last years, the first proteins in A. thaliana were identified and described as essential to
SL perception and signaling. These signaling components comprise MORE AXILLARY
GROWTH2 (MAX2) engaged in a SKP1-Cullin-F-box E3 ubiquitin ligase protein complex and
belonging to the leucine-rich repeat F-box protein family, DWARF14 (AtD14 in A. thaliana)
being a member of the a/f hydrolase superfamily and the regulators of SL response SMAX1-
LIKE 6,7 and 8 (SMXL6,7 and 8) (Stirnberg et al., 2007; Umehara et al., 2008; Arite et al.,
2009; Jiang et al., 2013; Soundappan et al., 2015).

After SLs are recognized by the co-receptor D14, they are hydrolyzed and form a covalently
linked bridge with the catalytic sites of D14 (Hu et al., 2017). This leads to a conformational
change of D14 enabling a complex formation between D14, SCFM**? and SMXL6/7 or 8. As a
consequence, the D53-like SMXLs are polyubiquitinated by the E3 ubiquitin ligase SKP1-
Cullin-F-box (SCFM**?) and thereby targeted for degradation through the 26S proteasome
(Zhou et al., 2013; Wang et al., 2015). Furthermore, there are evidences that the co-receptor
D14 also undergoes SL dependent degradation, however, with slower dynamics (Chevalier et
al., 2014; Hu et al., 2017). This receptor degradation mechanism, functioning as a negative
feedback loop in response to hormone treatment, could also be observed as a fine-tuning
mechanism for other phytohormones such as abscisic acid (ABA), jasmonic acid (JA) and
ethylene (Kevany et al., 2007; Wu et al., 2011; Kong et al., 2015).

The genome of A. thaliana encodes three paralogs/family members of the D14 o/ hydrolase
protein family: the already mentioned DWARF14 (D14), KARRIKIN INSENSITIVEZ2 (KAI2) and
DWARF 14-LIKE2 (DLK2) (Waters et al., 2012). While the function of DLK2 still remains
unknown, D14 and KAI2 are associated with SL and karrikin signaling (Guo et al., 2013; Hu et
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al., 2017; Végh et al., 2017). Karrikins are smoke-derived compounds in plant smoke that
stimulate seed germination and are homologous to SLs (Bythell-Douglas et al., 2017). In
addition, there are eight D53-like SMXLs in A. thaliana, of which only three (SMXL6,7 and 8)
are associated with SL signaling (Soundappan et al., 2015). SMXL3, 4 and 5 are central
regulators of phloem formation (Wallner et al., 2017), whereas SMAX1 and SMXL2 are
involved in karrikin signaling (Waters et al., 2014). The proposed perception mechanism of
karrikins involves also MAX2 as a F-box as well as the receptor KAI2 and the regulators
SMAX1 and SMXL2 (Meng et al., 2016). Similar to SL perception, karrikins bind to the co-
receptor KAI2 and induce a conformational change. This might yield to a complex formation
between KAI2, SCFM"2 and SMAX1 (Soundappan et al., 2015; Stanga et al., 2016). As a
consequence, SMAX1 becomes polyubiquitinated and degraded by the 26S proteasome
(Figure 2). In response to karrikin and GR24 induction, KAI2 becomes degraded.
Nevertheless, compared to D14, this degradation does not depend on MAX2 and the 26S

proteasome (Waters et al., 2015).

A

SMXL6-8

Karrikin Strigolactone

Figure 2: Strigolactone and karrikin signaling components and perception. (A) Putative strigolactone and
karrikin signaling components. A. thaliana encodes one F-Box protein associated with strigolactone/karrikin
signaling, MAX2, three homologous receptors, D14, KAI2 and DLK2, as well as 8 SMXL proteins. The function of
DLK2 is yet unknown, while SMXL3-5 have recently been associated with strigolactone-independent phloem
formation. (B) Current karrikin and strigolactone perception hypotheses. Both perception complexes utilize MAX2
as a F-Box, whereas D14 and KAI2 function as strigolactone and karrikin-specific receptors. Upon karrikin binding
to the receptor, the perception complex is formed and SMAX1 or SMXL2 becomes polyubiquitinated by the SCFMAX2
E3 ubiquitin ligase complex and subsequently degraded. Upon strigolactone binding, SMXL6-8 become
polyubiquitinated and thus degraded by the 26S proteasome.
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Although strigolactone research still represents a relatively young field, a lot of progress has
been made in the last years to uncover hormone perception and signaling mechanism.
However, there still remains a multitude of open questions especially concerning the roles of
SMAX1 and SMXL2 in strigolactone and karrikin signaling. In this work, all SMXLs were
constructed and implemented as biosensors for their characterization. In addition, SMAX1 and
SMXL2 sensors were used in A. thaliana wildtype (wt) and mutant backgrounds to
quantitatively analyze their function within a perception complex. Furthermore, dynamic

analyses were conducted and then integrated into mathematical models.
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1.1.1.2 Auxins

Auxins are by far the most studied phytohormones with more than a century of research since
their discovery as growth regulators in 1880 by Charles Darwin and his son (Darwin and
Darwin, 1880). However, almost fifty years later, in 1926, these growth regulators were
extensively studied and isolated (Went, 1926). The growth regulators, later called auxins, are
essential in plants regulating a multitude of developmental and growth processes including cell
division, differentiation, and elongation, gravitropism and phototropism as well as root and
shoot development (Overvoorde et al., 2010; Fankhauser and Christie, 2015; Velasquez et al.,
2016; Di Mambro et al., 2017; Su et al.,, 2017). As auxins are involved in that many
developmental processes at different stages in the plant’s life cycle, the regulatory auxin effect
depends on its cellular concentration and spatial distribution (cellular and tissue polarity,
gradients).

The biosynthesis of auxins, including indole-3-acetic acid as the most abundant form and main
auxin in higher plants, is highly complex with multiple pathways, primarily starting with
tryptophan as a common precursor (Zhao, 2010). However, there are also tryptophan-
independent pathways for auxin biosynthesis (Korasick et al., 2013).

Auxin transporters, like efflux transporters of the PIN-FORMED (PIN) family and influx
transporters such as AUX1 (AUXIN TRANSPORTER PROTEIN 1), have been identified to
distribute auxin and establish gradients throughout the plant (Swarup et al., 2001; Swarup et
al., 2004; Blilou et al., 2005; Grunewald and Friml, 2010).

Intracellular auxin perception and transcriptional regulation requires three main components:
i) TIR1/AFB F-box proteins (TRANSPORT INHIBITOR RESISTANT1/AUXIN SIGNALING F-
BOX) engaged in a SCF protein complex ii) Aux/IAA (AUXIN/INDOLE ACETIC ACID)
transcriptional repressors and iii) ARF (AUXIN RESPONSE FACTOR) transcription factors
(Salehin et al., 2015). Normally, at low auxin concentration, Aux/IAAs and ARFs form
multimers which results in the repression of ARF activity. When auxin is present, it is bound
by TIR1/AFB and enhances the formation of a co-receptor complex between TIR1/AFB and
an Aux/IAA (Calderén Villalobos et al.,, 2012). Consequently, the Aux/IAA becomes
polyubiquitinated by the SCF™RVAPB complex and subsequently degraded by the 26S
proteasome. This leads to a de-repression of the ARFs and the activation of target gene
expression (Salehin et al., 2015).

The genome of A. thaliana encodes 6 TIR1/AFB proteins involved in auxin signaling with
distinct biochemical properties (Parry et al., 2009). TIR1 and its five homologs AFB1-5 display
different affinities towards Aux/IAAs which also depend on the stability of the Aux/IAA itself.
Aux/IAA 7, which has a low stability in response to auxin, interacts strongly with TIR1, whereas
Aux/IAA31 interacts poorly with TIR1 and is relatively stable in response to auxin treatment
(Calderdn Villalobos et al., 2012).
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In addition to 6 TIR1/AFBs, 29 Aux/IAAs arose from gene duplication events in A. thaliana
(Figure 3C, Wu et al., 2017). These Aux/IAAs contain typically 4 different domains (Figure
3A). Domain | mediates the binding to TOPLESS corepressors as well as other downstream
interacting partners through an ethylene-responsive element binding factor-associated
amphiphilic repression (EAR) motif, LxLxL (Szemenyei et al., 2008). Domain Il is the TIR1-
binding domain containing a highly conserved degron motif of 13 amino acids
(QVVGWPPVRSYRK). This core sequence is responsible for the degradation of Aux/IAAs in
response to auxin. However, the 13 amino acids of this consensus sequence exhibit variations
among the Aux/IAA family members leading to differential affinities for the receptors as
described below (Ramos et al., 2001; Calderdn Villalobos et al., 2012). Additionally, regions
outside this binding domain can also contribute to the binding and the degradation process of
Aux/IAAs (Shimizu-Mitao and Kakimoto, 2014; Winkler et al., 2017). Depending on the
composition of this DIl core domain, Aux/IAAs can be divided into canonical and non-canonical
Aux/IAAs. Canonical Aux/IAAs contain all 4 domains, i.e. an (almost) complete DIl 13 aa core
sequence, whereas non-canonical Aux/IAAs deviate slightly from this DIl core consensus
sequence or show no similarities at all. 23 Aux/IAAs possess a complete, conserved DlII
domain. Aux/IAA20, 30, 32, 33 and 34 are non-canonical Aux/IAAs with strong deviations from
this DIl core sequence, while Aux/IAA 31 contains only a small part of the DIl consensus
sequence (Shimizu-Mitao and Kakimoto, 2014). The presence or absence of this conserved
DIl consensus domain as well as its composition are responsible for the binding affinity towards
TIR1/AFBs and the degradation rate of the Aux/IAAs themselves (Calderdn Villalobos et al.,
2012; Havens et al., 2012).

Finally, domain Il and IV together form a PB1 (PHOX and BEM1) domain, conferring
interaction with Aux/IAAs and ARFs (Guilfoyle, 2015).
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Figure 3: Aux/IAA structure and phylogenetic relationships. (A) Canonical Aux/IAA structure. Aux/IAAs
comprise 4 domains. Domain | contains an EAR motif which mediates interactions with TOPLESS and other
regulators. The GWPPV core degron in domain Il is the TIR1 binding domain and responsible for Aux/IAA
degradation in response to auxin. Domain Il and IV form the PB1 domain mediating interactions with Aux/IAAs and
ARFs. (B) Domain Il core degron comparison of all Aux/IAAs. All Aux/IAAs except from Aux/IAA 20,30, 32-34
contain a (mostly) complete core sequence. Aux/IAA31 possesses a partial core degron. The multiple alignments
were performed with TCoffee (Notredame et al., 2000) and then visualized with BoxShade. (C) A. thaliana Aux/IAA
protein family phylogeny tree. The tree was created with the program ig-tree (Nguyen et al., 2015).

At the end point of this auxin perception and signaling process, Aux/IAAs are degraded and
thus release distinct ARFs which can bind to auxin response DNA elements (AuxRE) in
promoter regions, thereby either activate or repress target gene expression. ARFs are typically
consisting of two regions: i) an N-terminal B3-type DNA binding domain, which functions as
either activation domain or repression domain, and ii) a C-terminal dimerization domain
involved in protein-protein interactions with Aux/IAAs and ARFs. As A. thaliana encodes 23
ARFs, there is a multiplicity of putative targets and thus signaling responses adding up to a
high combinatorial complexity (Li et al., 2016).

To gain a deeper understanding of the great number of Aux/IAAs and their distinct functions
in A. thaliana, we constructed and utilized biosensors and analyzed their behavior towards
IAA. As this is particularly complicated to analyze in planta, we used A. thaliana wildtype

protoplasts as a minimal system.
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1.1.1.3 Gibberellins

Gibberellins are diterpene phytohormones that control diverse aspects of developmental and
growth processes in plants such as seed germination, vegetative growth and flowering
(Yamaguchi, 2008; Daviére and Achard, 2013). In addition, they are also found in fungi and
bacteria, being first isolated in 1938 from the fungal rice pathogen Gibberella fujikuroi (Yabuta
and Sumiku, 1938).

By the 1960s, the world population had been steadily grown leading to an increased food
demand, e.g. for wheat and rice in the developing countries. The breeding of dwarfing traits
into these plants resulted in higher yields and more stable plants contributing to the so-called
green revolution. These dwarfing traits were achieved by mutations in the REDUCED HEIGHT
(Rht) gene which caused a reduced response to gibberellin and is an ortholog to one of the
regulators of gibberellin response in A. thaliana (Hedden, 2003).

The biosynthesis and rapid deactivation of GAs in response to environmental cues as well as
part of the development process are crucial to plants. Starting with trans-geranylgeranyl
diphosphate (GGPP), many enzymes, intermediate steps, distinct cellular compartments and
GAs as intermediate products are required to biosynthesize bioactive GAs. More than 130
gibberellin family members have been identified so far, but only a few are biologically active
(Yamaguchi, 2008). In A. thaliana, the main bioactive GAs comprise GA1, GAs, GAs; and GA;
(Daviere and Achard, 2013). The common precursor of all bioactive GAs in plants which is
specific for the GA biosynthesis pathway is GA1,. This in turn is further metabolized by several
GA oxidases until its final conversion, namely a 3--hydroxylation, mediated by GA3-oxidases,
of GAg and GAx into the bioactive form GAs and GA;, respectively (Hedden and Thomas,
2012). To biosynthesize GAs or GA7, a further conversion step with another intermediate is
needed. For the biosynthesis of GAs, GAx is first converted to GAs and then 3-p-hydrolyzed
into the bioactive GAs. For the production of GA7, GAy is first metabolized into 2,3-Didehydro
GAy and then converted by a GA3-oxidase into bioactive GA7 (Figure 4, Farrow and Facchini,
2014).

To be able to respond to environmental changes, plants need to rapidly adapt their GA content.
The main inactivation pathway is the 2-B-hydroxylation mediated by GA2-oxidases which can
act either on C20-GAs, containing only intermediates with 20 carbons such as GA12, or C19-
GAs with 19 carbons like the bioactive GA1 and GAs and convert them to GAs and GAsy,
respectively (Sun, 2011).

10
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Figure 4: Biosynthesis and inactivation of bioactive GAs in A. thaliana. The bioactive GA; and GA3 are
metabolized from their common precursor GAzo. Additionally, the bioactive GAs GA4 and GA; are biosynthesized
from their common precursor GAq. GA3oxidases catalyze these reactions, namely 3-B-hydroxylations (indicated
with green arrows). GA and GA4 as well as their precursors are biologically inactivated by GA2oxidases (indicated
with red arrows).

Similar to strigolactones, gibberellins are also perceived through a 3-component receptor
complex. The genome of A. thaliana encodes the F-Box protein SLEEPY1 (SLY1) which is
engaged in the E3 ubiquitin ligase SKP1-Cullin-F-box protein complex, three GA receptors
(GIBBERELLIN INSENSITIVE DWARF1 (GID1) -a, -b and -c, and 5 regulators of gibberellin
response proteins (DELLA proteins: GA-INSENSITIVE, GAl; REPRESSOR-of-ga1-3,RGA,;
RGA-LIKE1, RGL1; RGL2 and RGL3) (Dill et al., 2004; Griffiths et al., 2006; Murase et al.,
2008). Upon binding of (bioactive) GAs, DELLA proteins associate with the GID1s and SCFs-"
and are subsequently polyubiquitinated and thereby targeted for degradation by the 26S
proteasome (Figure 5B, Daviére and Achard, 2013). This leads to a GA-mediated change of
regulation in target gene expression. The identification of the GID1 as a soluble nuclear GA
receptor in GA-insensitive dwarf rice mutants marked a breakthrough in gibberellin research
(Ueguchi-Tanaka et al., 2005; Sun, 2011).

In A. thaliana, GID1 and DELLA have undergone gene-duplication events leading to an

additional degree of complexity in terms of possible interactions. The existence of three GID1s
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and five DELLAs results in fifteen GID1/DELLA protein combinations (Nakajima et al., 2006).
To make GA signaling in A. thaliana even a bit more complex, there is a second F-box protein,
SNEEZY (SNE), which is a homologue of SLY1. Nonetheless, SLY1 is considered as the major
F-box mediating gibberellin signaling. Experimental results in mutant plants revealed that SNE
could only partially rescue GA-related phenotypes, whereas SLY1 is able to fully rescue them.
SNE seems to only have partly functional overlaps regulating only a subset of DELLAs
(Ariizumi et al., 2011).

This high degree of redundancy generates robust GA signaling with partially overlapping
functions as shown in multiple knock-out mutant plants. However, it also enables different
expression patterns and affinities of GID1s towards DELLAs and GA that lead to adaptations
to specific growth or developmental processes (Suzuki et al., 2009).

Crystal structure data in A. thaliana revealed details about the GA-induced DELLA/GID1
binding mechanism (Murase et al., 2008; Shimada et al., 2008). The binding of GA to its
specific pocket in the receptor GID1 induces a conformational change of the flexible N-terminal
GID1 extension, thereby covering the pocket with the bound GA. As a result of this
conformational change, DELLAs are able to associate to the GA-GID1 complex (Murase et al.,
2008). DELLAs belong to the plant-specific family of GRAS transcriptional regulators (hamed
after the first identified members GAl, RGA and SCARECROW) containing a conserved C-
terminal GRAS-domain which is responsible for transcriptional regulation. The N-terminal part
is DELLA-specific and comprises two important, conserved domains: the DELLA and the
TVHYNP domain. These domains are involved in GA signaling by mediating the interaction
with the N-terminal GID1 lid of the GA-GID1 complex (Figure 5A, Peng et al., 1997; Silverstone
et al., 1998; Daviere and Achard, 2013). First Yeast-3-Hybrid evidence demonstrated that the
GID1-GA complex promotes the interaction of DELLAs with the SCFS-Y" complex (Griffiths et
al., 2006). As a consequence of GA perception, DELLAs become degraded and thus no longer

physically interact with diverse transcriptions factors (TFs).
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Figure 5: Gibberellin perception mechanism. (A) General scheme of DELLA protein domains showing the
functional bisection. The GA perception domain comprises two important motifs: the DELLA and the TVHYNP motif
mediating the physical interaction with the N-terminal GID1 extension of the GA-GID1 complex. The conserved C-
terminal GRAS domain contains several motifs responsible for the transcriptional regulation. (B) GA perception
mechanism. The binding of GA to the GID1-GA-binding pocket induces a conformational change in the GID1 N-
terminal extension which then covers the pocket with the bound GA. DELLAs associate to this N-terminal extension
via the DELLA and the TVHYNP domains. Next, the SCFS-Y' protein complex recruits the GA-GID1-DELLA
complex. Consequently, the DELLA becomes polyubiquitinated by the SCFS-Y' complex and subsequently
degraded by the 26S proteasome (modified from Daviere and Achard, 2013).

DELLAs are central hubs in transcriptional regulation of GA-mediated signaling. However, they
are also involved in other phytohormone signaling pathways such as jasmonic acid (JA),
cytokinin and auxin as well as light signaling (Hou et al., 2010; Oh et al., 2014; Dolgikh et al.,
2019). The interactions with these diverse classes of TFs and regulatory proteins, block their
DNA-binding capacity or simply inhibit their activity (Daviére and Achard, 2013). One of the
numerous DELLA downstream targets is the plant-specific SQUAMOSA PROMOTER
BINDING PROTEIN LIKE (SPL) family which is involved in floral initiation in A. thaliana. Distinct
members of the SPL family such as SPL3, SPL9 and SPL15 regulate gene expression of those
genes involved in floral initiation and development by binding to the corresponding promoter
regions. In the presence of GA, the SPL is released from the DELLA and binds to its DNA
target regions, for instance to the FRUITFULL promoter (PruL) (Hyun et al., 2016). In addition,
DELLAs also participate in light signaling by blocking the transcriptional activity of
PHYTOCHROME INTERACTING FACTORS (PIFs) through their bHLH DNA recognition
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domain (Alabadi et al., 2007; de Lucas et al., 2008). In the presence of GA, the DELLAs
become degraded so that PIF-mediated target gene expression in hypocotyl elongation can
proceed. Furthermore, DELLAs are also intertwined in various hormone signaling pathways
additional to GA signaling. They contribute to plant defense by interacting with JASMONATE
ZIM-DOMAIN (JAZ) proteins and interact with ARABIDOPSIS RESPONSE REGULATORS
(ARR) and thereby mediate cytokinin signaling (Hou et al., 2010; Daviere and Achard, 2013;
Marin-de la Rosa et al., 2015).

A deeper understanding on the regulatory mechanisms is limited by the functional redundancy
of various GA signaling components in A. thaliana, and therefore new theoretical-experimental
approaches to tackle these constraints are needed. Many studies have been performed in
mutant plants or Y2H/Y3H systems. In this work, different synthetic biology approaches are
introduced in protoplasts and for the first time in mammalian cells as orthogonal minimal

systems to unveil novel aspects of GA perception and signaling.
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1.2 Synthetic biology tools for the analysis and reconstruction of plant
signaling pathways

Synthetic biology still represents a relatively new discipline integrating engineering with life
sciences. Basic engineering principles are applied for the modular and combinatorial assembly
of biological parts into higher order complex signaling and metabolic structures (Andres et al.,
2019). Towards the reconstruction of plant signaling pathways, several biosynthetic tools have
been engineered and utilized in the course of this work to generate a platform in plant as well
as in mammalian cells. All applied tools aim at studying plant signaling in a quantitative manner
and thus several readout systems such as luminescence and absorbance-based systems were
developed. The obtained quantitative data were integrated in mathematical modeling
approaches to gain more insights about the dynamics of the systems. The implementation of
mathematical modeling represents one key strategy for the design and quantitative functional
characterization of newly developed systems as well as optimization of the individual modules
and networks (Ellis et al., 2009; Lim, 2010; Andres et al., 2019).

As platforms, we chose protoplasts and mammalian cells as minimal systems. Mammalian
cells, as an orthogonal platform, were used to study interactions of plant signaling components,
complex formation and downstream transcriptional regulation. They represent a good
alternative platform to analyze plant-specific bindings and interactions without any crosstalk
with other plant signaling components.

In addition, biosensors in protoplasts have been developed for the quantification of intracellular
phytohormone amounts with a multiplicity of applications. While other methods like mass
spectrometry and chromatography suffer from the limitation of tissue disruption, protoplasts as
well as mammalian cells allow dynamic analyses of living cells (Okamoto et al., 2009;
Urbanova et al., 2013).

1.2.1 Quantitative ratiometric phytohormone biosensors

Biosensors combine the sensing of a specific small molecule or biological process of interest
with a quantifiable readout (Walia et al., 2018). They should ideally display a high selectivity
and specificity, a quantitative readout, a high signal-to-noise ratio as well as no inference with
biological processes/systems (Samodelov and Zurbriggen, 2017; Walia et al., 2018). To
analyze plant signaling, transcriptional-, degradation- and Fdrster resonance energy transfer
(FRET)-based genetically encoded biosensors have been developed (Brunoud et al., 2012;
Wells et al., 2013; Larrieu et al., 2015; Rizza et al., 2017). In this work, luminescent,
degradation-based genetically encoded biosensors were constructed and employed to
analyze phytohormone signaling following the design principle of Wend et al. (2013). These
biosensors, first developed for auxin, take advantage of the targeted degradation of regulator

proteins during phytohormone perception. They comprise a specific regulator protein as a
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sensor module (SM), here Aux/IAA domain Il sequences, C-terminally fused to a firefly
luciferase from Photinus pyralis. A second luciferase as an internal normalization element,
renilla luciferase from Renilla reniformis, is N-terminally connected via a 2A peptide to the SM.
The 2A peptide leads to the stoichiometric co-expression of the renilla luciferase on one hand
and the SM-firefly fusion on the other hand by autocatalytic cleavage of the whole mRNA
transcript during translation (Figure 6, Wend et al., 2013; Samodelov et al.,, 2016). The
modular sensor design allows for the incorporation of any protein of interest as a SM. For
instance, the StrigoQuant sensor was built comprising SMXL6 as one of the regulators of
strigolactone signaling (Samodelov et al., 2016). In the frame of this work, a multiplicity of
biosensors was developed for the analysis of the phytohormones auxin, gibberellin as well as
strigolactone which all follow the same degradation-based perception mechanism. As these
biosensors are able to monitor the specific regulator degradation in response to exogenous
phytohormone treatment, they can be seen as proxies to study phytohormone signaling on
various levels in protoplasts. The sensitivity and specificity towards distinct phytohormones as
well as synthetic analogs or precursors were determined during this work as well as transporter
analyses. On the perception complex formation level, different regulators for each hormone as
well as co-receptors and F-boxes were tested. In addition, this biosensor system allows for
instance mutations and domain swaps to be explored for the deeper analysis of regulator

proteins in terms of their recognition and binding.
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Figure 6: General genetically encoded, ratiometric, degradation-based phytohormone biosensor design.
The biosensor construct expresses a renilla luciferase (REN) connected via a 2A peptide to a sensor module (SM)
fused to a firefly luciferase (FF). The 2A peptide leads to the stoichiometric co-expression of the renilla luciferase,
as a normalization element, and the SM-FF fusion. Upon hormone induction, the SM-FF becomes polyubiquitinated
and degraded by the 26S proteasome whereas REN expression remains constant resulting in a decrease in
FF/REN ratio (modified from Samodelov et al., 2016).

1.2.2 Reconstruction of phytohormone signaling pathways in mammalian cells

Plants, as sessile organisms, have evolved complex interactions of diverse signaling
processes which are mostly intertwined. This high degree of crosstalk between signaling
pathways makes it difficult to functionally analyze single components and their interplay. In
addition to traditional and valuable research in planta, especially concerning the biological
context, orthogonal systems are needed to investigate proteins of interest isolated from
possible influences from other signaling pathways or crosstalk partners. Orthogonal platforms

which are established in the field of plant research are for instance protoplasts and Y2H
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systems for the investigation of protein-protein interactions (Ochoa-Fernandez et al., 2016;
Matiolli and Melotto, 2018). However, especially Y2H systems show drawbacks concerning
false positive and negative results as well as the limitations in terms of the protein fusion site
(Mehla et al., 2017). More recently, mammalian cells as a new orthogonal platform for the
analysis of plant signaling pathways, gained momentum due to the development of many
different tools (Weber and Fussenegger, 2010). Mammalian cells allow for a fast, cheap and
systematic analysis of plant signaling components in a high-throughput manner. The possibility
of protein fusions on either the C- or N-terminal end make the system flexible and less prone
to false positive or negative results. Additionally, numerous reporter systems enable a
quantitative analysis to identify the components which are minimally required for specific plant
signaling pathways. In combination with mathematical modeling, the obtained quantitative data
in mammalian cells give new insights into plant signaling.

In summary, mammalian cells represent a good alternative platform to already existing
methods and thereby expand the toolbox to analyze plant signaling pathways.

In this work, several synthetic tools like Mammalian-X-Hybrid and split-transcription factor
systems were engineered and developed to reconstruct GA signaling for the first time in an

orthogonal mammalian cell-based system.

17



Hormone
production

Transport

Perception

Signaling
transduction/
relay

Response

A /C
\B \.

precursor hormone

@

Regulator

o Regulator o

TF

@

—»

GOl

Target gene expression

Introduction

Biosensors

Biosensors

Biosensors
Microscopy
M2H/M3H/M4H

M2H/M3H
Microscopy

M1H/M1H*

Figure 7: Phytohormone signaling and quantitative tools for the reconstruction in protoplasts and
mammalian cells. Biosensors enable the analysis of phytohormone production, their transport and perception. On
the perception complex formation level, (quantitative) microscopy as well as our M2H/M3H and M4H systems have
been established to investigate phytohormone signaling. These methods can also be used to study signaling

transduction/relay. The here described novel MTH/M1H* systems allow the analysis of target gene expression.
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2 Aims

In this work, quantitative synthetic biology tools were designed, constructed, characterized and
implemented to analyze and reconstruct phytohormone signaling.

The aims and thus this work, can be separated into two big parts. In a first chapter, ratiometric,
luminescent biosensors were implemented based on the specific regulator degradation
mechanism to study phytohormone perception and dynamics. The principles were adapted
from the work of Wend et al. (2013) and Samodelov et al. (2016) developing the first biosensors
for auxin as well as strigolactone. Numerous sensors for strigolactone, auxin as well as
gibberellin were designed in this work containing all 8 SMXLs, 29 Aux/IAAs and 5 DELLAs.
The distinct biosensors were first characterized and then implemented for several applications
namely the analysis and identification of minimally required components for the specific
phytohormone pathways as well as metabolic analyses. Additionally, kinetic analyses in
combination with mathematical modeling were performed to gain deeper insights into the
phytohormone perception mechanism.

The second objective was to answer remaining open phytohormone signaling questions in
mammalian cells as an orthogonal system. For this, a platform for the reconstruction of
gibberellin signaling was developed to facilitate the study of phytohormone signaling
components. Different aspects such as gibberellin perception complex formation as well as
downstream signaling were tackled with the establishment of several Mammalian-X-Hybrid
systems (M1H-M4H). All systems allow for a high-throughput analysis in a quantitative manner.
In total, this work aimed at developing powerful synthetic biology tools in protoplasts and
mammalian cells as a new approach to answer phytohormone-related questions in orthogonal

minimal systems.
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3 Results and Discussion

The following sections contain the most relevant data regarding plant signaling studies
obtained during the course of this PhD thesis. A more detailed view on synthetic biology

approaches in plants can be found in the attached review (Andres et al., 2019).

3.1 Quantitative analysis of phytohormone perception and signaling via
biosensors
3.1.1 Strigolactones

3.1.1.1 Analysis of StrigoQuant dynamics
This chapter is based on a manuscript in preparation, Andres and Saadat et al., in cooperation
with the lab of Oliver Ebenhéh (Institute of Quantitative and Theoretical Biology, Heinrich-

Heine-Universitat Dusseldorf, Germany) in Appendix 7.2.

The research interest in the phytohormone strigolactone has increased rapidly in the last years.
Strigolactones regulate i.a. various adaptations to changes in the environment such as nutrient
availability and convey the recognition of host roots by parasitic weeds of the genera Striga or
Orobanche leading to enormous yield losses in crops and other cereals primarily in Africa and
Asia (Parker, 2009). First synthetic biology tools were engineered to gain more knowledge
about this important phytohormone. One of these tools is the ratiometric, degradation-based
luminescent strigolactone biosensor StrigoQuant (Samodelov et al., 2016).

To obtain insights into mechanistic and regulatory aspects of SL signaling, we utilized the
already established StrigoQuant sensor to generate a quantitative description of kinetic
responses (Samodelov et al., 2016). Briefly, the biosensor comprises SMXL6 as a sensor
module fused to a firefly luciferase (FF) connected via a 2A peptide to a renilla luciferase (REN)
as a normalization element. It is worth noting that the expression is driven by the CaMV35S
constitutive promoter (Psss). The biosensor is predicated on the degradation-based SL
perception mechanism: the binding of SLs to the receptor D14 leads to the formation of a co-
receptor complex with MAX2 and the SMXL regulators (Samodelov et al., 2016). This results
in the ubiquitylation and proteolysis of the regulators and thus triggers SL signaling (Figure
8A).

For quantitative kinetic description, we used an interdisciplinary approach integrating
quantitative experimental data and mathematical modelling. First, quantitative kinetic data on
SMXL6 degradation were obtained by transforming A. thaliana col-0 wt protoplasts with the
StrigoQuant biosensor. 20 h after protoplast transformation, the samples were induced with
the indicated concentrations of the synthetic strigol-like SL analog racemic GR24 (rac-GR24)

for 15 min, 30 min, 1,5 h, 3 h, 6 h and 9 h and luciferase activity was determined (Figure
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8B+C). After 15 min, up to 50 % SMXL6-FF degradation could be observed at high
concentrations (1 uM) demonstrating the fast response of the sensor. Over the course of this
kinetic measurement, significant degradation even at low rac-GR24 concentrations (up to 100
pM) was monitored depicting the high sensitivity. After 9 h, almost 90 % of SMXL6-FF was
degraded at higher concentrations (100 nM — 1 uM).
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Figure 8: SL perception mechanism, StrigoQuant design and quantitative data on StrigoQuant dynamics.
(A) Scheme of the SL perception machinery in A. thaliana. Upon binding of SLs to the receptor D14, SMXL6 is
recruited to the perception machinery complex with MAX2 and SKP1/CUL1/F-box E2 ubiquitin ligase complex
(SCFMAX2) | As a consequence, SMXL6 becomes polyubiquitinated (U) and thereby targeted for degradation by the
26S proteasome. (B) StrigoQuant biosensor design. StrigoQuant expresses a renilla luciferase (REN) connected
via a 2A peptide to SMXL6 (as a sensor module) fused to a firefly (FF) luciferase, under the control of a Psss
promoter. The 2A peptide leads to the stoichiometric co-expression of REN (as a normalization element) and the
SMXL6-FF fusion. In the presence of SLs, SMXL6-FF becomes polyubiquitinated and degraded by the 26S
proteasome, whereas REN expression remains constant leading to a decrease in FF/REN ratio. (C) Quantitative
kinetic data on the StrigoQuant behavior upon induction with rac-GR24. StrigoQuant was transiently expressed in
A. thaliana mesenchymal protoplasts and 20 h post transformation induced with rac-GR24 (concentrations ranging
from 100 pM to 1 uM) for 15 min, 30 min, 1 h, 1.5 h, 3 h, 6 h and 9 h. Luciferase activity was determined and the
averaged FF/REN ratios were calculated. The data shown in this graph correspond to one representative
experiment of three independent technical replicates. The error bars represent the SEM for this individual
experiment with n=6. This figure is modified from Andres et al. (Appendix 7.2) with figure elements modified from
Samodelov et al. (2016).

The quantitative kinetic data was then integrated into an ad-hoc developed theoretical
computational modelling to enable a better quantitative description of the process. The

modelled data led to the prediction that D14 might also undergo degradation triggered by rac-
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GR24. Subsequently, a quantitative degradation-based, ratiometric sensor was engineered
based on the receptor D14. The sensor follows the same modular composition as the
StrigoQuant sensor incorporating D14 instead of SMXL6 as a sensor module (Figure 9B). To
analyze the behavior and the degradation mechanism of D14, kinetics experiments with the
same experimental setup were performed. These kinetic experiments were able to point out
that D14 is indeed degraded up to almost 30 % after 9 h of rac-GR24 induction (Figure 9C).
However, the D14 receptor degradation is only detectable at high rac-GR24 concentrations
(100 nM — 1 uM) with slower kinetics than SMXLG6, first arising around 3 h after hormone

induction, and a reduced dynamic range.
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Figure 9: SL perception mechanism, D14-receptor sensor design and quantitative data on D14-receptor
sensor dynamics. (A) Scheme of the SL perception machinery in A. thaliana. Upon binding of SLs to the receptor
D14, SMXL6 is recruited to the perception machinery complex with MAX2 and SKP1/CUL1/F-box E3 ubiquitin ligase
complex (SCFMAX2)_ As a result, SMXL6 becomes polyubiquitinated (U) and thereby targeted for degradation by the
26S proteasome (1). In a negative feedback loop, D14 becomes also polyubiquitinated and thus degraded by the
26S proteasome, but with slower kinetics. (B) D14-receptor biosensor design. The D14-receptor biosensor
expresses a renilla luciferase (REN) connected via a 2A peptide to D14 (as a sensor module) fused to a firefly (FF)
luciferase, under the control of a P3ss promoter. The 2A peptide leads to the stoichiometric co-expression of REN
(as a normalization element) and the D14-FF fusion. In the presence of SLs, D14-FF becomes polyubiquitinated
and degraded by the 26S proteasome, whereas REN expression remains constant leading to a decrease in FF/REN
ratio. (C) Quantitative kinetic data on the D14-receptor sensor behavior upon induction with rac-GR24. D14-receptor
sensor was transiently expressed in A. thaliana mesenchymal protoplasts and 20 h post transformation induced
with rac-GR24 (concentrations ranging from 100 pM to 1 yM) for 15 min, 30 min, 1 h, 1.5 h, 3 h, 6 h and 9 h.
Luciferase activity was determined and the averaged FF/REN ratios were calculated. The data shown in this graph
correspond to one representative experiment of three independent technical replicates. The error bars represent
the SEM for this individual experiment with n=6. This figure is modified from Andres et al. (Appendix 7.2).
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For this project, an already established strigolactone biosensor (StrigoQuant, Samodelov et
al., 2016) comprising the negative regulator SMXL6 as a sensor module, was utilized to
perform kinetic analyses. The data was then used to parameterize a mathematical model. This
mathematical model yielded a new hypothesis, namely that D14 — as a part of the receptor
complex — might also be degraded. We tested this experimentally by building a D14-receptor
sensor confirming that D14 is indeed degraded. This interdisciplinary approach between
experimental synthetic biology and mathematical modeling gave us insight on mechanistic

aspects of strigolactone perception dynamics (Figure 10).
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Figure 10: Experimental workflow of an exemplary interdisciplinary research project. An already established
quantitative biosensor (StrigoQuant) was implemented to gain kinetic data, and these data where utilized to
generate a mathematical model. From this descriptive model, a new prediction/hypothesis arose, namely that the
D14 receptor might also be degraded. This in turn led to a new model-guided experimental design and further
biosensor experiments which gave us new insights on mechanistic aspects of the strigolactone perception kinetic.
This figure is adapted from Andres et al. (Appendix 7.2)
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3.1.1.2 Sensitivity and specificity of SL/Kar-induced degradation among SMXL family

members

The genome of A. thaliana does not only encode SMXL6 as a regulator for strigolactone
signaling, but actually eight SMXLs in total. These can be divided into three subgroups: i)
SMAX1 and SMXL2 are supposedly involved in karrikin signaling mediated by KAI2 (Guo et
al., 2013; Waters et al., 2013), ii) SMXL3, 4 and 5 are strigolactone-independent central
regulators of phloem development (Wallner et al., 2017), and iii) SMXL6, 7 and 8 are involved
in strigolactone-mediated developmental and growth processes (Zhou et al., 2013; Wang et
al., 2015). This combinatorial complexity makes it particularly difficult to analyze their individual
roles in A. thaliana. As there is still little knowledge about the influence of strigolactones as
well as karrikins (SL homologs derived from smoke) on all SMXL subgroups in A. thaliana, we
cloned all eight SMXLs as biosensors and analyzed their behavior towards a racemic mixture
of the synthetic strigolactone analog, rac-GR24, karrikin 1 (Kar1) and karrikin 2 (Kar2). To
establish these biosensors as new quantitative tools for phytohormone assays, it is
indispensable to have a good dynamic range to observe and analyze significant reductions in
expression levels. This depends on the general expression level of the sensor constructs as
well as their sensitivity towards endogenous hormones which are already present in the
protoplasts. A. thaliana wt protoplasts were transiently transformed with the sensor constructs
and 20 h post transformation, induced with the above-mentioned hormones. 4 h after rac-GR24
or karrikin induction, luciferase activity was determined. As depicted in Figure 11, different
expression levels between the distinct SMXLs could be observed. While SMAX1, SMXL2,
SMXL7 and SMXL8 are expressed with low FF absolute values, the expression for SMXL3, 4,
5 and 6 is generally higher in all experiments. REN, as a normalization element, is expressed
at high levels (all above 2500 RLU) indicating that all sensors are properly transcribed. The
overall REN expression is stable within every construct, but varies slightly among them. When
induced with rac-GR24, SMXL6 and SMXL8 show a strong degradation curve with up to almost
90 % degradation for SMXL6 (Figure 11A). For SMXL7, which is expressed close to the
background level, no hormone-dependent degradation could be detected. In general, SMXL7
is more unstable than SMXL6 and 8 indicating that it might be degraded by low endogenous
hormone concentrations present in the protoplasts. It might also be possible that SMXL7
becomes unstable or non-functional when fused C-terminally, for instance with a firefly
luciferase in this case. Instability and fast degradation in response to hormone treatment have
already been reported before for SMXL7 (Soundappan et al., 2015; Liang et al., 2016). In future
experiments, SMXL7 could be fused N-terminally to test its stability in protoplasts and plants.
In addition, biosensors could be built where SMXL7 is fused N-terminally with a firefly

luciferase and C-terminally connected via a 2A peptide to a renilla luciferase.

24



Results and Discussion

Subgroup 1, containing SMAX1 and SMXL2, is generally low expressed in wt protoplasts. After
rac-GR24 induction, a slight degradation at high concentrations can be observed. SMXL3, 4
and 5, which form subgroup 2, do not show a clear degradation curve when induced with
increasing concentrations of rac-GR24.

The screenings with karrikin 1 and karrikin 2 (Figure 11B+C) did not show any clear
degradation curve. Karrikin 1 induction leads to a slight decrease in SMXL6 and SMXL8
abundance at high concentrations (1 uM). However, induction with karrikin 2 did not lead to
any SMXL degradation at all, indicating that even SMAX1 and SMXL2, which are supposedly
involved in karrikin signaling, are not influenced by karrikins in A. thaliana wt protoplasts. This
could be due to the fact that they are either not responding to Kar1 and Kar2 at all or that they
are already degraded down to a minimum in the wt (in response to endogenous compounds
like SL) that no more degradation is possible. To check this, we tested these two biosensors
in different A. thaliana mutant protoplasts involved in SL as well as Kar perception (next

chapter).
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Figure 11: SMXL stability in A. thaliana wt protoplasts. Biosensors incorporating SMAX1/SMXL2-8 as sensor
modules were transiently expressed in A. thaliana mesenchymal protoplasts and 20 h post transformation induced
with either (A) rac-GR24, (B) Kar1 or (C) Kar2 (concentrations ranging from 100 pM to 1 uM) for 4 h. Luciferase
activity was determined and the averaged FF/REN ratios were calculated. The data shown in this graph correspond
to one representative experiment of three independent technical replicates. The error bars represent the SEM for
this individual experiment with n=6.
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3.1.1.3 SMAX1 and SMXL2 stability in various SL/Kar signaling mutants

In A. thaliana wt protoplasts, the SMAX1 and SMXL2 biosensors had a low expression level
and thus did not show any degradation upon rac-GR24 or karrikin induction. Up to date, only
a little is known about the roles of SMAX1 and SMXL2 in karrikin as well as SL signaling. To
analyze the roles of SMAX1 and SMXL2 regarding strigolactone and karrikin perception, we
transformed different A. thaliana mutants with these two biosensors and induced with rac-
GR24. For this, we chose components either being involved in SL biosynthesis or in the
strigolactone/karrikin perception complex formation. SLs are biosynthesized from a common
precursor named carlactone which is converted into carlactonic acid by MAX1 (MORE
AXILLARY GROWTH1) (Abe et al., 2014; Yoneyama et al., 2018). Therefore, we selected a
max1 mutant to investigate if the general SMAX1/SMXL2 biosensor expression level would be
higher without endogenous SLs like Orobanchol present. As shown in Figure 12, the
expression level in this max1 mutant is slightly higher compared to the wt when transformed
with SMAX1. This could not be observed for SMXL2. However, no degradation curve after rac-
GR24 induction could be observed for both. Future mutant experiments should include an
enzyme which is involved earlier in the SL biosynthesis pathway, for instance MAX4 which
produces carlactone from a precursor (9-cis-B-apo-10'-carotenal) for which the exact
enzymatic mechanism is still not understood (Al-Babili and Bouwmeester, 2015). This would
prevent the biosynthesis of any kind of SLs. Next, we investigated the influence of different
(proposed) perception complex components for SL as well as karrikin signaling. The current
hypotheses for SL as well as karrikin perception includes MAX2 as a F-Box protein involved in
both signaling pathways (Nelson et al., 2011). Therefore, max2 mutant protoplasts (provided
by the group of S. Al-Babili) were transformed with the SMAX1/SMXL2 biosensors and induced
with rac-GR24. The FF expression levels for both sensors were strongly increased in this
mutant compared to the wt (Figure 12) indicating that MAX2 is indeed somehow connected to
SMAX1/SMXL2 stability in A. thaliana. As expected for the F-Box max2 mutant, no degradation
after rac-GR24 induction could be observed, only some fluctuations for SMXL2. Since high
expression levels, but no degradation could be observed in the max2 mutant, the biosensors
were transformed into mutants of the three paralogous receptors D14, KAI2 and DLK2
(provided by the group of S. Al-Babili). The expression level in the dik2 mutant is even lower
than the wt indicating that DLK2 does not play any role in the stability as well as the degradation
of SMAX1 and SMXL2. The expression level in the d74 mutant is slightly
increased/comparable to the wt, but no degradation was observed. However, high expression
as well as a strong degradation curve could be monitored for both biosensors in the kai2
mutant. Furthermore, a kai2d14 double mutant was transformed with the two biosensors

leading to high expression, but no rac-GR24-dependent degradation.
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Figure 12: SMAX1 and SMXL2 stability in A. thaliana wt and signaling mutant-derived protoplasts. A. thaliana
wt, max1, max2, d14, kai2, dlk2 and kai2d14 mutant protoplasts were transformed with either the SMAX1 or the
SMXL2 biosensor and induced with rac-GR24 20 h post transformation. After hormone incubation for 4 h, luciferase
activity and subsequently the FF/REN ratios were determined. The data shown in this graph correspond to one
representative experiment of two independent technical replicates. The error bars represent the SEM for this
individual experiment with n=6.
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The conducted experiments in the course of this work in A. thaliana protoplasts provide the
first clear indications that SMAX1 and SMXL2 are indeed degraded in response to rac-GR24
induction in a kai2 mutant background. D14 might be involved as a receptor to perceive rac-
GR24, as it is also true for SL signaling mediated by the SL-D14-SMXL6-8 complex.
Nevertheless, KAI2 appears to be connected to SMAX1 and SMXL2 stability, too. Only the
high expression level in the kai2 mutant enables the SMAX1/SMXL2 degradation curve in
response to rac-GR24.

Future experiments in mutant backgrounds with karrikins could explain the connection
between KAI2 and SMAX1 and SMXL2. In addition, different SLs should be tested to further
investigate the role of SMAX1/SMXL2 in SL signaling.

In summary, a connection between SMAX1/SMXL2 stability and MAX2 as well as KAI2 could
be shown for the first time. Moreover, SMAX1 and SMXL2 degradation could be shown upon
induction with rac-GR24 leading to a new hypothesis for the roles of SMAX1 and SMXL2 in

strigolactone signaling (Figure 13).

kai2 mutant background

Figure 13: The role of SMAX1 and SMXL2 in SL signaling in A. thaliana kai2 mutant protoplasts. In this
hypothesis, developed in the course of this work, rac-GR24 is perceived through a receptor, probably D14, and
SMAX1 or SMXL2 and subsequently SCFMAX2 gassociate to this complex. SMAX1/SMXL2 becomes
polyubiquitinated and targeted for degradation by the 26S proteasome.

29



Results and Discussion

3.1.2 Aux/IAA protein stability in response to IAA and temperature
The first part of this chapter is based on an accepted manuscript, Andres et al., in Appendix
7.3.

The phytohormone auxin mediates a multitude of developmental and physiological processes
in plants (Luo et al., 2018). Its perception mechanism is similar to that of gibberellins and
strigolactones, but without being mediated by a second co-receptor. Bioactive IAAs bind to
TIR1/AFB enabling the interaction between regulators of auxin response (Aux/IAAs) and
TIR1/AFB-IAA. This leads to the polyubiquitination of the Aux/IAAs by the SCFTR"AFB complex
and the subsequent degradation by the 26S proteasome. The Aux/IAA protein family in A.
thaliana comprises 29 family members which all share highly conserved domains (Shimizu-
Mitao and Kakimoto, 2014). Although they are involved in different responses in development,
the number, i.e. 29, of Aux/IAAs as regulators for auxin response seems to be surprisingly
high. In our studies, we aimed at investigating the signification of having that many Aux/IAA
family members. First, as a proof of principle, we cloned three Aux/IAAs with a structurally
different domain Il core sequence as sensor modules in our ratiometric luminescent biosensor
platform, and performed kinetic analyses. Towards this aim, we chose the following full-length
Aux/IAAs: i) Aux/IAA34, which has no sequence homology with the domain Il core consensus
sequence, ii) Aux/IAA31 containing only a part of this consensus sequence, and iii) Aux/IAA17
comprising the full consensus sequence (Figure 14). A. thaliana wt protoplasts were
transformed with the three different biosensor constructs and induced 20 h post transformation
with a serial dilution of IAA (from 100 pM to 1 M) for 2, 4 and 6 h. Afterwards, luminescence

was measured in microplate readers.
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Figure 14: Aux/IAA biosensor design. The Aux/IAA biosensors express a renilla luciferase (REN) connected via
a 2A peptide to an Aux/IAA (as a sensor module) fused to a firefly (FF) luciferase, under the control of a Pass
promoter. The 2A peptide leads to the stoichiometric co-expression of REN (as a normalization element) and the
Aux/IAA-FF fusion. In the presence of IAA, Aux/IAA-FF becomes polyubiquitinated and degraded by the 26S
proteasome, whereas REN expression remains constant leading to a decrease in FF/REN ratio. The figure is
adapted from the manuscript of Andres et al. (Appendix 7.3).

The Aux/IAAs displayed different degradation behaviors in response to the auxin treatment
(Figure 15). Whereas, Aux/IAA17 was strongly degraded up to 80 % (at high nM
concentrations) already after 2 h, Aux/IAA34 was not degraded at all. Aux/IAA31 showed a

slight decrease after 2h (at high auxin concentrations), but a strong degradation (up to 80 %)
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only after 4 h and 6 h. These first proof of principle experiments indicated that the Aux/IAA

degradation behavior depends on the composition of the Aux/IAA domain II.
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Figure 15: Sensitivity of auxin-induced degradation among three Aux/IAA family members. Biosensors
incorporating Aux/IAA17, 31 and 34 as sensor modules were transiently expressed in A. thaliana mesenchymal
protoplasts and 20 h post transformation induced with IAA (concentrations ranging from 100 pM to 1 uM) for 2 h, 4
h and 6 h. Firefly and renilla luciferase activities were determined and the averaged FF/REN ratios were calculated.
The error bars represent the SEM for this individual experiment with n=6. (A) Degradation curves for Aux/IAA 17,
31 and 34 after 2 h, 4 h and 6 h IAA induction (concentrations ranging from 100 pM to 1 uM). (B) Degradation
curves for Aux/IAA 17, 31 and 34 induced with 1 uM IAA for 2 h, 4 h and 6 h. This figure and the figure legend are
adapted from Andres et al. (Appendix 7.3).

As the suitability of the biosensor system for comparative analyses of Aux/IAA stability in
response to auxin was already shown, we cloned all 29 Aux/IAAs as sensor modules in our
ratiometric luminescent biosensor platform and transformed them into protoplasts. 20 h post
transformation, the protoplasts were supplemented with increasing concentrations of IAA (100
pM to 1 uM) for 2 h and luminescence was determined in micro plate readers. As depicted in
Figure 16, several Aux/IAAs display a high sensitivity towards IAA. However, 5 Aux/IAAs,
namely Aux/IAA20, 30, 32, 33 and 34, are not degraded by auxin at all, whereas Aux/IAA31
only shows a slight decrease in FF/REN ratio. In addition, different sensitivities towards |IAA

could be observed. Some Aux/IAAs, such as Aux/IAA13 and 17, display a high sensitivity
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towards IAA even at low concentrations (pM-range), while Aux/IAA15 and 26 are less sensitive
towards IAA (nM-range). For all Aux/IAAs, the proteasome-dependency of their degradation
was shown by supplementing the proteasomal inhibitor MG132 2 h prior to hormone induction

(data not shown).
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Figure 16: Sensitivity of auxin-induced degradation among all Aux/IAA family members. Biosensors
incorporating Aux/IAA1-20 as well as 26-34 as sensor modules were transiently expressed in A. thaliana
mesenchymal protoplasts and 20 h post transformation induced with IAA (concentrations ranging from 100 pM to 1
uM) for 2 h. Luciferase activity was determined and the averaged FF/REN ratios were calculated. The data shown
in this graph correspond to one representative experiment of three independent technical replicates. The statistical
significance between the different IAA concentrations is indicated in lower case letters, where “a” significantly differs
from “b”, “b” from “c” and so on. One-way analysis of variance (ANOVA) were performed with p < 0.05. The error
bars represent the SEM for this individual experiment with n=6.

As already explained earlier, Aux/IAAs possess four domains. Domain Il contains the auxin
degron which comprises a conserved “GWPPV” motif. This motif can interact with SCF™®" (Luo
et al., 2018). All Aux/IAAs which have a fragmentary or no auxin degron are not degraded by
IAA (Figure 16). Considering that these Aux/IAAs are also grouped with the other 24 Aux/IAAs,
which are sensitive towards IAA, into a group of negative regulators of auxin response based
on their structural similarity, this is remarkable.

What is the point of having Aux/IAAs which are not reacting to auxin? To answer this question,
we examined putative factors influencing Aux/IAA stability. Light stimuli and the influence of
temperature are of immense importance to plants as sessile organisms to adjust their
metabolism, physiology and development. There is evidence that the photoreceptor PhyB is
also involved in temperature perception by integrating light and temperature signals (Legris et
al., 2017; Song et al., 2017). As PhyB and auxin signaling are intertwined in planta (Legris et
al., 2017), we analyzed whether high temperature might also affect Aux/IAA stability. To test
this hypothesis, we developed an experimental setup: 20 h post transformation, the protoplasts
were transferred into darkness (to prevent any light stimuli) at 22 °C or 28 °C for 6 h.
Additionally, samples were first incubated at 22 °C and after 1 h and 3 h transferred to 28 °C.
The results indicated that some Aux/IAAs are strongly degraded by high temperature and
some are not affected at all. By analyzing the data of both screenings, we could form groups
where Aux/IAAs are i) degraded by auxin and temperature ii) only degraded by auxin iii) only
degraded by temperature, and iv) neither degraded by auxin nor by temperature (Figure 17).
Most Aux/IAAs are degraded by auxin and high temperature. However, there are two Aux/IAAs
which are only degraded by temperature, namely Aux/IAA32 and 34. As these two Aux/IAAs
display strong deviations from the 13aa consensus sequence in domain Il, which confers
binding to TIR1/AFB and subsequent degradation of the Aux/IAAs by the 26S proteasome, the
mechanism of temperature-dependent Aux/IAA degradation does not seem to rely on the
SCF™ complex mediated degradation mechanism. Additionally, Aux/IAA20, 30 and 33, which
either do not contain the domain Il consensus sequence or only a strongly deviated version of
it, are neither degraded by auxin nor by temperature. These results imply that not all Aux/IAAs
that lack the 13aa consensus sequence in domain Il are degraded by temperature.
Additionally, the influence of light on this temperature-dependent degradation was tested,

because the temperature perception of PhyB is also influenced by light. Experiments
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conducted in dark as well as light caused no significant difference to the temperature
treatment. This indicates that light does not seem to influence the temperature-dependent
degradation of Aux/IAAs (data not shown). To evaluate the 26S proteasome dependency of
the temperature-dependent Aux/IAA degradation, experiments with the proteasomal inhibitor
MG132 were conducted (data not shown). These experiments demonstrated that the above-
mentioned degradation is not mediated by the 26S proteasome.

These two large quantitative screenings were done for the first time in plant cells. This
constitutes a pioneering approach for the study of the correlation between Aux/IAA stability
and temperature changes. A direct influence of temperature on Aux/IAA stability was
demonstrated for the first time. Until now, these screenings remain rather descriptive. Future
goals would be to unveil the mechanism of temperature-dependent degradation of Aux/IAAs,
since our results indicate an alternative, 26S proteasome-independent degradation pathway.
For this, further sequence analyses as well as engineering of Aux/IAA chimeras will be needed.
Moreover, different degradation pathways, such as plant vacuolar degradation related to
natural and stress-induced senescence as well as plasma membrane components, should be
investigated (Scheuring et al., 2012; Otegui, 2018). Further screenings could reveal if low
temperature might have a stabilizing effect on Aux/IAAs. The discovery of the Aux/IAA
temperature-dependent degradation in the course of this work in combination with the future
revelation of the corresponding degradation mechanism will be of great value and interest in
the field of auxin research and could help to unveil the complexity of auxin perception and

signaling.
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Figure 17: Auxin- and temperature-dependent degradation among all Aux/IAA family members. (A)
Classification of all Aux/IAAs into groups. Group 1 contains all Aux/IAAs being degraded by auxin and high
temperature (28 °C), group 2 the ones which are only degraded by auxin, group 3 the Aux/IAAs which are only
degraded by high temperature, and group 4 the ones which are not degraded at all. (B) Selected examples for the
four different degradation groups.
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3.1.3 Quantitative ratiometric biosensors for the analysis of gibberellin signaling
dynamics and metabolism

This chapter is based on the Andres et al. manuscript (Appendix 7.1) and contains selected

results thereof.

The phytohormone gibberellin controls diverse aspects of developmental and growth
processes such as seed germination, vegetative growth and flowering (Daviére and Achard,
2013). As major regulators of developmental and growth processes, they are of great
importance to plants. To analyze GA dynamics, sensitivity and specificity towards distinct GAs
as well as certain GA metabolism aspects, we constructed gibberellin biosensors with all five
DELLA proteins (RGA, GAIl, RGL1-3), following the same modular design as the auxin and
strigolactone biosensor (Wend et al., 2013; Samodelov et al., 2016). A RGA biosensor with a
17 amino acid deletion in the DELLA sequence (RGAA17) which should not react to GA
induction was included as a control (Dill et al., 2001). We aimed at providing quantifications of
the phytohormone gibberellin at high temporal resolution and a highly sensitive system to
analyze gibberellin dynamics. To investigate the specificity and sensitivity of the distinct
DELLAs towards known bioactive GAs, we transformed A. thaliana protoplasts transiently with
these biosensors. 20 h later, the samples were induced with either GA1, GAs, GA4 or GA; for
5 h. Afterwards, the luciferase activity was determined and the FF/REN ratios were analyzed.
All five biosensors showed the highest sensitivity towards GAs; and GA7 with sensitivities below
10 pM (Figure 18) which makes them more sensitive than other established GA biosensors in
Xenopus and S. cerevisiae (Khakhar et al.; Rizza et al., 2017). Especially the RGA-biosensor
displays a high sensitivity towards GAs, GA4 and GA7 with up to 70 % degradation at higher
GA concentrations (more than 100 nM). The CtrlQuant sensor, containing a repetitive GA
sequence instead of a sensor module, as well as the RGAA17 biosensor showed no
degradation. Additional experiments with the proteasomal inhibitor MG132 demonstrated the

dependency on the 26S proteasome (Appendix 7.1).
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Figure 18: Sensitivity and specificity of RGA-, GAl-, RGL1-, RGL2- and RGL3-based biosensors towards the
bioactive gibberellins GA4, GA3, GA; and GA;. A. thaliana wildtype protoplasts were transformed with the
different sensor constructs containing either A) RGA, B) GAIl, C) RGL1, D) RGL2 or E) RGL3 as a sensor module
(SM). 20h after transformation, the protoplasts were supplemented with serial dilutions ranging from 10 pM to 10
UM of either GA1, GAs, GA4 or GA; for 5h. Afterwards, the luciferase activity was determined. The error bars
represent the SEM (n = 6). The statistical significance between the different GA concentrations is indicated in lower
case letters, where “a@” significantly differs from “b”, “b” from “c” and so on. One-way analysis of variance (ANOVA)
were performed with p < 0.05 (for RGL1,2 and 3 with GA+) or p < 0.01 (for RGA and GAl). F) Table summarizing
the biosensor sensitivities towards the different bioactive gibberellins (dark green: sensitivity lower than 10 pM,
green: sensitivity between 10 pM and 100 pM, lime-green: sensitivity between 100 pM and 1 nM, lime-green shade:
sensitivity higher than 1 nM). This figure is adapted from the manuscript Andres et al. (Appendix 7.1).
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After the characterization and further kinetic analyses of the RGA biosensor (Appendix 7.1),
we chose this biosensor with the highest sensitivity to analyze selected metabolic aspects. For
this, we co-transformed A. thaliana protoplasts with the RGA biosensor and three different
GAZ2-oxidases which represent one main GA inactivation pathway. It has been shown for the
GAZ2oxidases 1, 2, 3, 4 and 6 that they act specifically on C19-GAs including GA1 and GA4 by
catalyzing the 2-B-hydroxylation of GA4 to GAss and GA+ to GAs (Figure 4, Thomas et al., 1999;
Rieu et al., 2008). On the contrary, GA2oxidase 7 and 8 catalyze the 2-B-hydroxylation of C20
GAs such as the common precursor GA12 (Schomburg et al., 2003). The RGA biosensor was
applied to study the activity and specificity of GA2oxidase 1, 2 and 8 in protoplasts. 20 h post
transformation, increasing concentrations of GA; and GAs4 from 1 nM to 10 yM were
supplemented and luciferase activity was determined. Additionally, the RGA biosensor was
co-transformed with a control vector that contains a small repeated GA sequence
(GAGAGAGAGAGAGA) instead of a sensor module (Samodelov et al., 2016).
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Figure 19: RGA biosensor as a tool to study the activity and specificity of GA oxidases in plant cells. A.
thaliana wildtype protoplasts were transformed with the RGA biosensor construct and an additional GA2 oxidase
(either GA20x1, GA20x2, GA20x8 or a control). 20h after transformation, the protoplasts were supplemented with
serial dilutions from 1 nM to 10 uM of GA or GA4 for 4h. Afterwards, luciferase activity was measured. The data
shown in this graph correspond to one representative experiment of three independent technical replicates. The
error bars represent the SEM (n = 6). This figure is adapted from Andres et al. (Appendix 7.1).

As depicted in Figure 19A, the dynamic range for degradation induced by GA; is not good
enough to observe differences at low hormone concentrations. The first slight GA1 inactivation
by GA20x1 and 2 appears at 1 — 10 yM. However, the better dynamic range and high
sensitivity of the RGA biosensor towards GA; allow to analyze the effect of GA2-oxidases on
RGA-FF also at lower concentrations. The co-transformation of GA20x1 and GA20x2 with the
RGA sensor led to less degradation compared to the control. Especially, GA20x2 has a huge
effect on GA4, whereas GA20x1 displays only a moderate effect (Figure 19B). No effect could
be observed for GA20x8 on GA4. We could demonstrate by applying our novel, highly sensitive
RGA biosensor that GA20x1 and GA20x2 inactivate bioactive C19 GAs such as GA; and GA4
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and convert them to non-bioactive catabolites. These non-bioactive catabolites are no longer
able to induce degradation of RGA. Furthermore, we could not show any direct effect of
GA20x8 on GAs. This is in accordance with earlier results which indicate that GA20x8 only
acts on C20 GAs (Schomburg et al., 2003). In summary, five biosensors comprising RGA, GAl,
RGL1, RGL2 and RGL3 as sensor modules were built in the course of this work. The construct
composition allows the highly sensitive analysis of intracellular changes upon exogenous
application of GAs as well as their dynamic analysis. Therefore, the biosensors can be used
as molecular proxies for the study of metabolic processes and the investigation of specificities
and sensitivities towards different GAs and possible GA analogs. For the establishment of the
GA biosensor system, we utilized proof of principle applications to demonstrate its applicability.
However, the possible applications to study gibberellin perception and signaling are far from

exhausted.
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3.2 Reconstruction of Gibberellin signaling pathways in mammalian cells
The chapters 3.2.2, 3.2.3 and 3.2.4 contain experimental data being part of a collaborative
project together with Tim Blomeier (Institute of Synthetic Biology, Heinrich-Heine University,

Dusseldorf) who performed complementary microscopy experiments.

Up to date, there is a plethora of plant signaling-related open questions which cannot be
answered with conventional analysis methods, such as plant breeding and mutant analysis.
The complexity and the crosstalk between distinct signaling pathways in planta as well as the
lack of quantitative methods require the implementation of new (synthetic biology) approaches
to overcome these limitations and answer these questions in a quantitative manner. One of
the approaches is the reconstruction of plant signaling pathways in mammalian cells.
Phytohormone signaling related open questions comprise for instance i) binding of
transcription factors to promoter regions and the influence of other transcription factors or
transcriptional regulators on their binding affinities, ii) protein-protein interactions iii) the
influence of exogenously applied phytohormones on protein-protein interactions as well as the
necessity and the impact of additional proteins for these protein-protein interactions. To
address these questions, we developed different orthogonal systems in mammalian cells in
the course of this work. Mammalian cells as an orthogonal system provide reduced complexity,
i.e. no crosstalk with other plant signaling pathways and components of the same pathway,
and are therefore ideal to analyze single plant signaling components. For the establishment of
the different systems, we decided to focus on gibberellin and gibberellin-associated signaling
pathways. Dependent on the complexity of the interactions or bindings, we developed
Mammalian-1-Hybrid (M1H) up to Mammalian-4-Hybrid (M4H) systems in human embryonic
kidney (HEK) cells (Figure 20). All methods combined constitute a platform for the

reconstruction of phytohormone signaling pathways.
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GA signaling Quantitative tools
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Figure 20: Gibberellin signaling scheme and quantitative tools for the study thereof. Our newly developed
toolbox comprises quantitative approaches to study GA signaling on various level. Biosensors are utilized to
investigate the hormone production as well as their perception. The perception complex formation level is also
studied with M2H, M3H and M4H systems. In addition, microscopic analyses are applied to study perception
complex formation as well as signaling transduction. To analyze signaling transduction/relay, we developed M2H
and M3H systems. M1H and M1H* systems are employed to investigate downstream responses of GA signaling.
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3.2.1 Development of a Mammalian-one-Hybrid system (M1H) for the investigation of
transcription factor bindings to DNA-regions

The here presented experimental data are all obtained during the course of my PhD thesis and
are part of a collaborative project with the group of Prof. Dr. G. Coupland (Max Planck Institute

for plant breeding research).

Two of the numerous downstream targets of GA signaling are SPL9 and SPL15. These plant-
specific transcription factors belong to the SQUAMOSA PROMOTER BINDING PROTEIN
LIKE (SPL) family and are involved in the floral initiation in A. thaliana by directly activating
transcription of floral regulators like FRUITFULL (FUL) (Wang et al., 2009; Hyun et al., 2016).
SPL15 integrates external and internal cues including age (miRNA156 abundance) and GA
signaling (DELLA abundance) to coordinate floral initiation (Hyun et al., 2016). Because of the
immense importance of SPL9 and SPL15 in the flowering process we chose them for the
establishment of a M1H system in HEK293T cells by i) studying whether they directly bind to
the FRUITFULL promoter without any assistance of other plant-specific transcription factors
and ii) investigating the binding site or the binding motif of SPL9 and SPL15.

To analyze the binding capacity of the SPLs to PrruitruLL (PruL), we established an orthogonal
M1H system. SPL9 and SPL15 were cloned with and without a C-terminal fusion of the
transactivator Virus Protein 16 (VP16; Miiller et al., 2013) and an additional nuclear localization
sequence (NLS) under the control of Psv40. The full length Pru. version as well as two predicted
binding regions (amplicon VIl and X) were cloned upstream of a Pcuv minimal promoter
controlling the expression of the secreted alkaline phosphatase (SEAP) as a reporter (Figure
21). Only upon binding of a transcription factor (here SPL9/SPL15) to the promoter region
(here Prul) and the recruitment of the transcriptional machinery, SEAP will be expressed.
Several transfection setups including different cell lines and temperature conditions were
tested during this establishment process to guarantee optimal conditions. The synthetic
constructs were co-transfected in HEK293T, HeLa and CHO-K1 cells to find a suitable one for
the M1H experiments to enable good expression levels and a high dynamic range. In addition,
different temperatures (30 °C and 37 °C) were tested to achieve an optimal environment for
the plant transcription factors and promoters (data not shown). Finally, the best experimental
setup constitutes co-transfection of both above-explained synthetic constructs in HEK293T

cells at 37 °C. 24 h post transfection SEAP was measured.
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Figure 21: Schematic representation of tested M1H strategies. A plant transcription factor, here SPL9 or SPL15,
is cloned under the control of a Psvag promoter either without (A) or with (B) a VP16 transactivator C-terminally
fused to it. A DNA-binding region of interest, here PrruitruLt, is cloned upstream of a Pcmvmin promoter controlling
SEAP expression. If SPL9/SPL9-VP16 or SPL15/SPL15-VP16 bind to the PrrurrruLL promoter region and are able
to recruit the transcriptional machinery, SEAP is expressed. (C) Schematic drawing of PrrurtruiL. The full-length
promoter with the amplicons VIl and X annotated as possible SPL binding regions (1), as well as a short version
with only amplicon VII (2) and amplicon X (3) are tested in this experimental setup. This figure was created with
BioRender.

As depicted in Figure 22A, almost no basal activity was observed with the short amplicon
versions of the Pru. promoter. The basal activity or leakiness describes the basal expression
of the reporter plasmid when transfected alone in absence of any additional plant transcription
factor. The full-length version of the promoter alone showed a slightly increased leakiness
(about 3 SEAP U/L) compared to the short version which was expected according to the size
of the full-length promoter (more than 5 kB). The transfection of the PruL construct alone served
as a negative control to exclude interference with endogenous transcriptional regulators in
mammalian cells. Enhanced SEAP expression could only be observed when SPL9/SPL15-
VP16 are co-transfected with the full-length version of the FRUITFULL promoter as well as
with Amplicon X with induction folds of 13/8 (SPL9/SPL15-VP16 + Pru. full length version) and
192/86 (SPL9/SPL15-VP16 + Pry. amplicon X), respectively. To reduce the basal activity,
especially of the large promoter constructs, the transfected reporter level was also decreased
to Va of its originally transfected amount (Figure 22B). This caused an enormous increase in
the dynamic range with a reduced basal activity for the Pry. full length promoter version
(approx. 1 U/L) with fold inductions of 27 (+SPL9-VP16) and 13 (+SPL15-VP16). For the short
amplicon X, the fold inductions increased to more than 1,000 in combination with SPL9-VP15
and more than 500 for SPL15-VP16.
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Figure 22: Establishment of a M1H system. (A) Experimental SEAP assay results. HEK293T cells were
transfected with the indicated configurations and incubated for 24 h before the quantification of the SEAP reporter
gene. (B) Experimental SEAP assay results with a reduced reporter plasmid amount. HEK293T cells were
transfected with the same indicated configurations as in (A) and incubated for 24 h before the quantification of the
SEAP reporter gene. To reduce the basal activity, the reporter plasmid amount is decreased to ¥4 compared to (A).
The data shown in these graphs correspond to one representative experiment of at least three independent
technical replicates. The error bars represent the SEM for this individual experiment with n=4.
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These results indicate that a transactivator domain (here: VP16) is necessary for the
recruitment of the transcriptional machinery to promote SEAP expression. That does not
necessarily imply that there is no binding of the SPLs to the FRUITFULL promoter without a
transactivator domain, but rather that the plant-specific transcription factor is in this case not
recognized by the endogenous transcriptional machinery and thereby cannot activate gene
expression on its own in mammalian cells. Therefore, a transactivator such as VP16 is
necessary to interact with various proteins during transcriptional initiation. In addition, our
results indicate that there is no binding of both SPLs to Amplicon VII. Reducing the amount of
promoter-reporter plasmid, led to an enormous increase in the dynamic range and a reduction
in basal activity.

As this system was functional with highly reproducible and robust SEAP values, we took a
closer look at the possible binding regions (amplicon VII and amplicon X). Therefore, we built
mutated versions of the full-length FRUITFULL promoter as well as the two amplicons by
replacing the putative binding motif GTAC (predicted by the group of G. Coupland) with ATAA
or TTAA. We co-transfected HEK293T cells with the different versions of the FRUITFULL
promoter and SPL9-VP16 or SPL15-VP16 (Figure 23).
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Figure 23: Schematic of a M1H system for the analysis of the TF-binding to a specific region within a
promoter. (A) M1H system mode of function. The binding of SPL9/SPL15-VP16 to PrruitruLL brings the VP16
transactivator in close proximity to the Pcmvmin promoter recruiting the transcriptional machinery and thus SEAP is
expressed. (B) Different PrrurrruLL versions. 1: full-length, 2: amplicon VII, 3: amplicon X, 4: full-length with 2
mutation sites in each amplicon (marked in red with a star), 5: amplicon VII with 2 mutation sites, 6: amplicon X with
2 mutation sites, 7: full-length with 2 mutation sites in amplicon VII, 8: full-length with 2 mutation sites in amplicon
X. This figure was created with BioRender.

As already observed in the previous experiments, both, SPL9-VP16 as well as SPL15-VP16,
bind to the wt version and the short version containing Pru. amplicon X. However, when

amplicon X is mutated, both SPLs neither bind to the full-length nor the short Pry. amplicon X
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version. As both SPLs do not bind to amplicon VIl anyway, the mutated version does not make

a difference here as expected (Figure 24).
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Figure 24: Binding of SPL9/SPL15-VP16 to different PrruirruLL versions. A) SEAP assay results. HEK293T
cells were transfected with the indicated configurations and incubated for 24 h before the quantification of the SEAP

reporter gene. The data shown in this graph correspond to one representative experiment of at least three replicated
experiments. The error bars represent the SEM for this individual experiment with n=4. Abbreviations: wt: wildtype,

mut: mutated. (B) Summary table.
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In this chapter, the development and implementation of a novel quantitative M1H system for
investigating the binding of a plant-specific transcription factor to a promoter region in
mammalian cells is described. With this system, we could show that SPL9-VP16 as well as
SPL15-VP16 bind to the FRUITFULL promoter without the assistance of any other plant-
specific factor. In addition, we determined the exact binding region of these two SPLs to the
promoter. Furthermore, the results in this orthogonal mammalian cell-based system indicate
that SPL9 and SPL15 are not able to activate the transcriptional machinery on their own, which
suggests that they are not recognized by the endogenous transcriptional machinery in
HEK293T cells. This newly built system is highly sensitive; even small nucleotide changes in
promoter sequences can be detected and prevent the binding of a plant-specific transcription
factor to a promoter region. This in turn can be translated into a highly quantitative readout, for
instance SEAP. Moreover, the experimental setup for our M1H system is easy to implement;
the cloning of the constructs is flexible and modular. Depending on the properties of the
transcription factor of choice, it can be fused to a transactivator N- or C-terminally. During the
course of this work, the toolbox was expanded with plasmids containing normalization

elements (renilla, gaussia and cypridina luciferases) on the same readout plasmid.
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3.2.2 Mammalian-one-Hybrid* (M1H*) assays to analyze the effect of DELLAs as

regulators of transcription factors

Next, we expanded our already established and robust, quantitative M1H system with an
additional element. For this, we analyzed the effect of DELLA proteins on the binding of type-
B ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1) to synthetic cis-element sequences
containing binding sites for ARR1 (TCS, Miller and Sheen, 2008). ARRs comprise a group of
DNA-binding transcription factors mediating cytokinin signaling. Y2H and CHIP analyses
revealed that DELLAs act as transcriptional co-activators promoting the binding of ARR1 to
the TCS element (Marin-de la Rosa et al.,, 2015). To show that these questions can be
answered in an orthogonal quantitative system like mammalian cells, which display good
expression levels of functional plant-specific proteins and several options for quantitative
readout systems (Wend et al., 2013; Beyer et al., 2015b), we co-transfected HEK293T cells
with three constructs containing i) ARR1 (without and with a VP16 fusion and an NLS) under
control of the Psvao promoter ii) RGA or GAI (each without and with a VP16 fusion and an NLS)
under control of the Psvs promoter and iii) a TCS element upstream of a CMV minimal
promoter with SEAP as a reporter gene.

The TCS element on its own showed almost no basal activity (Figure 25), whereas co-
transfection with ARR1 increased the SEAP level by almost 200-fold without VP16 and more
than 120-fold with VP16. Although both variants show similar SEAP expression levels, the
leakiness in case of the ARR1-VP16 experiment is a bit higher (0,23 compared to 0,16 SEAP
units without VP16) which explains the differences in SEAP unit enhancement. Nevertheless,
the basal activity for both is really low, indicating that no mammalian TF is binding. The SEAP
levels are further enhanced when RGA or GAI are added to the system (M1H*, up to more
than 300-fold in total) independent of the presence of VP16. These results indicate that RGA
and GAl indeed promote ARR1-binding to the TCS element and that HEK293T cells provide
an ideal system to observe and analyze co-activation (or de-activation/downregulation) of a
plant-specific transcription factor. In this case, the M1H" system works without a transactivator
demonstrating that not all plant-specific transcription factors necessarily require a
transactivator to activate gene expression in mammalian cells. In the future, it would be
interesting to show the deactivation, i.e. the repression of transcriptional activation through a

transcriptional regulator.
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Figure 25: M1H* system to analyze DELLA co-activation activity. (A) Schematic drawing of the M1H*
experimental setup. ARR1 is cloned under the control of a Psyao promoter and the TCS element, which is the ARR1
DNA-binding element, upstream of a Pcmvmin promoter controlling SEAP expression. When ARR1 binds to the TCS
element, it induces SEAP expression. Additionally, one DELLA (either RGA or GAl) is co-transfected with ARR1
and the reporter plasmid containing the TCS element to analyze a possible co-activation mediated by the DELLA
protein. (B) SEAP assay results for the M1H* system establishment. HEK293T cell were transfected with the
indicated configurations and incubated for 24 h before quantification of the SEAP reporter gene. The data shown
in this graph correspond to one representative experiment of three independent technical replicates. The error bars
represent the SEM for this individual experiment with n=4. Figure (A) was created with BioRender.
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3.2.3 Mammalian-two-Hybrid (M2H) system to investigate protein-protein interactions

After having established M1H/M1H" systems to analyze the binding of a transcription factor to
a promoter region, we aimed at introducing a quantitative M2H system in mammalian cells
which would enable the investigation of plant protein-protein interactions. This novel synthetic
tool is based on the constructs of the red light-inducible split transcription factor system by
Muller et al. (2013). A bicistronic expression vector under the control of the SV40 promoter
comprises: i) in the first cistron, one protein of interest (POI; in this case a DELLA protein)
fused C-terminally to a VP16 transactivator domain, and ii) in the second cistron, a second
protein of interest (here: PIF) N-terminally fused to a tetracycline repressor (tetR). Both cistrons
are separated by a polioviral internal ribosome entry site (IRESpy) that induces the translation
of the second cistron. A second vector contains 13 repeats of the tetR-specific operator (tetO)
fused via a spacer to a minimal human cytomegalovirus immediate early promoter (Pcmvmin)
that controls SEAP expression (Figure 26). The tetR-POI fusion binds to its operator (tetO)
and if both proteins of interest interact, VP16 comes in close proximity to the Pcuy minimal
promoter, recruits the transcriptional machinery and thus activates SEAP gene expression.
DELLAs, as the central regulators in GA signaling, have been reported to interact with PIFs
and thereby block their ability to bind DNA (Feng et al., 2008; Li et al., 2016; Zheng et al.,
2016). As the proposed interaction mechanism is the sequestration of PIFs from promoter
regions by DELLA proteins, we determined whether DELLAs and PIFs interact per se without
any other factors being involved in our orthogonal mammalian system. Both above described
plasmids were co-transfected in HEK293T cells and 48 h post transfection, SEAP units were
determined. As illustrated in Figure 26B, the reporter plasmid alone shows almost no basal
activity, whereas a constitutive tetR-VP16 expression vector (positive control) co-transfected
with the reporter plasmid enhances the SEAP expression level to more than 13 SEAP unit/L.
Only when GAl is co-transfected with PIF1, we could observe an increase in SEAP expression
levels of about 4-fold compared to the reporter level. This indicates an interaction between GAl
and PIF1.
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Figure 26: Design and validation of the split transcription factor system for the analysis of protein-protein
interactions. (A) Mode of function of the split TF system (M2H). The two building blocks for the M2H system are
encoded on a bicistronic expression vector under the control of the Psya4o. In the first cistron, the DELLA protein is
C-terminally fused to a VP16 transactivator and an NLS. In the second cistron, a tetracycline repressor (TetR) is N-
terminally fused to a PIF protein. A polioviral internal ribosome entry site, IRESpy, induces the translation of the
second cistron. The response vector comprises 13 repeats of the TetR-specific operator tetO. PIF is tethered via
TetR to the tetO13 operator site and if PIF and DELLA interact, VP16 recruits the transcription initiation complex
thereby triggering activation of transcription from Pcmvmin (Modified from Miller et al., 2013). (B) Validation of the
split TF system. HEK293T cells were transfected with the indicated configurations and the response vector. After
incubation for 48 h, SEAP activity was quantified. The positive control contains a TetR-VP16 fusion under the control
of Psvao with the response plasmid. The data shown in this graph correspond to one representative experiment of
three independent technical replicates. The error bars represent the SEM for this individual experiment with n=4.
Figure (A) was created with BioRender.

Ad(ditional to the M1H and M1H" systems, we could establish a M2H system based on the split
transcription factor system by Muller et al. (2013) to investigate protein-protein interactions.
This new system allows the observation of a hormone-independent GAI-PIF1 interaction. For
the other combinations with PIF3 and PIF4, no increase in SEAP expression and thus no
interaction could be determined, although there is evidence that PIF1, 3 and 4 interact with
RGA and GAI (Gallego-Bartolome et al., 2010; Li et al., 2016). To exclude false negative
results, for instance caused by steric hindrance effects, the opposite fusions directions have
to be tested, namely tetR-DELLA and PIF-VP16. As we are working in an orthogonal system
here, it might be possible that other components, that facilitate or mediate this interaction,
might be missing. Another possible explanation could be that PIF3 and PIF4 interact with the
DELLA proteins when bound to the promoter. To investigate this thesis, the M1H+ system

could be utilized.
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3.2.4 Mammalian-three-Hybrid (M3H) assays for the analysis of gibberellin-induced

protein-protein interactions during GA perception

Protein-protein interactions are difficult to analyze in plants due to the complexity of different
signaling pathways and the possible influence of other factors present. We built a novel system
to investigate the gibberellin-induced interaction between distinct proteins involved in GA
perception (M3H) and the order of complex-formation during GA perception (M4H). Gibberellin
perception and signaling comprise three key components: i) GA receptors (GID1a, -b and -c),
ii) a F-Box protein associated to a SCF E3 ubiquitin-ligase complex (SLY1), and iii) regulators
proteins (DELLA proteins: RGA, GAl, RGL1, RGL2 and RGL3). Starting off with RGA/GAI and
GID1a/b/c, we aimed at investigating all hormone-independent or -dependent interactions. For
this, we utilized the bicistronic expression vector system (Mdller et al., 2013) and constructed
two different variants where either RGA/GAI are fused to VP16 and tetR is fused to GID1a/b/c,
or vice versa to detect and eliminate false negative results (Figure 27A). The different
constructs were co-transfected with our reporter plasmid in HEK293T cells and 24 h post
transfection induced with 10 uM gibberellic acid acetoxymethyl ester (GAs-AM) dissolved in
DMSO or DMSO as a control. GA3-AM is a synthetic GA analog which is cell permeable and
cleaved by cytosolic esterases to release functional GAs. Previous studies showed the
functionality of GA3-AM in mammalian cells (Miyamoto et al., 2012). Therefore, this was the
first GA to be tested in the M3H experiments. 24 h post hormone induction, SEAP was
measured in a microplate reader. As illustrated in Figure 27B, there is no autoactivation of the
system when the reporter plasmid alone is transfected, whereas the SEAP level is enhanced
to 25 SEAP U/L in the positive control (constitutive tetR-VP16) in a hormone-independent
fashion as expected. The DMSO controls show no increase in SEAP expression for all twelve
combinations (Figure 27B+D). However, the combinations of DELLA-VP16 and tetR-GID1
(Figure 27A) reveal a GAs-AM-dependent enhancement in SEAP expression with up to 13
SEAP UJ/L for the strongest combination of GAl and GID1b (Figure 27B). On the contrary, the
alternative protein-fusion configuration (GID1-VP16 and tetR-DELLA) had a much weaker
SEAP production with a maximum of less than 2 SEAP U/L (Figure 27C). As depicted in
Figure 27B, the orientation of DELLA-VP16 and tetR-GID1 shows a more efficient SEAP
production and thus no interaction interference. Hereafter all experiments shown were

performed with this protein-fusion combination.
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Figure 27: Design and validation of a M3H split transcription factor system. (A) Mode of function of the split
TF system. The two building blocks for the split TF system are encoded on a bicistronic expression vector under
the control of the Psvao. In the first cistron, the DELLA protein is C-terminally fused to a VP16 transactivator and an
NLS. In the second cistron, a tetracycline repressor (TetR) is N-terminally fused to GID1. A polioviral internal
ribosome entry site, IRESpy, induces the translation of the second cistron. The response vector comprises 13
repeats of the TetR-specific operator tetO. GID1 is tethered via TetR to the tetO43 operator site and if GID1 and
DELLA interact upon induction with GA3-AM, VP16 recruits the transcription initiation complex thereby triggering
activation of transcription of SEAP expression via Pcuvmin (Modified from Muller et al., 2013). (B) Validation of the
split TF system. HEK293T cells were transfected with the indicated configurations in combination with the response
vector. After incubation for 24 h, medium containing either 10 yM GA3-AM or the same volume of DMSO as a
control was added, followed by 24 h incubation before SEAP activity quantification. The positive control contains a
TetR-VP16 fusion under the control of Psy4o with the response plasmid. (C) Mode of function of the Split TF system.
The setup is the same as in (A) except from the protein fusions within the bicistronic expression vector. In this
experimental setup, GID1 is C-terminally fused to a VP16 transactivator whereas TetR is N-terminally fused to a
DELLA protein. (D) Validation of the split TF system. The experimental setup is the same as in (B). The data shown
in these graphs correspond to one representative experiment of three independent technical replicates. The error
bars represent the SEM for this individual experiment with n=4. Figure (A) and (C) were created with BioRender.

Next, the endogenous, natural gibberellins GAs and GA4 of A. thaliana were applied instead of
GAs-AM. Following the same experimental setup, the co-transfected cells were induced with
GAs 24 h post transfection and after additional 24 h SEAP was determined. Since GAs; and

GA4 are dissolved in ethanol, the latter is utilized as a control (instead of DMSO). As it was
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unclear before these experiments whether GAs and GA4 could efficiently enter mammalian

cells, we used 100 uM instead of 10 uM of the hormones.
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Figure 28: Validation of the M3H split TF system with natural gibberellins. HEK293T cells were transfected
with the indicated configurations in combination with the response vector (reporter). After incubation for 24 h,
medium containing either 100 uM GA3, GA4 or the same amount of EtOH as a control was added with a following
incubation step of another 24 h before SEAP activity quantification. The positive control contains a TetR-VP16
fusion under the control of Psyso with the response plasmid. The data shown in this graph correspond to one
representative experiment of three independent technical replicates. The error bars represent the SEM for this
individual experiment with n=4.

When induced with GA4, the SEAP values were similar to the ones obtained with GAs-AM, with
more than 10 SEAP U/L for the GAI-GID1b combination and slightly lower values for the other
combinations (Figure 28). The pattern for the combinations GAlI and RGA with GID1a with
GA; seems to differ from the other two GAs. Here, almost no interaction could be observed
whereas the other combinations were similar to the other GAs. The fact that GAs induces
interactions between GAI/RGA and GID1b/c clearly shows that GAs enters the cell and is
functional, indicating that the GID1a-GAs binding itself might be affected. It has been shown
that GAs displays an inefficient membrane permeability (at physiological pH) because of a
negatively charged carboxylic acid group (Miyamoto et al., 2012). Therefore, the group of
Miyamoto et al. masked this negatively charged carboxylic acid by using an acetoxymethyl
(AM) group to increase cell permeability. It could be possible that only a small amount of GA3
enters the HEK293T cells which is sufficient for the GID1b/c binding to RGA and GAI due to
the high sensitivity of these interactions. However, the GID1a-GAI/RGA interaction seems to
be less sensitive indicating that more GAs is needed for its induction. Future experiments
should include titration curves with higher concentrations of GAs (as they were performed here
with GAs-AM, Figure 29).

To test if the applied GA3-AM amount in the previous experiment (Figure 27) already saturates
the GID1a-GAs-AM binding, titration curves were performed with increasing concentrations
from 100 pM to 10 uM GAs-AM. As depicted in Figure 29, the supplementation of 100 nM GAs-
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AM leads to an increase in SEAP expression indicating that low GAs-AM concentrations
already induce the GID1a-GAI/RGA binding. Further experiments, with GAs-AM
concentrations ranging from 1 uM to 10 yM, demonstrated that the system is already saturated

at 3 uM GA3z-AM supplementation (data not shown).
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Figure 29: Dose-response curve for the GA;-AM dependent interaction of RGA/GAI with GID1a. (A) SEAP
assay with corresponding controls. HEK293T cells were transfected with the indicated configurations: the response
vector alone (reporter) and a positive control containing the response vector and a tetR-VP16 fusion under the
control of a Psvao promoter. (B) SEAP assay with the dose-response curves for RGA/GAI and GID1a. HEK293T
cells were transfected with RGA+GID1a and GAI+GID1a in combination with the response vector. After incubation
for 24 h, medium containing the indicated GAs-AM concentrations was added with a following incubation step of 24
h before SEAP activity quantification. The data shown in this graph correspond to one representative experiment
of three independent technical replicates. The error bars represent the SEM for this individual experiment with n=4.

In these first experiments, we could show that DELLAs and GID1s seemed to have a preferred
fusion site, at least in this kind of interaction analysis. Nevertheless, both fusion sites are
possible, which makes the system flexible for other protein pairs to be tested. In addition, we
could show the hormone-dependent interaction between RGA/GAI and the GID1s for all
combinations with GA3-AM and GAs. This was demonstrated for the first time in a quantitative
manner during this work. Furthermore, these experiments revealed the functionality of natural
GAs like GAs and GAs in mammalian cells. In the future, experiments with a decreased
hormone concentration could be conducted. In summary, we were able to extend our M2H
assays with a third component: the phytohormone gibberellin. Future experiments with other
hormones could follow.

The next combinations to test with this newly established system were the putative interactions
between RGA/GAI and GID1 with SLY1. For this, we kept the protein-fusions which were
already running in this system, namely DELLA-VP16 and tetR-GID1, and complemented them
with the corresponding SLY1 fusions (Figure 30A+B). The experiments were conducted as

described above and SEAP activity was determined. As illustrated in Figure 30C, no increase
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in SEAP expression could by observed for any combination neither hormone-dependent nor -
independent. However, this experiment needs to be repeated with the opposite fusion
configurations, namely SLY1-VP16 + tetR-DELLA and GID1-VP16 + tetR-SLY1, to exclude
false negative results due to steric hindrance effects.

In summary, this indicates that SLY1 is not interacting with any of the mentioned candidates

which leads to the question about the gibberellin complex formation order.
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Figure 30: Design and validation of a M3H split transcription factor system. (A) Mode of function of the split
TF system. The two building blocks for the split TF system are encoded on a bicistronic expression vector under
the control of the Psvao. In the first cistron, the DELLA protein is C-terminally fused to a VP16 transactivator and an
NLS. In the second cistron, a tetracycline repressor (TetR) is N-terminally fused to SLY1. A polioviral internal
ribosome entry site, IRESpy, induces the translation of the second cistron. The response vector comprises 13
repeats of the TetR-specific operator tetO. SLY1 is tethered via TetR to the tetO13 operator site and if SLY1 and
DELLA interact upon induction with GA3-AM, VP16 recruits the transcription initiation complex and thereby triggers
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activation of Pcuvmin and SEAP expression. (B) Mode of function of the split TF system. The setup is the same as
in (A) except from the protein fusions within the bicistronic expression vector. In this experimental setup, SLY1 is
C-terminally fused to a VP16 transactivator whereas TetR is N-terminally fused to GID1. (C) Validation of the split
TF system. HEK293T cells were transfected with the indicated configurations in combination with the response
vector. After incubation for 24 h, medium containing either 10 yM GA3-AM or the same amount of DMSO as a
control was added with a following incubation step of another 24 h before SEAP activity quantification. The positive
control contains a TetR-VP16 fusion under the control of Psv4o with the response plasmid. The data shown in this
graph correspond to one representative experiment of three replicated experiments. The error bars represent the
SEM for this individual experiment with n=4. Figure (A) and (B) were created with BioRender.

3.2.5 Mammalian-four-Hybrid (M4H) system for the investigation of the order of

complex-formation during GA perception

After the three main GA perception components (GID1, SLY1 and DELLA) have already been
tested for their hormone-dependent or -independent interactions amongst each other with our
M3H system, we were now interested in the order of GA perception complex formation. First
evidence was provided in the M3H tests which indicated that only RGA/GAI and GID1 interact
hormone-dependent, whereas SLY1 neither interacted with RGA/GAI nor with GID1. To
investigate this complex-formation process further, we developed a M4H assay. In this assay,
we utilized the already tested bicistronic vector encoding SLY1-VP16 and tetR-GID1. An
additional plasmid containing RGA/GAI under the control of the SV40 promoter was
supplemented to the transfection setup as well as the reporter plasmid (Figure 31B). The three
plasmids were co-transfected and the samples were induced with GAs-AM as already

explained earlier, SEAP values were determined 48 h post transfection.
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Figure 31: Design and validation of a M4H split transcription factor System. (A) Mode of function of the M3H
split TF system. The two building blocks for the split TF system are encoded on a bicistronic expression vector
under the control of the Psvao. In the first cistron, SLY1 is C-terminally fused to a VP16 transactivator and an NLS.
In the second cistron, a tetracycline repressor (TetR) is N-terminally fused to GID1. A polioviral internal ribosome
entry site, IRESpy, induces the translation of the second cistron. The response vector comprises 13 repeats of the
TetR-specific operator tetO. GID1 is tethered via TetR to the tetO43 operator site and if GID1 and SLY1 interact
upon induction with GAs-AM, VP16 recruits the transcription initiation complex and thereby triggers activation of
Pcmvmin and SEAP expression. (B) Extension of the M3H system in (A) to a M4H system. In addition to the
experimental setup in (A) a DELLA-containing plasmid is added to the system. (C) Validation of the M4H system.
HEK293T cells were transfected with the indicated configurations in combination with the response vector. After
incubation for 24 h, medium containing either 10 yM GA3-AM or the same amount of DMSO as a control was added
with a following incubation step of another 24 h before SEAP activity quantification. The data shown in this graph
correspond to one representative experiment of three independent technical replicates. The error bars represent
the SEM for this individual experiment with n=4. Figure (A) and (B) were created with BioRender.
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As already observed in the previous experiments, no hormone-independent and -dependent
interactions between SLY1 and GID1a, b and ¢ could be monitored. However, supplementing
RGA or GAIl exogenously (from a different plasmid) to this split transcription factor system
leads to a 3- to 5-fold increase in SEAP expression when GAsz-AM is present (Figure 31C).
Therefore, RGA or GAl is necessary to form this GA-dependent perception complex with SLY1
and GID1. All experiments taken into account, our M3H and M4H systems reveal the order of
GA complex formation. In the presence of GA, it is bound by the receptors GID1a, b and ¢ and
as a consequence, DELLA proteins interact with the GA-GID1 complex. Next, the F-Box SLY1,
being engaged in a SKP1/CUL1/F-box E3 ubiquitin ligase complex (SCFS'Y"), associates to
this perception complex and GA downstream signaling can proceed. This order of complex
formation is supported by earlier results in Y3H systems in yeast (Griffiths et al., 2006).

In conclusion, we have established quantitative synthetic biology approaches to screen and
analyze various TFs and their bindings to promoter regions as well as hormone-dependent
and -independent protein-protein interactions. We have expanded our toolbox for the
investigation of plant signaling components in mammalian cells as an orthogonal system by
adding M1H up to M4H systems. These novel systems allow not only the reconstruction of
perception complex formation, but also the identification and analysis of the order of this
complex formation for the first time in mammalian cells. Our M3H and M4H systems provide a
powerful platform to analyze complex formation also for other plant hormones and an
expansion to already existing methods in plants. Our systems are robust and display a high
dynamic range, signal-to-noise ratio as well as sensitivity. Even nucleotide changes within a
promoter region can be detected. In addition, all systems show no or only little leakiness. Taken
all established systems in account, we cover a broad spectrum of distinct quantitative readouts
and systems with the potential uses for the analysis and reconstruction of single plant signaling

pathways being far from exhausted.
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4 Conclusion

In conclusion, synthetic biology tools were designed, constructed and applied to address key
challenges in the field of phytohormone research:

First, numerous quantitative genetically encoded phytohormone biosensors were constructed
towards the analysis of strigolactone, auxin and gibberellin signaling. The biosensors were
designed following the principles of a previous auxin sensor in our lab by Wend et al. (2013).
For the deeper analysis of strigolactone perception and the role of eight SMXL-regulators, all
SMXLs were cloned into the biosensor platform and characterized towards their degradation
behavior in response to rac-GR24, Kar1 and Kar2. In addition, several strigolactone/karrikin
signaling mutant protoplasts were transformed to obtain the first quantitative data about
SMAX1 and SMXL2 degradation and their role in strigolactone/karrikin signaling. The
combinatorial approach of the production of experimental quantitative data and mathematical
modeling revealed novel information about the dynamic behavior of the StrigoQuant sensor
incorporating SMXL6 as a sensor module (Samodelov et al., 2016) as well as the D14 receptor.
Moreover, the most comprehensive Aux/IAA degradation study in A. thaliana protoplasts was
conducted by investigating the degradation of all 29 Aux/IAAs in response to IAA. The
knowledge of their differential degradation behavior led to the hypothesis that other external
stimuli, such as temperature, might affect Aux/IAA stability which could be verified in another
screening for some of them. A future challenge will be to unveil the mechanism of temperature-
dependent degradation. Furthermore, gibberellin biosensors comprising each one DELLA
protein were applied to investigate their specificities and sensitivities towards distinct bioactive
and non-bioactive GAs. Because of their high sensitivity and a good dynamic range, the
biosensors allowed answering GA-related metabolic questions in protoplasts.

Second, mammalian cells as an orthogonal system were utilized to answer remaining
questions that cannot be answered in plant systems due to the complexity and redundancy of
plant signaling pathways. For this, different levels of GA signaling were investigated for the
establishment of M1H — M4H systems. These systems allow for the analysis on the level of TF
binding to a specific DNA-binding region, phytohormone-independent and -dependent analysis
of protein-protein interactions as well as even the reconstruction of complex formation.
Finally, distinct methods and tools in protoplasts as well as mammalian cells were introduced
to collectively answer open questions regarding phytohormone signaling. Mathematical
modeling approaches were combined with quantitative experimental data to obtain new
insights on mechanistic aspects.

In addition to the synthetic biology approaches presented here, a comprehensive analysis of
synthetic switches in bacteria, mammalian cells and plants are extensively discussed in the

following review.
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Synthetic biology is an established but ever-growing interdisciplinary field of research currently revolutionizing biomedicine
studies and the biotech industry. The engineering of synthetic circuitry in bacterial, yeast, and animal systems prompted
considerable advances for the understanding and manipulation of genetic and metabolic networks; however, their
implementation in the plant field lags behind. Here, we review theoretical-experimental approaches to the engineering of
synthetic chemical- and light-regulated (optogenetic) switches for the targeted interrogation and control of cellular processes,
including existing applications in the plant field. We highlight the strategies for the modular assembly of genetic parts into
synthetic circuits of different complexity, ranging from Boolean logic gates and oscillatory devices up to semi- and fully synthetic
open- and closed-loop molecular and cellular circuits. Finally, we explore potential applications of these approaches for the
engineering of novel functionalities in plants, including understanding complex signaling networks, improving crop

productivity, and the production of biopharmaceuticals.

Signaling processes are central to the organization
and existence of any form of life. Exogenous and en-
dogenous inputs are sensed and integrated by molec-
ular networks in cells with feedback loops and Boolean
logic decision making, resulting in a specific response
(output). For this purpose, regulatory circuits are
structured as a tightly and finely coordinated network
of information with transfer and processing steps and
chains, each individually fulfilling a specific task. These
processes are in turn organized in time and space:
within subcellular compartments (membranes, organ-
elles, cytosol, and nuclei) and between cells and tissues.
Signal mediators include proteins, nucleic acids, and
small molecules (Lim, 2010). A key characteristic of
biological regulatory networks is their modular archi-
tecture, in which building blocks are assembled in a
combinatorial fashion. The constituent individual
components perform a given distinct, particular func-
tion within the network, be it signals per se or switches
(i.e. components that are able to detect an input signal
and transform it into an output cue; Stein and
Alexandrov, 2015).

Plants have evolved complex networks to integrate
environmental, genetic (via spatial and temporal cues),
developmental, and metabolic programs as well as the
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current physiological status. The output is a response
tailored to adjust the cell welfare and function in the
context of a multicellular organism (Trewavas, 2005;
Sheen, 2010). These systems are constantly active,
monitoring the ever-varying conditions and executing
outputs following both open- and closed-loop pro-
gramming principles for optimal responses. Recent
advances in molecular biology, genetics, and systems
biology-associated technologies have led to the identi-
fication of a huge number of signaling components,
cascades, and regulatory mechanisms thereof. The field
of plant signaling is growing rapidly, as is our knowl-
edge of the complexity of these networks (Jaeger
et al, 2013; Lavedrine et al., 2015). Most signaling
pathways comprise many components and exhibit re-
dundancy of function, extensive feedback control, and
cross-interaction with other networks. The fine-tuning
involves different types of posttranslational modifica-
tions, as exemplified by the complex mesh integrating
light and hormone signaling, the circadian clock, and
developmental and growth processes (Pokhilko et al.,
2013; Fogelmark and Troein, 2014). In addition, there is
alack of quantitative molecular tools to interrogate and
monitor the dynamics of these systems (Liu and
Stewart, 2015; Samodelov and Zurbriggen, 2017). This
not only hinders a comprehensive understanding of the
function, regulation, and effects of signaling circuits but
also the targeted manipulation of metabolic and sig-
naling networks and, consequently, the introduction of
novel functionalities into plants. In combination with
modern analytical technologies, synthetic biology
approaches represent the key to overcoming these
limitations, and they are currently revolutionizing
fundamental bacterial, yeast, and metazoan research as
well as the biotechnology and biomedicine industries
(Lu et al., 2009; Lienert et al., 2014).
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ADVANCES

e Interplay of mathematical modeling and
quantitatively characterized synthetic modules
enabled the engineering of predictable and
more complex synthetic signaling networks in a
multiplicity of organisms; however, the
implementation of these approaches in plants
lags behind.

e Successful engineering of functional, fully
synthetic, autoregulated, molecular and cellular
devices is revolutionizing biomedical research
and industrial applications.

e The first fully synthetic regulatory circuits in
plants to be designed, provided the existing
experimental limitations are overcome, will
represent a breakthrough in the plant research
paradigm and will be important for many
biotechnological applications fostering a second
green revolution.

Synthetic biology is a relatively new discipline
bridging engineering with life sciences. It applies basic
engineering principles for the modular, combinatorial
assembly of biological parts into higher order complex
signaling and metabolic structures. Key to the strategy
is the implementation of mathematical modeling for the
design and quantitative functional characterization of
the molecular parts and for guiding the assembly,
implementation, and optimization of the individual
modules and networks (Ellis et al., 2009; Lim, 2010).
Thus, inspired by nature, synthetic biology harnesses
the modular architecture of biological systems. How-
ever, the goal is to develop novel molecular and cellular
systems with desired properties and biological func-
tionalities that are not present in nature. These prop-
erties range from gene switches and genetically
encoded biosensors to fully synthetic autonomous
molecular and cellular circuits and organelles as well as
biohybrid smart materials and biopharmaceuticals
(Brophy and Voigt, 2014; Lienert et al., 2014; Xie and
Fussenegger, 2018). This field has already taken root in
microbial systems as well as other higher eukaryotes.
However, the generalized implementation of these
approaches in the plant field lags behind.

This review is intended to serve as inspiration for
plant scientists, raising interest in the field-changing
potential of widely implementing synthetic biology
principles. We will give an overview on the state of the
technology and progress achieved with the application
of synthetic biology strategies for studying, manipu-
lating, and de novo engineering of signaling circuitry,
with exemplary illustration of bacterial, yeast, and an-
imal systems. The first implementations and future
prospects in plant research will be highlighted, and the
limitations and necessary technological advances for a
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straightforward implementation in plants will be dis-
cussed. The article is structured in three parts, following
a hierarchy of molecular and realization complexity,
starting off with molecular switches. Chemical-
inducible devices will be introduced. In particular, the
implementation of light as a trigger will be highlighted,
describing the groundbreaking experimental advances
enabled by optogenetics and its applications for the
control of cellular processes. The concepts of orthogo-
nality in the design of the molecular parts and the need
for hand-in-hand work with theoreticians/ mathemati-
cal modeling will be discussed. Further aspects include
the functional combination of simple synthetic switches
into molecular devices implemented in cells to perform
decision-making processes, such as oscillators and
molecular Boolean logic gates. Finally, we will focus on
semi- or fully synthetic molecular signaling networks
with open- and closed-loop control configurations and
the transition into cellular devices with ad hoc func-
tionalities for applications. For example, these systems
will facilitate personalized nutrition, the production of
biopharmaceuticals, and the obtainment of higher crop
yields in an ecologically sustainable manner.

SYNTHETIC GENETIC SWITCHES

The rational combination of sensing and effector
modules allows the wiring of inputs and outputs that
are normally not functionally linked in nature, with the
goal of performing novel functions. These functions
range from the targeted control of a cellular process and
the quantitative monitoring of a molecule to the in-
duction of enzymatic activity or posttranslational
modifications. The molecular mechanisms behind the
signal integration and transfer mostly involve confor-
mational changes. These allosteric modifications are
induced by interactions between proteins, nucleic acids,
and small molecules (e.g. protein/protein, small mole-
cule/protein, and RNA/DNA; Stein and Alexandrov,
2015). Synthetic switches are engineered in a modular
fashion, integrating natural and de novo-designed
molecular parts. Unfortunately, switches often do not
perform as expected when introduced into living sys-
tems. As in engineering, having a complete quantitative
functional characterization of the modules and a sup-
porting mathematical model contributes to straight-
forward and optimal implementation. A series of
functional parameters of switches to be evaluated in-
clude dynamic range (ratio between maximal and basal
activation), leakiness (basal activity in the absence of an
inducing signal), kinetics, and reversibility of function.
This is also critical when using switches as building
blocks for the assembly of higher order circuits (see next
section). Finally, the use of orthogonal components
helps to maximize the insulation of the system, with the
objective of achieving independent function and re-
ducing unwanted effects on the endogenous networks,
which are not targets of the synthetic regulation. Next,
chemical- and light-inducible switches for the control
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of gene expression and other cellular processes will be
discussed. Protein and RNA switches used for quanti-
tative monitoring of molecules and processes (sensors)
will not be discussed in this review; for a comprehen-
sive description, see Okumoto et al. (2012) and Walia
et al. (2018).

Gene Expression Control
Transcriptional Switches

The principle of autoregulation is a key architectural
element in genetic or biochemical networks, shared by
prokaryotic and eukaryotic cells (Freeman, 2000).
Therefore, the synthesis of proteins is essentially influ-
enced by the genetic program and cellular environment
and underlies a tight regulation through gene switches.
A gene switch can be considered as any natural or
synthetically designed module controlling gene ex-
pression at the level of DNA, RNA, or protein (post-
translational modifications and stability; Xie and
Fussenegger, 2018). Key building blocks of natural
switches were first described by Jacob and Monod
(1961) for the regulation of the lactose (lac) operon in
Escherichia coli, which is regarded as the classic model
for gene expression control. They characterized the
promoter as the point of transcriptional initiation and
identified controlling elements (repressors and in-
ducers), which, upon binding with highly specific

A B

Tetracyclinel Q: I
Tetracycline
resistance

; VP16
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affinity to the upstream-located operator motif, quan-
titatively enhance or repress mRNA transcription. This
binding is dependent on the presence of a metabolite
that changes the conformation (allosteric regulation) of
the regulator protein (Dickson et al., 1975).

While prokaryotic gene expression circuits mostly
utilize autoregulatory inhibition (negative feedback) to
guarantee homeostasis, eukaryotic transcriptional reg-
ulation comprises more complex combinations of neg-
ative and positive regulators engaging in feedback
loops and Boolean logic gate computing mechanisms
(Savageau, 1974; Bateman, 1998; Thieffry et al., 1998;
Becskei and Serrano, 2000; Freeman, 2000). A mecha-
nistic and functional characterization of some of these
simple prokaryotic regulatory elements (Beck et al.,
1982; Berens et al., 1992) enabled the engineering of
artificial, exogenously controlled systems of gene ex-
pression in prokaryotic and eukaryotic cells (Gardner
et al., 2000; Ajo-Franklin et al., 2007). One of the first
inducible gene switches is based on the tetracycline-
regulated promoter of E. coli that controls the expres-
sion of the tetracycline-resistance-mediating tetA gene
(Fig. 1A). In brief, a simple C-terminal fusion of the
tetracycline repressor (TetR) to a transcriptional acti-
vation domain from the herpes simplex virus type
1 virion proteinl6 (VP16) converted the transcriptional
repressor into a tetracycline-controlled transcriptional
transactivator (tTA) in eukaryotic cells (Gossen and
Bujard, 1992). In the absence of tetracycline, tTA binds

+Tetracycline/ )
Doxycycline (5)

VP16 l:l
|:||:I
TetR
w0 SRR

+Tetracycline/ @9
Doxycycline

Figure 1. Illustration of the natural bacterial tetracycline resistance mechanism and synthetic tetracycline-based gene expression
systems. A, In the absence of tetracycline (tet), the tet repressor (TetR) is bound to its cognate tet operator (tetO) DNA-binding
motif, repressing the expression of the tet resistance-mediating tetA gene. Upon increasing cellular levels of tet, tet binding in-
duces a conformational change of TetR, leading to its dissociation from the operator sequence, and expression of tetA ensues. B,
The tet-OFF system designed for use in mammalian cells is based on a synthetic switch comprising the natural TetR fused to the
activating domain of VP16 of the herpes simplex virus and a synthetic promoter with a series of repeats of the tetO motif placed
upstream of a minimal promoter (e.g. human cytomegalovirus minimal promoter). The system is constitutively active and is turned
OFF in the presence of the antibiotic. Implementation of a reversed TetR mutant (rTetR) generates a tet-ON system: tet induces the
binding of rTetR to the target sequence, which in turn induces gene expression (tet can be replaced by other antibiotics of the
tetracycline family like doxycycline). Replacement of VP16 by a transrepressor such as KRAB inverts the effect of the switch (not
depicted here). GOI, Gene of interest. (Adapted from Gossen et al., 1995.)
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to the cognate tet-operator region on the synthetic
promoter construct, activating transcription from an
adjacent minimal promoter sequence. Upon addition
of tetracycline, tTA is removed from the promoter
and gene expression is shut off (Fig. 1B). A reversed
TetR was generated by random mutagenesis (Gossen
et al., 1995), which, when fused to the VP16 domain,
enables tetracycline-induced transcriptional activation
(Fig. 1B). Alternatively, fusion of a transrepressor in-
stead of a transactivator to TetR or modification of the
synthetic promoter region enables other positive and
negative regulation configurations (Kramer et al.,
2004a). Following these simple molecular engineering
principles, and modifications thereof, a vast set of
chemically inducible gene switches were developed for
use in yeast and animal cells sensitive to antibiotics,
primary and secondary metabolites, and volatiles,
among other substances (for review, see Horner and
Weber, 2012).

To achieve tight and predictable control over gene
expression, a quantitative characterization and mathe-
matical modeling of the regulator/promoter-switch is
needed (for the implementation of mathematical mod-
eling into synthetic circuitry approaches, refer to the
detailed works of Ellis et al. [2009] and Lim [2010]). The
optimization of key parameters such as strength and
kinetics of expression, leakiness, etc., can be performed
subsequently by reengineering the switch components.
Usual approaches include the redesign of promoter
regions: introduction of multiple repeats of bind-
ing sites, point mutations to alter affinity, protein
engineering, and use of different transactivators/
transrepressors (Ajo-Franklin et al., 2007). The incor-
poration of positive and/or negative feedback loop
configurations (e.g. by placing the regulator under
control of its own target synthetic promoter) enables a
greater dynamic range of the dose-dependent re-
sponse (Gossen et al., 1995; Becskei et al., 2001). Pro-
moters can be engineered further by combining
activation and repression of gene expression in a si-
multaneous manner, thereby facilitating a deeper in-
sight into gene network regulation by increasing the
possible regulation conditions. Studying unregulated,
repressed, activated, or simultaneously repressed/
activated gene expression helped develop a model for
precise prediction of the behavior of genetic networks
in vivo (Guido et al., 2006). Other examples include
the implementation of several chemical-, hormone-, or
CRISPR/Cas-inducible or repressible switches for the
control of multiregulated systems, especially for
pharmacological application in mammalian cells
(Weber et al., 2002; Nielsen and Voigt, 2014). Broad
implementation of these gene switches in cell culture
and in vivo (mouse, rat, Drosophila spp., zebrafish,
Caenorhabditis elegans) represented a paradigm change
in the way metabolic and signaling networks can be
studied and redesigned synthetically.

In plant systems, several chemically inducible
switches have been developed for a temporal and
quantitative regulation of expression (Table 1). For

Plant Physiol. Vol. 179, 2019

Conclusion

Plant Synthetic Switches and Regulatory Circuits

instance, these switches are triggered by IPTG (Wilde
et al., 1992), antibiotics such as tetracycline (Gatz et al.,
1992; Weinmann et al., 1994; Miiller et al., 2014), mac-
rolides and pristinamycin (Frey et al.,, 2001; Miiller
et al., 2014), copper (McKenzie et al., 1998), or ethanol
(Caddick et al., 1998; Roslan et al., 2001). The most
widely employed switch is a steroid-based system that
allows precise temporal control over cellular processes
in whole plants (Schena et al., 1991). Recently, gene
switches comprising a Cas9-based repressor and regu-
latory modules of hormone signaling pathways (auxin,
GA, and jasmonate) have been implemented in Arabi-
dopsis (Arabidopsis thaliana; hormone activated Cas9-
based repressor [HACRs]; Khakhar et al., 2018). The
HACRs are sensitive to both exogenous hormone
treatments and varying endogenous hormone levels,
leading to degradation of the switch and thereby reg-
ulating target gene expression (the single guide RNA-
Cas9 complex dictates the specificity). This tool can be
applied to regulate hormone signaling or any other
target of interest, thus allowing the manipulation of
stress tolerance and yield in crop plants.

However, chemical switches have limitations con-
cerning defined spatiotemporal activation of the system
due to abundance, administration, and diffusion of
the inducer molecules as well as usual toxicity effects.
Recently, light-controlled genetically encoded molecu-
lar devices have been engineered and implemented
in living cells to control cellular processes, giving rise
to the nascent field of optogenetics (Box 1). These de-
vices overcome the inherent restrictions of chemi-
cally regulated switches. Light-regulated switches
comprise bacterial and plant photoreceptors, such as
UV-B RESISTANCES, phototropinl/EL222/CRYPTO-
CHROME2, CarH, PYHTOCHROME B/A, and the
bacterial phytochrome BphP1, among others (for a
comprehensive list, see Kolar et al.,, 2018). Upon ab-
sorption of light, they undergo a conformational
change leading to homo/hetero-association/dissocia-
tion (Kolar and Weber, 2017). This light-dependent
protein interaction relays a signal to an output mod-
ule that then fulfills a cellular function. In the last de-
cade, a multitude of optogenetic gene switches
regulated by UV-B, blue, green, red, and far-red /near
infrared light have been engineered and implemented
for the noninvasive control of gene expression with a
precise temporal and spatial resolution in prokaryotic
and eukaryotic systems (Zhang and Cui, 2015; Fig. 2).

Contrary to most nonautotrophic organisms, the
life cycle of plants requires exposure to sunlight,
which might lead to nonintentional activation of the
optogenetic systems. Therefore, the simple transfer of
optogenetic tools developed in other organisms is
challenging. While long-term experiments in dark
conditions are harmful, exposure to a specific wave-
length of light may interfere with the natural light-
sensitive signaling and photosynthetic circuitry of the
plant through their photoreceptors or light-sensitive
pigments. These natural light-absorbing moieties
might in turn interfere with the inducing light and the
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Table 1. Representative synthetic switches and regulatory circuits in plants

AlcR, Promoter of the ALCR transcription factor; AlcA, alcohol dehydrogenase | from Aspergillus nidulans; XVE, chimeric transcription factor based
on LexA-VP16-ER; OlexA, DNA-binding domain of the bacterial LexA repressor; pOp, chimeric promoter, comprising lac operators cloned upstream
of a minimal cauliflower mosaic virus promoter; LhGR, transcription activator, a fusion between a high-affinity DNA-binding mutant of the lac
repressor, laclHis-17, and the transcription-activation domain Il of GAL4 and the ligand-binding domain of the rat glucocorticoid receptor; TraR,
autoinducer-dependent transcriptional activator from Agrobacterium tumefaciens; OOHL, 3-oxooctanyl-L-homoserine lactone; lacO, lac operator;
Lacl, lac repressor; IPTG, isopropyl B-p-thiogalactopyranoside; ACE1, promoter of the copper-binding regulatory protein; rTetR, reversed tetracycline
repressor; TetR, tetracycline repressor; tetO, tetracycline operator; GAL4, Gal-responsive transcription factor GAL4; UAS, upstream activation se-
quence; PiP, pristinamycin repressor protein; PIR, pristinamycin I-responsive element; E, macrolide repressor protein from E. coli; etr8, eight MphR
(A) [macrolide 2’-phosphotransferase []-binding operators; N1, 10 N1-TATA minimal promoter; NEV, three finger protein N1-ER-VP64; HACR,
hormone-activated Cas9-based repressor; dCAS9, nuclease-dead Cas9; PIF6, phytochrome-interacting factor6; CarH, light-responsive transcription
factor; CarO, CarH-binding site-containing operator; TIRT, TRANSPORT INHIBITOR RESPONSE1; Aux/IAA, auxin/indole-3-acetic acid protein; Trg,
transmembrane signaling protein; PhoB, phosphate regulon transcriptional regulatory protein; PhoR, phosphate regulon sensor protein; VP64, four

copies of the virion protein16 domain of the herpes simplex virus type 1; ABA, abscisic acid.

Feature

System

Properties

References

Chemically inducible
switches for gene
expression

Cas-based gene expression

Light-regulated gene
expression

Synthetic riboswitch

MicroRNA-based gene
silencing
Posttranslational degradation

Optogenetic manipulation of
endogenous signaling
networks

Synthetic ligand detection
and signal relay
Synthetic ABA agonist

AlcR/AlcA

XVE/OlexA

pOp/LhGR
TraR

lac operator/Lacl
ACE1-based Cu-inducible promoter
(rTetR/tetO

GAL4-UAS

PiP/PIR

E/etr8
T0xN1/NEV
HACR
dCAS9

Phytochrome B/PIF6

CarH/CarO

Synthetic theophylline riboswitch in
plastids
Artificial microRNA

N-terminal degradation signal (It degron)

Red light-controlled up- or down-
regulation of TIR1 in combination with
a ratiometric auxin sensor to monitor
the manipulated signaling

TgR/PhoR fusion phosphorylates PhoB-
VP64

Cyanabactin: agonist of ABA IlIA
receptors

Ethanol inducible

B-Estradiol inducible

Dexamethasone inducible

OOHL inducible (quorum
sensing system)

IPTG inducible

Copper inducible

Tetracycline inducible (rTet)/
repressible (TetR)

Enhancer trap lines

Pristinamycin repressible

Macrolide regulated

4-Hydroxytamoxifen inducible

Phytohormone inducible

gRNA-mediated gene-specific
induction

Red light induced/far-red light
repressed

Green light repressed/dark
induced
Theophylline inducible

Gene-specific silencing

Temperature-controlled protein
degradation

Red light-controlled tuning of
auxin signaling

Synthetic programmable ligand
detection system

Synthetic manipulation of
transpiration and other
physiological processes

Caddick et al. (1998)

Roslan et al. (2001)

Roberts et al. (2005)

Zuo et al. (2000)

Curtis and Grossniklaus
(2003)

Bohmdorfer et al. (2010)

Schena et al. (1991)

Aoyama and Chua (1997)

You et al. (2006)

Wilde et al. (1992)
McKenzie et al. (1998)
Gatz et al. (1992)
Weinmann et al. (1994)
Miiller et al. (2014)
Gardner et al. (2009)
Johnson et al. (2005)
Laplaze et al. (2005)
Frey et al. (2001)
Miiller et al. (2014)
Miiller et al. (2014)
Beerli et al. (2000)
Khakhar et al. (2018)
Piatek et al. (2015)
Lowder et al. (2015)
Miiller et al. (2014)
Ochoa-Fernandez et al.
(2016)
Chatelle et al. (2018)

Verhounig et al. (2010)
Schwab et al. (2006)
Faden et al. (2016)

Miiller et al. (2014)

Antunes et al. (2011)

Park et al. (2015)
Vaidya et al. (2017)
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Figure 2. Optogenetic switches. Molecular principles of light-induced signaling and optogenetic tools are illustrated. A, Natural
red light-inducible signaling mediated by the plant photoreceptor phytochrome B (phyB) and optogenetic tools developed based
onit. A1, The red/far-red light-perceiving photoreceptor phyB remains in its inactive Pr conformation in the dark. Upon absorption
of a red light photon, the photoreceptor undergoes a conformational change, converting to its active Pfr conformation. The active
form can interact with several transcription factors like the bHLH transcription factors of the PHYTOCHROME INTERACTING
FACTOR (PIF) family. This interaction triggers light-signaling responses. In contrast, illumination with far-red light reconverts phyB
to its inactive Pr form, abolishing the interaction with PIFs (Rockwell and Lagarias, 2006). Several optogenetic approaches make
use of the red light/far-red light switchable interaction of phyB and PIFs. A2, Selective activation of intracellular signaling
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high autofluorescence of plants, posing limitations to
microscopy analysis. In addition, compared with the
genetic engineering of simpler organisms, generating
stable transformed plants expressing the synthetic
components of the switches is a lengthy process that
slows down the implementation and characterization
processes.

Despite these technical and experimental con-
straints, the first optogenetic tools have already been
successfully implemented in plants (Table 1). These
include a phytochrome-based red light-inducible and
a CarH-based green light-regulated expression sys-
tem (Miiller et al., 2014; Ochoa-Fernandez et al., 2016;
Chatelle et al., 2018). The former is activated by red
light and inactivated by far-red light. Simple supple-
mentation of ambient illumination in greenhouses
with low intensities of far-red light keeps the system
repressed. Irradiation with red light leads to quanti-
tatively controlled activation of gene expression
(Miller et al., 2014; Chatelle et al., 2018). The second
strategy comprises the engineering of a green light-
inducible bacterial photoreceptor, CarH. Use of
green light as a stimulus minimizes the interference
with endogenous plant photoreceptors, as this region
of the sunlight spectrum normally does not produce
physiologically active signaling responses of rele-
vance (Chatelle et al., 2018).

Conclusion

Translational and Posttranslational Switches

While transcriptional gene switches currently play a
major role in customized gene expression and are used
for a broad range of applications, synthetic RNA-based
switches constitute a complementary approach for
controlling gene expression on the translational level.
The most prominent components of RNA-based tools
include RNA interference (RNAi; Fire et al.,, 1998),
microRNAs (Lagos-Quintana, 2001), aptamers, and ri-
bozymes. While RNAi, microRNAs, and ribozymes
lead to cleavage or splicing of the target mRNA (Fire
et al., 1998; Warashina et al., 2000; Lagos-Quintana,
2001), aptamers bind to specific targets like metal
ions, small molecules, DNA, or proteins (Xiao et al.,
2008). Aptamers are structured noncoding RNAs, nat-
urally found in riboswitches that interfere with the ac-
cessibility of the ribosomes to the mRNA, affecting
translational control (Breaker, 2012; Auslénder and
Fussenegger, 2017). Using the in vitro selection
method SELEX (for systematic evolution of ligands by
exponential enrichment; Ellington and Szostak, 1990),
many aptamers for new targets have been developed,
such as the synthetic tetracycline-binding aptamer
(Hanson et al., 2005; Xiao et al., 2008). By integrating
protein-binding aptamers, the control of translational
regulation via repression or alternative splicing can be
achieved (Culler et al.,, 2010; Endo et al., 2013). In

Figure 2. (Continued.)

pathways with light. Red light illumination induces the recruitment of the cytoplasmic fusion protein consisting of a PIF,
C-terminally fused to the fluorescent protein YFP and the catalytic domain of the SOS protein (SOS®), to the membrane-bound,
RFP-tagged phyB. When recruited to the membrane, SOS< is capable of activating the Ras-signaling cascade and inducing
nuclear transport of BFP-Erk and subsequent Erk pathway signaling. (Adapted from Toettcher et al., 2013.) A3, Construction of a
phyB-PIF-based, red light-inducible split-transcription factor system. A truncated PIF6 was N-terminally fused to the tetracycline
repressor (TetR), and the synthetic protein is bound to the tetracycline operator motif tetO of a synthetic reporter construct (as in
Fig. 1). In the absence of light or under far-red light illumination (740 nm), there is no expression from the minimal promoter,
Pcmvmin: Upon illumination with red light, phyB, C-terminally fused to the VP16 transactivation domain, interacts with the PIF.
The spatial proximity of the transactivator recruits the transcriptional machinery to the minimal promoter. Only in this condition is
the expression of the secreted human alkaline phosphatase (SEAP) reporter gene activated. (Adapted from Miiller et al., 2013a.)
An adaptation of this system was engineered in Arabidopsis and tobacco (Nicotiana tabacum) cells and the moss Physcomitrella
patens (Miiller et al., 2014; Ochoa-Fernandez et al., 2016). A4, Reversible red light-inducible nuclear transport of phyB fusion
proteins. phyB was C-terminally fused to the fluorescent protein mCherry and a nuclear export sequence (NES), while PIF3,
containing an intrinsic nuclear localization sequence (NLS), was C-terminally fused to enhanced GFP (EGFP). Upon illumination
with red light, the nucleocytoplasmic shuttling PIF induces nuclear transport of phyB, while far-red radiation reversed the
translocation of the photoreceptor-mediated by the NES. (Adapted from Beyer et al., 2015.) B, Natural blue light-induced signal
transduction mediated by the plant photoreceptor phototropin1 and the light-sensitive bacterial transcription factor EL222. A
synthetic approach based on blue light-triggered conformational change of EL222 and the LOV2 domain for the dual-controlled
optogenetic down-regulation of proteins in animal cells was used. B1, EL222 is a light-sensitive transcription factor from the gram-
negative bacterium Erythrobacter litoralis. It contains a blue light-sensitive LOV domain and a helix-turn-helix (HTH)-DNA-
binding domain. In the dark, the HTH domain is docked to the LOV core. Upon illumination with blue light, the interaction of
LOV and the HTH domain is disrupted, enabling homodimerization of the protein via the HTH and subsequent binding to the
C120-DNA motif (Nash et al., 2011). B2, Schematic illustration of light-induced signal transduction via the blue light plant
photoreceptor phototropin1. In the dark, the kinase domain is bound to the LOV domain, inhibiting its phosphorylation activity.
Under blue light, the kinase domain is released, inducing protein phosphorylation and downstream signal transduction. (Adapted
from Kimura et al., 2006.) B3, The dual optogenetic system for targeted degradation and repression of expression of a protein of
interest (POI) consists of a synthetic reporter module comprising the Pgy .49 promoter, for constitutive expression of a PO fused to
the B-LID (Bonger et al., 2014) module, and the C1205-DNA-binding motif of the EL222 protein. EL222 is fused to the trans-
repressor KRAB. In the dark, the degron (peptide RRRG) is docked to the LOV domain of the B-LID, and KRAB-EL222 is not able to
bind to the C120 motif on the reporter plasmid. In this case, the POl accumulates. Upon illumination with blue light, the degron is
exposed, triggering proteasomal degradation of the POI-B-LID fusion protein. Simultaneously, KRAB-EL222 dimerizes binding to
the C120 motif, repressing transcription of the POI-B-LID. (Adapted from Baaske et al., 2018.)
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BOX 1. Optogenetics

For chemically controlled molecular switches,
drawbacks such as difficulties in removing the
inducer and diffusion-rate-limited transport and
availability, hamper rapid inducibility and
reversibility as well as space-resolved activation. By
contrast, light as an input offers unprecedented
spatiotemporal resolution, tight quantitative
control, and minimized invasiveness. The
introduction of light-gated ion channels (opsins)
into neurons (reviewed in Deisseroth and
Hegemann, 2017) initiated optogenetics, a novel
discipline focusing on the control of biological
systems with light. Development of light-sensitive
switches uses photoreceptors as the input-sensing
part of the switch. A multiplicity of different
optogenetic switches for the minimally invasive
control of cellular processes, with precise temporal
and spatial resolution, have been engineered by
combining bacterial and plant photoreceptors
(with absorption spectra spanning from the UV-B
up to the far-red regions of the white light
spectrum) with output modules (molecular
function) (reviewed by Fan and Lin, 2015; Mdiller et
al., 2015; Kolar and Weber, 2017; Salinas et al.,
2017). Common applications in mammalian cells
include light-controlled gene expression and
genome editing using transcriptional inducers or
repressors (Mller et al., 2013b; Miiller et al., 2013a;
Motta-Mena et al., 2014; Kaberniuk et al., 2016),
two-hybrid systems for recruitment of TALE-

Conclusion
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(Konermann et al., 2013) and CRISPR/Cas9-based-
tools (Nihongaki et al, 2015; Polstein and
Gersbach, 2015), and light-induced nuclear import
of transcriptional effectors (Niopek et al., 2014;
Beyer et al., 2015; Niopek et al., 2016) (Figure 2). In
addition, light-regulated tools for controlling
subcellular localization of proteins and even whole
organelles (van Bergeijk et al., 2015; Beyer et al.,
2015), protein stability (Bonger et al., 2014), kinase
activity, and receptor activation, among others,
have been applied for precisely controlling
sensitive cellular processes. We refer the reader to
the webtool OptoBase, designed to guide the user
in the choice of a suitable optogenetic switch for a
given application (Kolar et al., 2018). Optogenetics
has made key contributions of molecular tools and
experimental approaches, for molecular and cell
biology research, as well as biotechnological
applications (Zhang and Cui, 2015). The
development of optogenetic systems lags behind
in plants, mostly because of the experimental
constraints posed by the unavoidable exposure to
environmental light. However, optogenetic
approaches in plants have been reported,
including phytochrome- and CarH-based, red- and
green-light-inducible expression systems (Muller
et al., 2014; Ochoa-Fernandez et al., 2016; Chatelle
et al, 2018). This opens novel perspectives for
engineering synthetic, light-triggered circuits in
plants.

Box 1 Optogenetics. Citations: Konermann et al., 2013; Miiller et al., 2013a, 2013b, 2014, 2015; Bonger et al., 2014; Motta-Mena et al., 2014;
Niopek et al., 2014, 2016; Beyer et al., 2015; Fan and Lin, 2015; Nihongaki et al., 2015; Polstein and Gersbach, 2015; van Bergeijk et al., 2015;
Zhang and Cui, 2015; Kaberniuk et al., 2016; Ochoa-Fernandez et al., 2016; Deisseroth and Hegemann, 2017; Kolar and Weber, 2017; Salinas

et al., 2017; Chatelle et al., 2018; Kolar et al., 2018.

addition, fusion of the aptamer to translational repres-
sors or enhancers permits the up- or down-regulation of
the translation rate of the target protein (Pillai et al.,
2004; Van Etten et al., 2012; Paek et al., 2015). Com-
pared with transcriptional switches, translational
switches can control endogenous genes without any
alteration of the genomic sequence. They are relatively
small in size and therefore are amenable for use in
combination with transcriptional switches when the
size and number of cassettes imposes an experimental
limitation (Ausldnder and Fussenegger, 2017).

In plants, specific RNA-based gene silencing, using
artificial antisense mRNAs or microRNAs under the
control of tissue-specific or inducible promoters, has
been widely used for more than 20 years. However,
these approaches usually suffer from off-target effects

Plant Physiol. Vol. 179, 2019

and provide limited exogenous and quantitative con-
trol and reduced efficiency (Schwab et al., 2006). Other
examples for the translational control of gene expres-
sion in plants are limited to applications in plas-
tids (Verhounig et al., 2010). Recently, Faden et al.
(2016) reported a posttranscriptional switch for the in
planta down-regulation of protein levels based on a
temperature-controlled N-terminal degradation signal.
Similar to other techniques already implemented in
simpler, unicellular organisms, the transfer of the sys-
tem to multicellular organisms, like plants, strongly
depended on the adaptation to the corresponding
physiological conditions. To test the functionality of the
system for reversible protein accumulation, trichome
formation was manipulated after shifting the plants
from a permissive to a restrictive temperature (29°C).

869

Downloaded from on October 10, 2019 - Published by www.plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

70



Andres et al.

This led to the degradation of the protein of interest,
TRANSPARENT TESTA GLABRAL, thus affecting the
spatiotemporal development of trichomes (Table 1).

Switches Regulating Cellular Processes

Besides transcriptional and translational switches, a
plethora of chemical- and light-regulated systems have
been developed for the targeted regulation of a multi-
plicity of cellular processes ranging from the activa-
tion/inactivation of signaling cascades (receptors,
kinases, transcription factors, etc.) and membrane
trafficking to the controlled movement of organelles
from one pole of the cell to the other (for review, see
Horner and Weber, 2012; Kolar and Weber, 2017). Se-
lected examples include the utilization of optogenetic
tools for (1) the control of the subcellular localization of
proteins (e.g. red light; Beyer et al., 2015; Fig. 2A) and
blue light-induced (Niopek et al., 2014, 2016) nuclear
import and export of transcriptional effectors; and (2)
the light-mediated degradation/depletion of proteins
(Bonger et al., 2014; Baaske et al., 2018; Fig. 2B). A
comprehensive list of approaches is reviewed else-
where (Horner and Weber, 2012; Kolar and Weber,
2017).

SYNTHETIC GENETIC CIRCUITS

Genetic circuits combine a series of synthetic
switches into networks that can perceive a signal
(exogenous or endogenous, natural or synthetic), pro-
cess the information, and generate an output, nor-
mally triggering gene expression (e.g. induction of a
given phenotype or change in cellular morphology)
and expression of a reporter to monitor a process or
activation of a metabolic pathway (Lim, 2010; Xie and
Fussenegger, 2018). Simple circuits perform basic
functionalities and integrate few signals. Next, we will
discuss toggle switches, synthetic oscillators, and
Boolean logic gates, which are built up from simple
combinations of a reduced number of modules. Then
we will review more complex arrays of switches in-
tegrated into cell-cell communication systems, open-
and closed-loop circuit control, and synthetic cellular
devices and their applicability.

Simple Circuits

Since therapeutic applications are one of the driving
forces for the development of functional, robust, and
complex genetic circuits, many recent technical break-
throughs have been made in mammalian cell systems.
First approaches included the transfer and optimization
of basic synthetic circuits, previously engineered in
lower organisms. An illustrative example is a simple
negative feedback circuit in yeast based on the combi-
nation of two tetracycline-inducible modules, control-
ling the expression of EGFP and the TetR repressor
(Nevozhay et al., 2009). This loop enabled a tightly
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controlled, dose-dependent activation of gene expres-
sion in mammalian cells. Expression of both EGFP and
TetR is regulated by the rate of influx of the inducer but
subsequently restricted by the increasing level of TetR
protein (Nevozhay et al., 2013).

Toggle Switches

The first combined synthetic gene switches date back
to the early 2000s with the design of bistable tran-
scriptional repression toggle switches in bacteria and
mammalian cells (Ajo-Franklin et al., 2007). Here, mu-
tual inhibition of two independent chemical- and
temperature-controlled (Gardner et al, 2000) or
antibiotic-inducible (Kramer et al., 2004b) promoters,
each controlling the expression of the counterpart’s re-
pressor, generates two equilibrium states of induction,
switchable by the respective transient induction.

Plants also employ natural toggle switches for the
control of endogenous processes, such as the CLAV-
ATA pathway for stem cell fate. In line with this, the
implementation of synthetic toggle switches in plants
could open new perspectives for the development of,
for instance, a programmable path of stem cell differ-
entiation (Medford and Prasad, 2016) or trichome de-
velopment. However, the intrinsic complexity of plant
signaling networks restricts the straightforward trans-
ferability of already existing synthetic systems into
plants. Plants integrate a wide range of biotic and abi-
otic external cues like light and temperature with ge-
netic programs in an intertwined or redundant manner.
This poses experimental and theoretical constraints
(resources, time, lack of thorough knowledge of regu-
latory mechanisms, limited genetic tools, etc.). There-
fore, exhaustive design and implementation phases will
be needed for engineering all the synthetic circuits
discussed in this article.

Oscillators

Autonomous and self-sustained oscillating gene ex-
pression patterns, like the circadian clock or the cell
cycle, are crucial to sustain pulsatile cellular activities;
therefore, there is much interest in understanding their
regulation and function (for review, see Schibler and
Sassone-Corsi, 2002; Fig. 3A). By designing and
implementing synthetic oscillators, key insights on the
mechanistic principles of cellular processes can be
obtained, and novel functionalities could be engi-
neered, as described below.

After the discovery of the first gene regulation model
(Jacob and Monod, 1961), theoreticians started devel-
oping mathematical models on genetic oscillatory net-
works, and ideas for synthetic circuits were proposed.
The first prototypical oscillator, termed the Goodwin
oscillator, utilizes a single protein that inhibits its own
transcription; namely, it can be seen as a closed negative
feedback loop (Goodwin, 1963, 1965). Several decades
later, the advances in genetics and molecular and cell
biology allowed engineers to implement this and other
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Figure 3. Molecular principle of a natural and synthetic oscillator. A, Simplified molecular model of the circadian clock in
Arabidopsis (natural oscillator). The core oscillator feedback loop consists of TOC1, CCA1, and LHY. In this core oscillator, LHY
and CCAT1 repress the transcription of TOC1; TOCT in turn is a positive regulator of CCA1 and LHY. In a second loop, LHY and
CCAT1 are also positive regulators of three TOC1 paralogs (PRR5, PRR7, and PRR9), which in turn are negative regulators of CCA1
and LHY. In a third loop, CCA1 and LHY positively regulate GI, ELF3, ELF4, and LUX; these in turn regulate CCA1 and LHY. The
circadian oscillator of Arabidopsis is illustrated here in a simplified form; for clarity, several other components involved were not
included. (Adapted from McClung, 2006.) B, Scheme of a synthetic oscillator engineered by Stricker et al. (2008). This synthetic
oscillator comprises positive and negative feedback loops. The araC, lacl, and yemGFP (as a readout) genes are all under the
control of the hybrid synthetic promoter Pj,c/ara-1, comprising the activation operator site from the araBAD promoter and the
repression operator site from the lacZYA promoter (Lutz and Bujard, 1997). In the presence of arabinose, the AraC protein ac-
tivates the hybrid promoter and, thus, the gene expression of araC, lacl, and yemGFP, which results in two feedback loops: a
positive feedback loop mediated by the produced AraC and the resulting activation of the hybrid promoter, and a negative
feedback loop due to the production of the Lacl protein. In the absence of IPTG, Lacl negatively regulates the expression of all
three genes under the control of the hybrid promoter. Both engineered feedback loops together constitute the synthetic oscillator.

(Adapted from Stricker et al., 2008.)

oscillators in living cell systems (Elowitz and Leibler,
2000; Fung et al., 2005; Stricker et al., 2008; Danino et al.,
2010; Ryback et al., 2013). The first of these genetic
circuits implemented in E. coli was a synthetic oscilla-
tory network of transcriptional regulators, known as
the repressilator (Elowitz and Leibler, 2000). A repres-
silator is defined as a subset of genes that can repress
their successor in the cycle; thus, it can be seen as an
extension of the one-gene Goodwin oscillator (Miiller
et al., 2006; Purcell et al., 2010). The Elowitz synthetic
repressilator consists of a cyclic negative feedback loop
composed of three repressor proteins, which are not
part of any natural biological clock/oscillator, namely,
LacI (E. coli), TetR (Tn10 transposon), and cI (A phage),
and their corresponding cognate promoters. However,
it suffered from noisy behavior, with only 40% of the
E. coli cells showing oscillations (Elowitz and Leibler,
2000). Theoretical studies revealed that by implement-
ing a positive feedback loop, the robustness of the
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oscillations and the tunability of the amplitude and
period could be improved (Hasty et al., 2002; Atkinson
et al.,, 2003; Stricker et al., 2008; Purcell et al., 2010;
Tomazou et al., 2018). Later, a dual-feedback oscillator
developed by Stricker et al. (2008) achieved faster os-
cillatory periods, 99% oscillating cells, and decoupling
from the cell cycle. The period was tuned by either
IPTG, arabinose, or temperature (Fig. 3B). In most of
these approaches, mathematical model-assisted design
was essential for identifying the experimental param-
eters and molecular components (relative amounts
thereof) used to tune the oscillations.

Autonomous, self-sustained, and tunable oscillatory
behavior was also achieved in mammalian cells with an
amplified negative feedback oscillatory mechanism
(Tigges et al.,, 2009). The oscillator is based on an
autoregulated sense-antisense transcription control
circuit in the negative feedback loop leading to a delay
in the repressive effect (Tigges et al., 2009; Purcell et al.,
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2010). An alternative approach applied in mammalian
cells involved the combination of both natural and
synthetic elements to create oscillatory behavior by
manipulating amplitude, damping, and frequency in
an independent fashion. For this purpose, the endoge-
nous transcription factor p53, which is activated in re-
sponse to cellular stress, and its negative regulator
Mdm2 were utilized (Toettcher et al., 2010). This simple
core negative feedback loop served as an example to
define and modulate the dynamics of naturally occur-
ring oscillatory systems in a controlled fashion. Con-
siderable progress has been made recently to link
different kinds of genetic circuits to functional synthetic
self-regulated networks. This is necessary for integrat-
ing synthetic control into endogenous signaling net-
works, for instance, the Elowitz repressilator coupled to
a modified quorum-sensing circuit of Vibrio fischeri and
A. tumefaciens (Ferndndez-Nifo et al., 2017).

Despite almost two decades of in vivo experiments
and associated theoretical background on oscillators,
there are still no oscillators implemented in plants. This
represents a big experimental challenge. As discussed
above, a major obstacle for the implementation of
synthetic oscillatory networks in multicellular orga-
nisms like plants is the existence of a multiplicity of
internal or external parameters, regulating metabolic
and signaling pathways. A first attempt at this would
be the engineering of hybrid oscillators, employing a
similar approach to the one introduced by Toettcher
et al. (2010). The introduction of synthetic orthogonal
modules to achieve tight control over oscillatory pa-
rameters of an endogenous pathway minimizing cross
talk could contribute to a broader understanding
of oscillatory behavior in plant signaling and meta-
bolic networks. In the future, fully synthetic systems
could be implemented to bypass endogenous oscilla-
tors. A potential application of this would be the
decoupling of endogenous metabolic pathways from
the circadian clock to allow, for example, a prolonged
bioproductive/anabolic daily phase, thereby increas-
ing crop yield.

Boolean Logic Gates

Boolean logic gates utilize Boolean algebra to convert
multiple input signals into truth values, meaning a true
or false answer (1 or 0). In a simple way, cells use this
mechanism for a plethora of decision-making processes
(e.g. promoters integrate the information encoded in
the combination of positive and negative transcrip-
tional regulators bound at any given point in time,
translating it into an output signal [gene expression];
Fig. 4). Following these principles, synthetic genetic
circuits have been designed and successfully imple-
mented in prokaryotes (Tamsir et al., 2011; Moon et al.,
2012), yeast (Gander et al., 2017), and mammalian cells
(Xieetal., 2011; Ausliander et al., 2012; Lebar et al., 2014)
controlling various biological functions. They can in-
tegrate multiple molecular input signals following a set
of algorithms and generate a response only if strictly
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defined conditions are met (Xie and Fussenegger, 2018).
For instance, an OR gate only generates an output when
either input signal A or B is present, whereas both input
signals have to concur for an AND gate to be true. More
complex logic gates could be built in a combinatorial
fashion out of these simple ones (Xie and Fussenegger,
2018). Different transcriptional regulators were used to
meet these demands, including promoters functioning
as input and output (Tamsir et al., 2011; Moon et al.,
2012), RNAI (Xie et al., 2011), and TALE repressor-
(Gaber et al., 2014) and dCas9-based switches in bac-
teria (Nielsen and Voigt, 2014), yeast (Gander et al.,
2017), and mammalian cells (Gao et al., 2016).

An illustration of such a circuit using chemically
controlled transcription factors was depicted in the
work of Gao et al. (2016). An efficient gene activation
and repression system was designed by combining
plant hormone signaling components with Sp-dCas9,
which enabled the manipulation of multiple gene tar-
gets in an orthogonal mammalian cell setup. To achieve
this, ABA and GA phytohormone signaling compo-
nents that heterodimerize in the presence of the indi-
vidual hormones (PYRABACTIN RESISTANCE1-LIKE
[PYL] with ABA INSENSITIVE [ABI] for ABA and GA
INSENSITIVE DWARF1 [GID1] with GIBBERELLIC
ACID INSENSITIVE [GAI] for GA) were fused to either
a transcriptional activator (VPR) or repressor (KRAB)
or to Sp-dCas9. When the corresponding hormones are
added, GID1-VPR/-KRAB and GAI-Sp-dCas9 (or
PYL1-VPR/-KRAB and ABI-Sp-dCas9, respectively)
heterodimerize, thereby activating or repressing gene
expression from a target synthetic promoter. These
switches perform very well, are robust, and show al-
most no leakiness. Based on these characteristics, both
systems were customized and combined to construct
AND, OR, NAND, and NOR Boolean logic gates. A
NOT IF gate was successfully built in which expression
of a gene was possible only in the presence of one in-
ducer (e.g. ABA) while it was OFF in the presence of the
second one (e.g. GA; Gao et al., 2016). This approach
therefore utilized phytohormone signaling components
to control multiple transcriptional outputs in an or-
thogonal system, namely, mammalian cells. Despite its
potential applicability, to our knowledge, there has not
been any synthetic Boolean logic gate implemented in
plants yet.

Higher Order Genetic Circuits

The characteristics of the different levels of genetic
circuits are summarized in Box 2. More complex syn-
thetic devices connecting multiple layers of signal
processing, including detection of the inducer, signal
transduction, and precise (nuclear) activation of the
defined output, have been implemented in prokaryotic
and eukaryotic cell systems. Most of these circuits
partially rely on endogenous elements, utilized for a
desired purpose, in combination with the integrated
synthetic, orthogonal components. Here, we describe
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cell-cell communication systems and illustrate differ-
ential characteristics and applicability, currently in
biomedicine, of open- and closed-loop circuit control
configurations and prosthetic synthetic circuits (Box 2).

Cell-Cell Communication Systems

Unicellular and multicellular organisms rely on cell-
cell communication mechanisms to regulate crucial life
decisions (e.g. growth, development, organ identity,
and metabolism/nutrition, among a wide range of
processes). Bacteria, for instance, employ quorum
sensing to assess the density of cells in their surround-
ings (Fig. 5A). Depending on the population density,
genes responsible for key processes such as biofilm
formation are up- or down-regulated (Fuqua et al.,
1994; Abisado et al., 2018). Multicellular organisms
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coordinate processes such as tissue development or
immune cell responses employing cell-cell communi-
cation networks (Thurley et al., 2018). Different sig-
naling molecules are used for this purpose in
unicellular and multicellular organisms, including
metabolites, small RNAs, peptides, and proteins. The
synthetic reconstruction or de novo engineering of
these communication processes can contribute to ex-
perimental strategies to both understand these pro-
cesses and develop biotechnological applications
(Prindle et al., 2011). In tissue engineering approaches,
tight control and manipulation of cell-cell communi-
cation is needed for the establishment of edges between
different populations of cells, as achieved by Kolar et al.
(2015). Targeted spatiotemporally resolved induction
of cell death was engineered by using bacterial quorum
sensing-regulated systems (You et al., 2004). Finally,

A

Input 1
Glucose

Input 2
Lactose

Output
Operon

1 1 OFF | lac S =] Jacz | Jacy [ lacA

Repressor

1 0 OFF

{_fac T

— Lol lacz | lacy [ lacA

— ™

Repressor

0 0 OFF

== Operator == 774 | lacy | lacA

rrnri

= Operator lacz | lacy | lacA

Input 1 Input 2
Pl SCB1

1 1

Output SCA PIP-KRAB

VP16

B

: l = >1Reponereene|:

0 1

0 0

rlo|lo|o

1 0

— scbrs H PR,

Figure 4. Natural and synthetically built AND NOT (NOT IF) Boolean logic gates. An AND NOT gate generates an output when
only one specific single input signal is present, but not when there is no input signal, nor a second input, nor both signals. A, Truth
table and scheme of the regulatory region of the Lac operon as an AND NOT (NOT IF) gate. This AND NOT gate only generates an
output when lactose is the only single input available. If Glc and lactose are available in the cell, the lac operon is OFF because the
catabolite activator protein, CAP, is not bound. The same is true when Glc, but no lactose, is available. In this case, the lac
repressor is bound. In the case when there is neither Glc nor lactose, the lac operon is OFF because even though CAP is bound, the
lac repressor prevents transcriptional initiation. Only when there is lactose, but no Glc, available is the lac operon ON. In the
absence of Glc, CAP can bind, and because of the availability of lactose, the lacrepressor is not bound. Both actions are necessary
for transcriptional initiation of the lac operon. (Adapted from Phillips etal., 2009.) B, An example of an AND NOT (NOT IF) gate in
synthetic biology. In this synthetic system, the transactivator SCA (transactivator of the streptogramin-responsive gene regulation
system) and the transrepressor PIP-KRAB are constitutively expressed along with a reporter plasmid containing a chimeric SCA-
and PIP-specific promoter. The absence of SCB1 [racemic 2-(1V-hydroxy-6-methylheptyl)-3-(hydroxymethyl)butanolide] enables
the binding of the transactivator SCA to its corresponding promoter region. The presence of the transrepressor pristinamycin (Pl) in
turn prevents the binding of PIP-KRAB to its promoter. Thus, this engineered AND NOT gate generates an output only in the
presence of pristinamycin and the absence of SCB1. (Adapted from Kramer et al., 2004a.)
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Box 2 Synthetic regulatory open- and closed-loop circuits. Citations: Kobayashi et al., 2004; Heng et al., 2015; Briat et al., 2016.
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BOX 2. Synthetic regulatory open- and close-

loop circuits

To program novel cellular behavior, synthetic
networks can be designed to respond to
exogenous or endogenous biological signals in a
predictable manner and yield a determined
quantity of an output of choice (Kobayashi et al.,
2004). Depending on the desired input and the
necessity of a negative or positive feedback to fine-
tune the response, open or closed genetic cellular
loops can be engineered. In an open-loop system,
the exogenous or endogenous biological input
signal (control) is processed by a synthetic gene
regulatory network that produces an output, e.g., a
biological response via an effector. In this
configuration, the output itself exerts no effect on
the input control signal (see illustration). One
typical example would be the exogenous
activation of a circuit with light, as with
optogenetic tools, in which the output has no
effect on the input used to control the process (no
feedback involved). A closed-loop system in turn
implements an additional module, namely, a
negative or positive feedback, directly linking the
output to the input signal. These circuits are
programmed to reach and maintain a target
output level by continuously evaluating,
comparing, and correcting the actual values, thus
leading to autonomous self-regulation with
improved stability, robustness, and reliability (Briat
etal, 2016).

When functionally integrated into the endogenous
cellular circuitry, synthetic open- and closed-loop
systems offer a wide range of customized
biomedical applications. Examples include designs
for detecting and responding to disease-related
signals or biopharmaceutical screening devices.
These “prosthetic networks” are ableto correct
malfunctions or rectify limitations of the
endogenous cellular machinery, while, compared
to traditional medication, reducing the
susceptibility to side effects or interference with
endogenous mechanisms. Encapsulation and
implantation of the system- containing “ desiner
cells” allows these devices  to be used in vivo
(reviewed by Heng et al., 2015).
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Figure 5. Cell-cell communication in bacteria and synthetic cell-cell communication networks. A, Simplified illustration of the
natural homoserine lactone (HSL) quorum-sensing network in V. fischeri. Quorum sensing describes the ability of bacteria to
assess the cell density of a population by sensing chemical signals that are produced by surrounding cells (Davis et al., 2015).
HSLs, in the case of V. fischeri AHL, bind to the LuxR protein. LuxR then binds to its cognate operator, inducing the transcription of
Luxl, which catalyzes the synthesis of AHL. AHL is able to diffuse out of the cell, accumulating in the external milieu and entering
surrounding cells, thus activating the circuit in those cells. B, Engineered cell-cell communication networks in mammalian cells.
Engineered cell-cell signaling via two synNotch ligand-receptor pairs was used to manipulate cell adhesion, differentiation, and
the production of new cell-cell signals (Toda et al., 2018). Upon binding of the ligand to the synNotch receptor, an orthogonal
transcription factor is cleaved from the cytoplasmic tail of the receptor, migrates to the nucleus, and then drives gene expression of
the output proteins. These genes include fluorescent proteins as cellular markers for differentiation, several cadherins as mor-
phological outputs, and two synNotch ligand-receptor pairs as input signals. In this way, the outputs are propagated to the next

@T@ adhesion
differential
e > gene
expression

new signals

generation. (Adapted from Toda et al., 2018.)

cell adhesion through cell-cell communication was
achieved by linking the synthetic notch receptor system
to the expression of specific cadherin molecules and
new synthetic Notch (synNotch) ligands (Toda et al.,
2018; Fig. 5B). Importantly, the synNotch receptor
mechanism is also utilized in potentially therapeutic
engineered T-cells, which can detect given combina-
tions of antigens (for details, see Fig. 6) instead of only
one antigen (Roybal et al., 2016). These engineered
combinatorial T-cells represent a breakthrough in the
treatment of cancer.

In plants, cell-cell communication also plays an im-
portant role. Key regulators such as phytohormones not
only control almost every aspect of plant life, like co-
ordinating responses between tissues and organs, but
also mediate interactions with symbiotic microorgan-
isms. An example is the phytohormone strigolactone,
which can act both as an endogenous phytohormone
and as an exogenous signal molecule in the rhizosphere
(for review, see Morffy et al., 2016). As an exogenous
signal, it recruits arbuscular mycorrhizal fungi to the
root to provide the plant with nutrients (i.e. phosphate)
under nutrient-limiting conditions (Akiyama et al.,

Plant Physiol. Vol. 179, 2019

2005). However, strigolactone also mediates the rec-
ognition of host roots by parasitic weeds, leading to
severe yield losses (Parker, 2009). Inspired by these
natural mechanisms, semi- or fully synthetic networks
could be engineered to exploit novel useful symbiotic
interactions under abiotic and biotic stress or to develop
orthogonal signaling networks among organs. There-
fore, the manipulation on command of the information
flow can be used in strategies to improve crop pro-
ductivity. It can also be used to abolish or reprogram
detrimental or beneficial interactions between micro-
organisms and plants.

Open- Versus Closed-Loop Circuit Control, and Prosthetic
Network Devices Two exemplary realizations of semi-
hybrid open-loop control strategies are optogenetic and
radio wave-inducible devices for the in vivo regulation
of blood Glc levels in mice. Both devices have been
developed by integrating a synthetic input module
with the native Ca?*inducible NFAT-signaling
pathway, activating the expression of genes involved
in several developmental processes and immune
responses (Crabtree and Olson, 2002; Crabtree and
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Figure 6. Natural and engineered combinatorial T-cells. A, Natural T-cell with its T-cell receptor, targeting only single antigens.
This single-antigen recognition without any further control machinery can lead to off-target tissue damage. B, An engineered
synthetic T-cell with new types of receptors specific for detecting given combinations of antigens. Upon binding of antigen A to
the synNotch receptor, an orthogonal transcription factor is cleaved from the cytoplasmic tail of the receptor, which in turn
activates CAR transcription. If a second antigen, antigen B, is recognized by the newly synthesized CAR receptor, the T-cell is
activated. (Adapted from Roybal et al., 2016; Roybal and Lim, 2017.)

Schreiber, 2009). The optogenetic approach uses blue
light to activate melanopsin and triggers a signaling
cascade to ultimately induce a Ca?* influx (Ye et al,
2011). The second circuit utilizes an engineered
temperature-sensitive Ca?* channel. This channel is
bound by antibodies coated with ferrous oxide
nanoparticles, which are heated with radio waves to
trigger channel opening, leading to subsequent Ca?*
influx (Stanley et al., 2012).

Smole et al. (2017) reported an exemplary case of a
fully synthetic network that can sense an inflammatory
signal in mice and produce a response to suppress this
signal (Fig. 7). They engineered a synthetic device
consisting of a sensor module that, upon activation by
inflammation signals, triggers the expression of a
transcriptional activator, GAL4-VP16. The fusion pro-
tein not only acts as an inducer of expression of anti-
inflammatory proteins by the output module but also
triggers the positive feedback loop of an amplifying
module, leading to enhanced levels of GAL4-VP16. A
fourth module constitutively expresses GAL4 lacking
the transactivation domain, competing with the GAL4-
VP16 for restricting the level of activation of the system,
therefore acting as a thresholder device. Due to its au-
tonomous activation by inflammatory signals, the ac-
tivation of the circuit is independent of external
induction. Furthermore, the system includes signal
enhancement, while leakage is minimized by the
thresholding module. Nevertheless, it still needs ex-
ternal inhibition for resetting the system to the OFF
state due to the self-activating positive feedback char-
acteristics and therefore is not strictly a closed-loop
system. Ye et al. (2017) accomplished the construction
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of a closed-loop, prosthetic network for the self-
adjusting regulation of the insulin level in vivo, con-
sisting of an implant of encapsulated engineered HEK
cells (Fig. 8). Here, perception of insulin by the cell via
its native insulin receptor leads to phosphorylation of
the insulin receptor substrate 1 protein, triggering a
signaling cascade that induces nuclear transport of a
MAPK. In the nucleus, the MAPK phosphorylates the
ELK1 domain of the synthetic fusion protein TetR-
ELK]1, initiating the transcriptional activity of a target
gene, otherwise tightly disrupted in the absence of in-
sulin or external supplementation of doxycycline. Pro-
gramming the circuit for the production of adiponectin,
a therapeutic protein involved in regulating insulin
homeostasis, turns the network into a closed, self-
regulating loop, increasing insulin sensitivity in differ-
ent tissues. The increased sensitivity subsequently leads
to reduced insulin production by pancreatic S-cells.
Fulfilling a function that is missing in the cellular ge-
netic network, synthetic regulatory circuits in mam-
malian systems can overcome the constraints of
endogenous cellular processes. This illustrates the po-
tential of synthetic biology for developing functional
therapeutic devices and tailor-made medicine. Such
complexity has not been reached yet in synthetic cir-
cuitry in plants; however, the first synthetic networks
have already started to be implemented in plants, as
described below.

First Attempts at Genetic Circuits in Plants Future
development of complex circuitry with predictable and
controllable features in plants for biotechnological ap-
plications (e.g. production of biopharmaceuticals and
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Figure 7. Natural and engineered open-loop regulatory circuits. A, GAs-induced degradation of DELLA proteins suppresses the
repression of PHYTOCHROME INTERACING FACTOR:s (PIFs). The PIFs subsequently bind to G-box cis regulatory elements in the
promotors of response genes, promoting growth responses. In parallel, transcription of PIFs is inhibited by the red light-induced
active conformer of phytochrome B, modulating the growth promotion in response to the light conditions. (Adapted from Havko
etal., 2016.) B, Schematic overview of a synthetic device for detection of inflammation signals in mammalian systems. Detection
of inflammatory signals through the NF-kB-responsive element of the sensor module leads to expression of the transcriptional
regulator GAL4 fused to the VP16 transactivation domain (GAL4-VP16). GAL4-VP16 subsequently binds to the UAS motif in the
amplifier and effector modules, increasing the abundance of GAL4-VP16 through a self-activating positive feedback loop from
the amplifier module. This triggers production of anti-inflammatory proteins via the effector module. Additionally, the system is
equipped with a thresholder device, constitutively expressing GAL4 lacking the transactivation domain. GAL4 competes for
binding the UAS motifs with the activating GAL4-VP16, thereby restricting the initiation of the expression of the therapeutic
output. A fifth module constitutively expresses the doxycycline-inducible reversed tetracycline repressor protein (rTetR) fused to
the inhibitory KRAB domain. Exogenous application of doxycycline inhibits the activation of the sensor, amplifier, and effector
modules by binding to their upstream tetO motifs, thus deactivating the system. (Adapted from Smole et al., 2017.)
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Figure 8. Natural and engineered closed-loop regulatory circuits. A, Simplified model of the homeostatic regulation of GA;
metabolism and signaling in Arabidopsis. In the absence of the phytohormone GA, the regulator DELLA proteins accumulate.
Through transcriptional control of GA metabolism and catabolism, DELLAs boost the level of GA and subsequently of the GA
receptor GID1 proteins. Accumulation of the GID1 proteins and of GA eventually leads to GID1-mediated DELLA degradation.
These feedback loops ensure GA homeostasis. (Adapted from Hedden and Thomas, 2012.) B, Schematic overview of a synthetic
autoregulatory gene circuit for adjusting insulin resistance in mammalian systems. Upon binding of insulin to the insulin receptor
of the designer cell, the intracellular B-subunit of the receptor is autophosphorylated. This leads to further phosphorylation of Tyr
residues of the insulin receptor substrate 1 (IRS-1), among other proteins, triggering their interaction with several signaling
components. Induced by this interaction, the GTPase Ras and the MAPK are activated, triggering nuclear import of the MAPK. In
the nucleus, the MAPK phosphorylates the ELK1 domain of the synthetic regulator protein, consisting of the tet repressor (TetR)
and the regulated activation domain of the transcription factor ELK1, expressed under the control of the constitutive human
cytomegalovirus immediate early promoter (Pncamy). The hybrid transcription factor binds to the tet operator motif (tetO) in a
synthetic effector device; however, the activation domain remains inactive. It gets activated and initiates the expression of the
therapeutic Fc-adiponectin protein only upon MAPK-induced phosphorylation of the ELK1 domain. Subsequent secretion of Fc-
adiponectin increases the sensitivity for insulin in other tissues (e.g. muscle cells), leading to a decreased insulin production of
pancreatic B-cells. (Adapted from Ye et al., 2017.)

Conclusion

Plant Physiol. Vol. 179, 2019

Downloaded from on October 10, 2019 - Published by www.plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

79



other fine chemicals and engineering of stress-tolerant
traits and enhanced nutritional content) requires
one key prerequisite: namely, to have functionally
well-characterized synthetic modules and switches.
However, the quantitative characterization of genetic
parts in plants is a time-consuming process, and the
library of available parts to be used in modular
assemblies is still rather limited. Moreover, the
complexity of plants as multicellular organisms still
remains experimentally challenging for constructing
and implementing synthetic genetic circuits with a
predictable outcome and robustness. A first step
toward a consistent functional and quantitative
categorization of molecular switches in plants was
reported by Schaumberg et al. (2016); Table 1). The
authors built a simple genetic circuit in plant
protoplasts, comprising two genetic transcriptional
switches and a dual-luciferase output. Addition of an
inducer (dexamethasone or 4-hydroxytamoxifen)
activates expression of a repressor protein and a
firefly luciferase, which are both under the control of
the same inducible promoter but on different plasmid
constructs. In this case, firefly luciferase acts as a proxy
for the amount of repressor. The repressor protein, on
the other hand, represses Renilla luciferase expression
from a second plasmid. In this way, it is possible to
obtain quantitative data on the levels of a repressor
protein and correlate it with its repressing activity
over a target promoter (Schaumberg et al., 2016).
This approach could be expanded easily to
characterize, in a standardized fashion, transcriptional
regulators, promoter sequences, and higher order
circuitry arising from combinations of simple
modules. As a note, in a recent example following
the principle of bypassing endogenous pathways (in
this case, a metabolic one), South et al. (2019)
engineered an alternate, synthetic glycolate metabolic
route. This pathway is more efficient than the
endogenous photorespiratory route, increasing
photosynthetic  efficiency considerably (~40%),
thereby leading to increased biomass production of
tobacco plants. This example represents a milestone,
fostering future similar strategies for other metabolic
and signaling networks.

Optogenetically regulated systems have been
implemented in plant cells (e.g. protoplasts) for the
targeted control of signaling pathways. In a first ap-
proach, auxin regulatory networks were manipulated
using a red light-inducible gene switch that allowed the
quantitative control of the expression of the receptor of
auxin, the F-box protein TIR1 (up-regulation and
down-regulation upon expression of an antisense
microRNA; Miiller et al, 2014, Samodelov and
Zurbriggen, 2017; Table 1). The effects of precisely
tuning the sensitivity of the regulatory network to the
hormone was monitored with a genetically encoded
biosensor designed ad hoc (Wend et al., 2013). This
open-loop system enabled inducible quantitative con-
trol and monitoring of a signaling network for the study
of complex regulatory principles. This is performed in a
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simple experimental platform without the need for
generating mutants (Miiller et al., 2014).

Another example of an open-loop system in plants is
a fully synthetic signal transduction system that could
potentially be used for the programmable detection
of ligands (Antunes et al., 2011). In this approach,
bacterial signal transduction components were adapted
to eukaryotic target sequences and consequently
transferred into transgenic plants. The engineered chi-
meric His kinase included a bacterial receptor, Tgr,
fused to the His kinase PhoR. Upon binding a rede-
signed periplasmic binding protein in complex with the
ligand of interest, this chimeric receptor phosphorylates
its cognate chimeric response regulator PhoB-VP64.
The response regulator in turn activates the expression
of a reporter gene. Drought, in the context of climate
changes, is one of the biggest challenges to food secu-
rity. One promising approach to improve plant water
usage is to manipulate the ABA signaling pathway,
which plays a major role in drought tolerance
(Helander et al., 2016). Recent advances have been
made in manipulating different aspects of ABA sig-
naling (e.g. receptor engineering and developing an
ABA agonist; Park et al., 2015; Vaidya et al., 2017; Ta-
ble 1). Cyanabactin is a potent, selective agonist for one
distinct ABA receptor family, namely, the subfamily of
IIIA receptors. These targeted approaches help bypass
pleiotropic or unwanted side effects, resulting in more
specific, controllable manipulation of a given signaling
network. The promising case of cyanabactin could be a
model for further directed design of synthetic sub-
stances and synthetic cognate receptors.

DISCUSSION AND PERSPECTIVES

In the almost 20 years since the foundational publi-
cations of synthetic devices, synthetic biology has
evolved into a mature discipline that already revolu-
tionizes fundamental research, most noticeably bio-
medicine, as well as the biotechnology industry. A
broad range of synthetic molecular tools, regulatory
and metabolic circuitry, and even synthetic organelles
and genomes have been engineered and successfully
applied in bacterial, yeast, and animal systems (Brophy
and Voigt, 2014). As described in this article, several
synthetic biosensors and switches for the control of
gene expression (including a couple of optogenetic
modules), genome editing, and protein stability have
already been implemented in plants (for review, see Liu
et al., 2013; Braguy and Zurbriggen, 2016; Walia et al.,
2018). The first approaches toward combinations of
switches in plant cell systems are arising, including (1)
the use of an optogenetic gene switch to control hor-
mone signaling, coupled to a genetically encoded bio-
sensor, as a proxy of the activity of the signaling
pathway (Miiller et al., 2014); and (2) a semi- and a fully
synthetic transduction pathway, sensing a plant hor-
mone or a foreign metabolite, respectively, by trans-
ducing the signal into a phenotypic response (sentinel
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OUTSTANDING QUESTIONS

e What technical and theoretical approaches are
needed for implementing more complex genetic
circuitry in plants? How can the current slow,
error-prone synthetic circuitry engineering be
improved for a more efficient and predictable
assembly of circuits?

e s it possible to engineer self-requlated, ‘smart’
pathways that have a novel function in plants
with minimized interference over endogenous
regulatory networks, thus avoiding negative
effects on traits?

e How can the social acceptance of genetically
modified plants be improved, in particular in
developed countries, to contribute to solving
the global question on how to feed the ever-
growing world population in an ecologically
sustainable manner?

approach; Antunes et al., 2006, 2009). However, engi-
neering and implementation of more complex circuitry
is not yet a reality in plant research. Plants are multi-
cellular organisms with complex metabolism and
highly regulated and intertwined signaling networks,
integrating different environmental cues, like light and
temperature, with the genetic program and metabolic
status. Experimental constraints and slow generation
times often make it cumbersome to implement and
evaluate genetic circuits in the whole plant. Altogether,
it is still challenging to build synthetic circuits with a
predictable output and function.

In order to transition the plant synthetic biology
field from a slow and error-prone engineering phase
into a more automated, rational, and reliable disci-
pline, a series of approaches have to be implemented.
In this way, the development and introduction of ad-
vanced circuitry could be achieved, as is already the
case for other organisms. In the first place, biosynthetic
platforms for the rational design, construction, and
quantitative characterization of a bigger number of
variants of genetic parts need to be established. To-
ward this goal, adequate vectors and high-throughput
DNA assembly methods are already in place (Patron,
2014; Vazquez-Vilar et al., 2018). However, experi-
mental approaches to quantitatively and functionally
describe synthetic modules, as well as hand-in-hand
work with mathematical modelers to improve pre-
dictability and reliability, still lag behind. Finally,
based on the experiences in yeast and animal cells,
generalized incorporation of orthogonal components
(sensing modules, signaling molecules, and output
elements) in the designs will contribute to optimal
functionality, including high control specificity, ro-
bustness of the networks, and a reduced cross-
modulation of the endogenous pathways.
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Conclusion

Given the creative and successful applications
reported in other organisms, it is easy to imagine that
engineering of synthetic circuits in plants will help
solve many problems in the near future (see Out-
standing Questions). One future goal is to achieve a
quantitative increase in crop yield, a much-needed
second Green Revolution, to satisfy the demands of
the ever-growing world population (Wollenweber
et al., 2005). Another goal is to improve plant stress
tolerance to environmental hardships by manipu-
lating phytohormone signaling pathways or intro-
ducing orthogonal networks, targeting key plant
stress responses. First steps toward this were re-
cently reported based on engineering the receptor for
the phytohormone ABA and developing chemical
agonists thereof to control the responses to drought
(Park et al., 2015; Vaidya et al., 2017). A next step
would be to design hybrid circuitry to overcome
limitations and bypass endogenous regulation of
plant signaling networks to improve the efficiency of
existing cascades. Self-regulating, smart pathways
that bypass endogenous regulation may be easier to
design using fully synthetic circuits. These can be
engineered to achieve a high target specificity and
are orthogonal to the organism, reducing off-target
effects. A further application of such smart plants
could be the incorporation of synthetic circuitry to
integrate information on environmental cues and the
genetic program with long-distance synthetic signal
transduction. For example, flowering time could be
regulated upon computation of the nutrient avail-
ability (roots) and perception of environmental
stress, thereby optimizing seed production. An al-
ternative approach to increase productivity would
be to decouple growth and development from regu-
latory elements, such as the circadian clock or other
genetic programs, thereby achieving longer biosyn-
thetic periods. It is evident that the possible appli-
cations of these approaches are endless and would
completely reshape plant science. A long-term vision
encompasses the implementation of synthetic cellu-
lar circuits, such as closed-loop prosthetic networks,
which are capable of generating new functionalities,
including immune system-like properties or opti-
mized nutrient assimilation and production of high-
value compounds. By virtue of the fast development
and achievements in other higher eukaryotic sys-
tems, we will witness a paradigm change in experi-
mental plant fundamental research and the development
of green biotechnological applications in the near
future.
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5 Material and Methods

5.1 Plant hormone biosensor studies in protoplasts
Specific methods as well as the general protocols for protoplast isolation, transformation and

hormone induction are described in the Andres et al. protocol (Appendix 7.3).

5.1.2 Plasmid Generation/Construction

Plasmids and Oligos designed and constructed in this work are described in Table 1 and Table
2.

5.1.3 Plant material

Before seeding the Arabidopsis thaliana col-0 wt seeds on SCA plates, the seeds were
surface-sterilized with 5% (w/v) calcium hypochlorite and 0.02% (v/v) Triton X-100 in 80% (v/v)
ethanol solution. Then, 200 — 300 seeds were seeded on filter paper strips (approx. 200 — 300
seeds per strip) with two strips per each 12 cm? plate (Greiner Bio-One). The plates contained
each 50 ml of SCA (seedling culture Arabidosis) growth medium [0.32% (w/v) Gamborg B5
basal salt powder with vitamins (bioWORLD), 4 mM MGSQ47H-0, 43.8 mM sucrose, 0.1%
(v/v) Gamborg B5 Vitamin Mix (bioWORLD), and 0.8% (w/v) phytoagar in H-O (pH 5.8)]. The
seedlings for protoplast isolation were grown for 2 weeks in a Sanyo/Panasonic MLR-352-PE

growth chamber at 22°C with 16h light per day.

5.1.4 Protoplast isolation and transformation
A. thaliana protoplast isolation and transformation are performed as described in the protocol
Andres et al. (Appendix 7.3).

5.1.5 Hormone induction/treatment and luminescence analysis

The phytohormones rac-GR24, GA+, GAs, GA4, GA7, GAg, GAz, IAA as well as Karrikin1 and
Karrikin2 were obtained from OIChemIm Ltd. GAs-AM was purchased from Santa Cruz
Biotechnology. Stock solution of either 10 mM or 50 mM were prepared in Acetone (rac-GR24),
Ethanol (GA+1, GAs, GAs, GA7, GAgs, GA2 and IAA) or dimethyl sulfoxide (Karrikin1, Karrikin2
and GAsz-AM). In addition, a 40 mM stock solution of the proteasomal inhibitor MG132 was
solved in dimethyl sulfoxide. For proteasomal inhibitor experiments, MG132 was added 2 h
prior to hormone induction at the final concentrations indicated.

The hormone induction and the luminescence analysis were performed as described in Andres
et al. (Appendix 7.3).

5.1.6 Temperature treatment and luminescence analysis

The transformation replicates were pooled 20 h post transformation and transferred in 4
different 24-well plates (Sarstedt) with 3 technical replicates per plate. Each plate was placed
in a LED box [illuminated with red light (660 nM, 10 uMol m™ s™), far-red light (740 nM, 10
uMol m? s™) and blue light (460 nM, 10 uMol m? s™)] with a different temperature condition:
either6hat22°C,5hat22°Cand1hat28 °C,3hat22°Cand3 hat28°C, or6 h at 28
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°C. After the treatment, luminescence analyses were performed. 80 ul of each replicate were
transferred into two separate white 96-well assay plates to measure renilla and firefly luciferase
simultaneously in two plate readers. Before the measurement, 20 pl of firefly substrate [0.47
mM D-luciferin (Biosynth AG), 20 mM tricine, 2.67 mM MgSQO4-7H20, 0.1 mM EDTA-2H0,
33.3 mM dithiothreitol, 0.52 mM adenosine 5'-triphosphate, 0.27 mM acetyl-coenzyme A, 5
mM NaOH, 0.26 mM MgCOs-5H-0, in H20] or coelenterazine (472 mM coelenterazine stock
solution in methanol, diluted directly before use 1:15 in phosphate-buffered saline) were added
to the samples. Firefly luminescence was determined in a Berthold Technologies Centro XS*
LB 960 Microplate luminometer and renilla luminescence in a Berthold technologies Tristar’S
LB942 Multimode Plate Reader.

5.1.7 Light Boxes
LED boxes were constructed and used as described in Muller et al. (2014).
5.1.8 Statistical Analysis

Ordinary one-way ANOVAs and multiple comparisons for statistical significance were
performed with GraphPad Prism 7 for Mac Os X version 10.13.1.

5.2 Reconstruction of plant signaling pathways in mammalian cells

5.2.1 Plasmid generation

Plasmids and Oligos designed and constructed in this work are described in Table 1 and Table
2,

5.2.2 Cell culture

Human embryonic kidney cells (HEK293T; DSMZ, Braunschweig, Germany) were cultivated
in Dulbecco’s modified Eagle’s medium (DMEM, PAN Biotech, cat. no. P04-03550)
supplemented with 10% (v/v) tetracycline-free fetal bovine serum (FBS; PAN Biotech; cat. no.
P30-3602; batch no. PO80317TC) and 1.4% (v/v) penicillin/streptomycin (PAN Biotech; cat.
no. P06-07100).

5.2.3 PEI Transfection

50,000 HEK293T cells/well were seeded in 500 yl DMEM cell culture medium 24h prior to
transfection in 24 well plates (Corning). 0.75 pg DNA per well were diluted in 50 yL OptiMEM
(Invitrogen, Thermo Fisher Scientific) and mixed with a PEI/OptiMEM mix [2.5 puL PEI solution
(1 mg/ml, Polysciences Europe GmbH cat. no. 23966-1) in 50 yL OptiMEM] (Baaske et al.,
2018). After 15 min incubation at RT, 100 pl of the transfection mixes were added to each well
in a dropwise manner. The medium was exchanged 4 h post transfection.

5.2.4 Hormone Induction (gibberellin reconstruction)

Culture Medium was exchanged 24 h post transfection with medium containing either 10 pM
GAs-AM, 100 uM GAs, 100 uM GA4 (for stock preparation see chapter 5.1.5) or the same
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amount of DMSO and ethanol as a control. After 24 h of hormone induction, samples were

taken for SEAP reporter assays.

5.2.5 SEAP reporter assay

After 24 h of hormone induction, 200 pl supernatant of each sample were taken for an heat-
inactivation step of the endogenous phosphatases at 65 °C for 1 h. Afterwards, 80 ul of the
heat-inactivated samples were transferred to a transparent 96 well assay plate and
supplemented with 100 yl SEAP buffer (20 mM L-homoarginine, 1 mM MgCl> 21 % (v/v)
diethanolamine). Before the measurement, 20 pl of 120 nM para-Nitrophenylphosphate
(PNPP, Sigma-Aldrich) were added and the absorbance was measured at 405 nM for 1 hin a
Berthold technologies Tristar’S LB942 Multimode Plate Reader.

The determination of the SEAP activity [U/L] was performed by calculating the slope of the
obtained curves [OD/min] in combination with the Lambert-Beer’s-law which results in the

following formula:

— . 6

T exd '%

U E 200
L

E = increase in optical density/para-nitrophenolate per minute; e = 18,600 M"'cm™; d= length
of the light path [cm], 0.6 cm; % = amount of SEAP-containing supernatant / dilution factor of
the sample.

5.2.6 Software
Geneious 10.2.2 for cloning
GraphPad Prism 7.0a for graphs and statistical analysis

BioRender for graphical design
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5.3 Plasmids

Table 1: Generation and description of plasmids used in this work. All plasmids are constructed with AQUA
or Gibson assembly cloning (Gibson et al., 2009; Beyer et al., 2015a).

Plasmid Description Reference

CtrlQuant Piss-Renilla-2A-GAGAGAGAGAGAGA-Firefly-myc-pA Samodelov et al., 2016

Vector for the expression of a ratiometric luminescent biosensor used as a control,
where the SM is replaced with a repeated GA sequence.

StrigoQuant  Psiss-Renilla-2A-SMXL6-Firefly-myc-pA Samodelov et al., 2016

Vector for the expression of a ratiometric luminescent biosensor with SMXL6 as a
sensor module.

pGENO016 P3ss-mEGFP-Tnos Received from M.

Vector encoding mEGFP under the control of Pass. Rodriguez-Franco

(University of Freiburg)

pKM018 Psva0-PhyB(1-650)-L-VP16-NLS-pA Miiller et al., 2013
Vector for expression of PhyB fused to VP16 with NLS under control of Psvao.

pKM195 (pifO)4-pCMVmin-SEAP-pA K. Muller (unpublished)
Vector for the expression of SEAP under control of a pif operator-CMVmin
promoter.

pMK147 Peria-Renilla-2A-Aux/IAA-Firefly-myc Wend et al., 2013
Vector for mammalian expression of Renilla luciferase and auxin sensor module
fused to firefly luciferase-myc.

pMZ124 Piss-Renilla-2A-0OsJAZ5-Firefly-myc S. Wend (unpublished)
Vector for plant expression of Renilla luciferase and a rice jasmonate sensor
module fused to firefly luciferase with myc tag.

pMZ333 Psv40-PhyB(1-908)-L-mCherry-pA Beyer et al., 2015
PhyB expression plasmid encoding the first 908 amino acids of PhyB, a short linker
and mCherry.

pRSET PT7-driven bacterial expression vector Novagen

pSAM200 Psvao—TetR-VP16—pA Fussenegger et al., 1997
Constitutive TetR—VP16 expression vector.

pTB210 Psvao- ARR1ADDK-eGFP-pA T.Blomeier

Mammalian vector for expression of ARR1ADDK fused to eGFP control of Psvao. (unpublished)

pPF001 Psvao-PhyB(1-650)-VP16-tetR-PIF6(1-100)-TA P. Fischbach

Bicistronic Vector encoding PhyB(1-650)-VP16 and tetR-PIF6(1-100) under (UnPublished)
control of Psvao.

pPF002 tetO-Peuvmin-SEAP-BGHTA; Psvao-Renilla-SV40TA P. Fischbach

(unpublished)

Vector for the expression of SEAP under control of a tet operator-CMV-min
promoter with a renilla luciferase under control of Psvs as a normalization element.

pPF034 tetO-Pcmvmin-SEAP-BGHTA; Psvao-Gaussia-SV40TA Golonka et al., 2019

Vector for the expression of SEAP under control of a tet operator-CMV-min
promoter with a gaussia luciferase under control of Psv4 as a normalization
element.

pPF100 P3ss-Renilla-2A-IAA10-Firefly-myc-pA this work
Ratiometric auxin sensor plasmid with A. thaliana IAA10 (AT1G04100) as a SM (with P.Fischbach)
for use in plant cells. IAA10 was amplified from clone DKLAT1G04100 (ABRC)
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with the oligos 0PF202/0PF203 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA11-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA11 (AT4G28640) as a SM
for use in plant cells. IAA11 was amplified from clone DKLAT4G28640 (ABRC)
with the oligos oPF205/0PF206 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

P3ss-Renilla-2A-IAA29-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA29 (AT4G32280) as a SM
for use in plant cells. IAA29 was amplified from clone U12501 (ABRC) with the
oligos oPF208/0PF209 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

P3ss-Renilla-2A-IAA33-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA33 (AT5G57420) as a SM
for use in plant cells. IAA33 was amplified from clone C105341 (ABRC) with the
oligos oPF211/0PF212 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA32-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA32 (AT2G01200) as a SM
for use in plant cells. IAA32 was amplified from clone DKLAT2G01200 (ABRC)
with the oligos oPF200/0PF213 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA34-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA34 (AT1G15050) as a SM
for use in plant cells. IAA34 was amplified from clone DKLAT1G15050 (ABRC)
with the oligos oPF217/0PF218 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA12-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA12 (AT1G04550) as a SM
for use in plant cells. IAA12 was amplified from clone DKLAT1G04550 (ABRC)
with the oligos oPF220/0PF221 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA13-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA13 (AT2G33310) as a SM
for use in plant cells. IAA13 was amplified from clone DKLAT2G33310 (ABRC)
with the oligos 0PF223/0PF224 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA5-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA5 (AT1G15580) as a SM for
use in plant cells. IAA5 was amplified from clone DKLAT1G15580 (ABRC) with
the oligos oPF226/0PF227 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA6-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA6 (AT1G52830) as a SM for
use in plant cells. IAA6 was amplified from clone DKLAT1G52830 (ABRC) with
the oligos oPF229/0PF230 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA19-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA19 (AT3G15540) as a SM
for use in plant cells. IAA19 was amplified from clone DKLAT3G15540 (ABRC)
with the oligos 0PF232/0PF233 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.
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Piss-Renilla-2A-IAA15-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA15 (AT1G80390) as a SM
for use in plant cells. IAA15 was amplified from clone DKLAT1G80390 (ABRC)
with the oligos oPF235/0PF236 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA27-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA27 (AT4G29080) as a SM
for use in plant cells. IAA27 was amplified from clone DKLAT4G29080 (ABRC)
with the oligos oPF238/0PF239 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA1-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA1 (AT4G14560) as a SM for
use in plant cells. IAA1 was amplified from clone DKLAT4G14560 (ABRC) with
the oligos oPF241/0PF242 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA2-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA2 (AT3G23030) as a SM for
use in plant cells. IAA2 was amplified from clone DKLAT3G23030 (ABRC) with
the oligos oPF244/0PF245 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA3-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA3 (AT1G04240) as a SM for
use in plant cells. IAA3 was amplified from clone DKLAT1G04240 (ABRC) with
the oligos oPF247/0PF248 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA4-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA4 (AT5G43700) as a SM for
use in plant cells. IAA4 was amplified from clone DKLAT5G43700A (ABRC) with
the oligos oPF250/0PF251 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA16-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA16 (AT3G04730) as a SM
for use in plant cells. IAA16 was amplified from clone DKLAT3G04730 (ABRC)
with the oligos oPF253/0PF254 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA17-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA17 (AT1G04250) as a SM
for use in plant cells. IAA17 was amplified from clone pda03372 (the Arabidopsis
full-length cDNA clone was developed by the plant genome project of RIKEN
Genomic Sciences Center) with the oligos oPF256/0PF257 including AQUA
overhangs and cloned into pMZ124 backbone which was amplified with
oPF074/0PF075.

Piss-Renilla-2A-IAA7-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA7 (AT3G23050) as a SM for
use in plant cells. IAA7 was amplified from clone DKLAT3G23050 (ABRC) with
the oligos oPF259/0PF260 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA14-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA14 (AT4G14550) as a SM
for use in plant cells. IAA14 was amplified from clone DKLAT4G14550 (ABRC)
with the oligos 0PF262/0PF263 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.
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Piss-Renilla-2A-IAA8-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA8 (AT2G22670) as a SM for
use in plant cells. IAA8 was amplified from clone DKLAT2G22670 (ABRC) with
the oligos oPF265/0PF266 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA9-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA9 (AT5G65670) as a SM for
use in plant cells. IAA9 was amplified from clone DKLAT5G65670 (ABRC) with
the oligos oPF268/0PF269 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA28-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA28 (AT5G25890) as a SM
for use in plant cells. IAA28 was amplified from clone DKLAT5G25890.1 (ABRC)
with the oligos oPF271/0PF272 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA18-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA18 (AT1G51950) as a SM
for use in plant cells. IAA18 was amplified from clone DKLAT1G51950 (ABRC)
with the oligos oPF274/0PF275 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA26-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA26 (AT3G16500) as a SM
for use in plant cells. IAA26 was amplified from clone PYAT3G16500 (ABRC) with
the oligos oPF277/0PF278 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA31-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA31 (AT3G17600) as a SM
for use in plant cells. IAA31 was amplified from clone DKLAT3G17600 (ABRC)
with the oligos oPF280/0PF281 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-IAA20-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA20 (AT2G46990) as a SM
for use in plant cells. IAA20 was amplified from clone DKLAT2G46990 (ABRC)
with the oligos oPF283/0PF284 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

P3ss-Renilla-2A-IAA30-Firefly-myc-pA

Ratiometric auxin sensor plasmid with A. thaliana IAA30 (AT3G62100) as a SM
for use in plant cells. IAA30 was amplified from clone DKLAT3G62100 (ABRC)
with the oligos oPF286/0PF287 including AQUA overhangs and cloned into
pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-GAl-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with A. thaliana GAl DELLA as SM for use
in plant cells. GAl was amplified from clone U14047 (ABRC) with oligos
0SLS401/0SLS402 including Gibson overhangs, Ren-2A was PCR-amplified from
pMK147 with 0SLS009/0SLS407 including Gibson overhangs. REN-2A and the
GAl-amplicon were combined via fusion PCR and cloned into Notl/Nhel digested
CtrlQuant by Gibson cloning.

Piss-Renilla-2A-RGA-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with the A. thaliana RGA DELLA as SM for
use in plant cells. RGA was amplified from clone U13937 (ABRC) with oligos
0SLS403/0SLS404 including Gibson overhangs. REN-2A and the RGA-amplicon
were combined via fusion PCR and cloned into Notl/Nhel digested CtrlQuant by
Gibson-cloning.
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Piss-Renilla-2A-RGL1-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with A. thaliana RGL1 DELLA as SM for
use in plant cells. RGL1 (AY096506) was amplified from clone U18422 (ABRC)
with oligos 0SLS405/0SLS406 including Gibson overhangs. REN-2A and the
RGL1-amplicon were combined via fusion PCR and cloned into Notl/Nhel digested
CtrlQuant by Gibson-cloning.

Psva-GID1a-pA

Expression vector encoding the gibberellin receptor GID1a under control of Psvao.
Psv40-GID1b-pA

Expression vector encoding the gibberellin receptor GID1b under control of Psvao.
Psva-GID1c-pA

Expression vector encoding the gibberellin receptor GID1c under control of Psvao.
Psv40-SLY1-pA

Expression vector encoding SLY1 under control of Psvao.
Piss-Renilla-2A-RGL2-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with A. thaliana RGL2 DELLA as SM for
use in plant cells. RGL2 (NM_111216) was amplified from RGL2 in S/D-TOPO
vector (Invitrogen) received from S. Prat (Centro Nacional de Biotecnologia,
Madrid) with 0SLS422/0SLS423, Ren-2A was PCR amplified with
0SLS009/0SLS407 and Gibson-cloned into Notl/Nhel digested CtrlQuant.
Piss-Renilla-2A-RGL3-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with A. thaliana RGL3 DELLA as SM for
use in plant cells. RGL3 (NM_121755) was amplified from RGL3 in S/D-TOPO
vector (Invitrogen) received from S. Prat (Centro Nacional de Biotecnologia,

Madrid) with 0SLS424/0SLS425, Ren-2A was PCR amplified with
0SLS009/0SLS407 and Gibson-cloned into Notl/Nhel digested CtrlQuant.

Psv4-ARR1ADDK-NLS-HA-pA

Mammalian Vector encoding ARR1ADDK under control of Psvao.
Psva-ARF19-NLS-HA-pA

Mammalian Vector encoding ARF19 under control of Psvao.
P3ss-Renilla-2A-RGAA17-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with A. thaliana RGAA17 DELLA as SM for
use in plant cells. RGAA17 was amplified from RGAA17-containing plasmid
received from the group of M. Blazquez with oligos 0SLS403/0SLS404 including
Gibson overhangs. REN-2A and the RGAA17-amplicon were combined via fusion
PCR and cloned into Notl/Nhel digested CtrlQuant by Gibson-cloning.

P35s-GA20x-1-Thos

Vector encoding GA20x1 under the control of Pass for the use in plant cells.
GA20x-1 was amplified from ABRC clone (stock number: C105372) using oligos
0SLS310/0SLS311. pGEN016 was digested (Agel/Notl) and the backbone was
assembled with the PCR-fragment by GIBSON cloning.

P3s5s-GA20x-2-Thos

Vector encoding GA20x2 under the control of Pass for the use in plant cells.
GA20x-2 was amplified from ABRC clone (stock number: U20502) using oligos
0SLS312/0SLS313. pGENO016 was digested (Agel/Notl) and the backbone was
assembled with the PCR-fragment by GIBSON cloning.

P3ss-GA20x-8-Tnos

Vector encoding GA20x8 under the control of Pass for the use in plant cells.
GA20x-8 was amplified from ABRC clone (stock number: DQ653213) using oligos
0SLS314/0SLS315. pGENO016 was digested (Agel/Notl) and the backbone was
assembled with the PCR-fragment by GIBSON cloning.
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Material and Methods

Psva0-SPL9-NLS-pA

Mammalian Expression vector for A. thaliana SPL9. SPL9 was amplified from
pDONR201:SPL9 (provided by G. Coupland) with the oligos 0JA0OO1 and oJA002
with AQUA cloning overhangs. pMZ333 was linearized with Notl and Xbal. The
fragments were assembled via AQUA cloning.

Psv40-SPL15-NLS-pA

Mammalian Expression vector for A. thaliana SPL15. SPL15 was amplified from
pDONR201:SPL15 (provided by G. Coupland) with the oligos 0JA0O05 and ocJA006
with AQUA cloning overhangs. pMZ333 was linearized with Notl and Xbal. The
fragments were assembled via AQUA cloning

(pifO)4-pCMVmin-SEAP-pA; Psvao-Firefly-SV40TA

Vector for the expression of SEAP under control of a pif operator-CMVmin
promoter with Firefly as a normalization element under control of Psvao

BGHpA was amplified from pPF002 with oPF007 and oPF008, Psvi was amplified
from pMZ333 with oPF009 and oJA034. Firefly was amplified from CtrlIQUANT
with 0JA033 and oJA028. pKM195 was linearized with Notl and Hindlll. All
fragments were assembled by AQUA cloning.

Psv40-SPL9-VP16-NLS-HAtag-pA

Mammalian Expression vector for A. thaliana SPL9-VP16. SPL9 was amplified
from pJA0O1 with the oligos 0JA058 and 0JA059 and VP16 was amplified from
pKMO018 with 0JA060 and 0SLS466 with AQUA cloning overhangs. pMZ333 was
linearized with Notl and Xbal. The fragments were assembled via AQUA cloning.

Psvao-Kozak-SPL9-VP16-NLS-HAtag-pA

Mammalian Expression vector for A. thaliana SPL9-VP16. SPL9 was amplified
from pJAOO1 with the oligos 0JA0O01 and 0JA059 and VP16 was amplified from
pKMO018 with 0JA060 and 0SLS466 with AQUA cloning overhangs. pMZ333 was
linearized with Notl and Xbal. The fragments were assembled via AQUA cloning.

Psvao-Kozak-SPL15-VP16-NLS-HAtag-pA

Mammalian expression vector for A. thaliana SPL15-VP16. SPL15 was amplified
from pJA0O3 with the oligos 0JA0O5 and oJA062. pJA032 was amplified with
0JA063 and 0SLS442. The fragments were assembled via AQUA cloning.

(pifO)4-pCMVmin-SEAP-pA; Psvs-Gaussia-SV40TA

Vector for the expression of SEAP under control of a pif operator-CMVmin
promoter with Gaussia as a normalization element under control of Psvao.
Gaussia was amplified from pPF034 with 0JA082 and oJA083. pJA012 was
linearized with Ascl and Notl. All fragments were assembled by AQUA cloning.

pFUL_AmpliconVIlI_mutated-Pcmvmin-SEAP-BGHpA-Psv40-GLuc-SV40pA

A. thaliana pFUL-AmpliconVII-mutated was PCR amplified from pFUL-mutated
template (provided by G. Coupland) with the oligos 0JA096/0JA097. pJA045 was
linearized by Nhel and EcoRV. The fragments were assembled by AQUA cloning.

pFUL_AmpliconX_mutated-Pcmvmin-SEAP-BGHpA-Psva-GLuc-SV40pA

A. thaliana pFUL-AmpliconX-mutated was PCR amplified from pFUL-mutated
template (provided by G. Coupland) with the oligos 0JA098/0JA099. pJA045 was
linearized by Nhel and EcoRV. The fragments were assembled by AQUA cloning.

pFUL_AmpliconX_wt-Pcuvmin-SEAP-BGHpA-Psv40-GLuc-SV40pA

A. thaliana pFUL-AmpliconX-wt was PCR amplified from pFUL-wt template
(provided by G. Coupland) with the oligos 0JA007/0JA008. pJA045 was linearized
by Nhel and EcoRV. The fragments were assembled by AQUA cloning.

pFUL_full length-Pcmvmin-SEAP-BGHpA-Psvi0-GLuc-SV40pA

A. thaliana pFUL-full length was PCR amplified from pFUL-wt template (provided
by G. Coupland) with the oligos 0JA052/0JA053. pJA045 was linearized by Nhel
and EcoRV. The fragments were assembled by AQUA cloning.
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Material and Methods

pFUL_AmpliconVII_wt-Pcmvmin-SEAP-BGHpA-Psva-GLuc-SV40pA

A. thaliana pFUL-AmpliconVIl-wt was PCR amplified from pFUL-wt template
(provided by G. Coupland) with the oligos 0JA096/0JA097. pJA045 was linearized
by Nhel and EcoRV. The fragments were assembled by AQUA cloning.

Psva0-RGA-mCherry-pA

Mammalian expression vector for Cardamine hirsuta RGA-mCherry. RGA was
amplified from RGA-containing plasmid (provided by the group of M.Tsiantis) and
amplified with the oligos 0JA218/0JA219. pMZ333 was linearized with Notl and
Xbal. The fragments were assembled by AQUA cloning.

Piss-Renilla-2A-SMAX1-Firefly-myc-pA

Ratiometric strigolactone sensor plasmid with A. thaliana SMAX1 as SM for use
in plant cells. SMAX1 was amplified from a synthesis (IDT) with the oligos
0JA109/0JA154 including AQUA overhangs and cloned into pMZ124 backbone
which was amplified with oPF074/0PF075.

Piss-Renilla-2A-SMXL7-Firefly-myc-pA

Ratiometric strigolactone sensor plasmid with A. thaliana SMXL7 as SM for use in
plant cells. SMXL7 was amplified from pdx06209 (the Arabidopsis full-length
cDNA clone was developed by the plant genome project of RIKEN Genomic
Sciences Center) with the oligos 0JA114/0JA156 including AQUA overhangs and
cloned into pMZ124 backbone which was amplified with oPF074/0PF075.

P3ss-Renilla-2A-SMXL38-Firefly-myc-pA

Ratiometric strigolactone sensor plasmid with A. thaliana SMXL8 as SM for use in
plant cells. SMXL8 was amplified from pdx45595 (the Arabidopsis full-length
cDNA clone was developed by the plant genome project of RIKEN Genomic
Sciences Center) with the oligos 0JA118/0JA158 including AQUA overhangs and
cloned into pMZ124 backbone which was amplified with oPF074/0PF075.

Psvao-SMXL6-mCherry-pA

Mammalian expression vector for A. thaliana SMXL6-mCherry. SMXL6 was
amplified from pHB1105 with the oligos 0JA226 and oJA227. pJA098 was
amplified with 0JA278 and 0JA228. The fragments were assembled by AQUA
cloning.

Psva-SMXL7-mCherry-pA

Mammalian expression vector for A. thaliana SMXL7-mCherry. SMXL7 was
amplified from pJA107 with the oligos 0JA230 and 0JA231. pJA098 was amplified
with 0JA278 and 0JA232. The fragments were assembled by AQUA cloning.

Psvao-SMXL8-mCherry-pA

Mammalian expression vector for A. thaliana SMXL8-mCherry. SMXL8 was
amplified from pJA108 with the oligos 0JA233 and 0JA234. pJA098 was amplified
with 0JA278 and 0JA235. The fragments were assembled by AQUA cloning.

Piss-Renilla-2A-D14-Firefly-myc-pA

Ratiometric strigolactone sensor plasmid with A. thaliana D14 for use in plant cells.
D14 was amplified from pda05576 (the Arabidopsis full-length cDNA clone was
developed by the plant genome project of RIKEN Genomic Sciences Center) with
the oligos 0JA237/0JA238 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Psva0-D14-mEGFP-pA

Mammalian expression vector for A. thaliana D14-mEGFP. D14 was amplified
from pJA117 with the oligos 0JA239 and 0JA240. pTB210 was amplified with
0JA278 and 0JA241. The fragments were assembled by AQUA cloning.

P3ss-Renilla-2A-SMXL5-Firefly-myc-pA

Ratiometric strigolactone sensor plasmid with A. thaliana SMXL5 as SM for use in
plant cells. SMXL5 was amplified from pdz37424 (the Arabidopsis full-length
cDNA clone was developed by the plant genome project of RIKEN Genomic
Sciences Center) with the oligos 0JA245/0JA246 including AQUA overhangs and
cloned into pMZ124 backbone which was amplified with oPF074/0PF075.
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Material and Methods

Piss-Renilla-2A-SMXL2-Firefly-myc-pA

Ratiometric strigolactone sensor plasmid with A. thaliana SMXL2 as SM for use in
plant cells. SMXL2 was amplified from SMXL2 template (provided by A.
Hiltbrunner) with the oligos 0JA285/0JA286 including AQUA overhangs and
cloned into pMZ124 backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-SMXL3-Firefly-myc-pA

Ratiometric strigolactone sensor plasmid with A. thaliana SMXL3 as SM for use in
plant cells. SMXL3 was amplified from clone S65279 (ABRC) with the oligos
0JA287/0JA288 including AQUA overhangs and cloned into pMZ124 backbone
which was amplified with oPF074/0PF075.

Piss-Renilla-2A-SMXL4-Firefly-myc-pA

Ratiometric strigolactone sensor plasmid with A. thaliana SMXL4 as SM for use in
plant cells. SMXL4 was amplified from CD253079 (ABRC) with the oligos
0JA289/0JA290 including AQUA overhangs and cloned into pMZ124 backbone
which was amplified with oPF074/0PF075.

Piss-Renilla-2A-RGA(1-61)-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with A. thaliana RGA (first 61 amino acids)
for use in plant cells. RGA (1-61) was amplified from pSLS405 with the oligos
0JA304/0JA305 including AQUA overhangs and cloned into pMZ124 backbone
which was amplified with oPF074/0PF075.

Piss-Renilla-2A-RGA(1-110)-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with A. thaliana RGA (first 110 amino acids)
as a SM for use in plant cells. RGA (1-110) was amplified from pSLS405 with the
oligos 0JA304/0JA308 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-RGA(1-200)-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with A. thaliana RGA (first 200 amino acids)
as a SM for use in plant cells. RGA (1-200) was amplified from pSLS405 with the
oligos 0JA304/0JA323 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

P3ss-NPF3-NOSterm

Expression vector for A. thaliana NPF3 for the use in plant cells. NPF3 was
amplified from clone U21885 (ABRC) with the oligos 0JA332/0JA333. pGEN016
was amplified with oJA105/0JA106. The fragments were assembled by AQUA
cloning.

pFUL_full length_mGTAC_AmpliconX-Pcmvmin-SEAP-BGHpA-Psv40-GLuc-
SV40pA

A. thaliana pFUL-full length-mGTAC-AmpliconX was PCR amplified from pFUL
template (provided by G. Coupland) with the oligos 0JA052/0JA053. pJA045 was
linearized by Nhel and EcoRV. The fragments were assembled by AQUA cloning.

pFUL_full length_mGTAC_AmpliconVIl-Pcuvmin-SEAP-BGHpA-Psvi-GLuc-
SV40pA

A. thaliana pFUL-full length-mGTAC-AmpliconVIl was PCR amplified from pFUL
template (provided by G. Coupland) with the oligos 0JA052/0JA053. pJA045 was
linearized by Nhel and EcoRV. The fragments were assembled by AQUA cloning.

Psss-Renilla-2A-RGA(1-349)-Firefly-myc-pA
Ratiometric gibberellin sensor plasmid with A. thaliana RGA (first 349 amino acids)
as a SM for use in plant cells. RGA (1-349) was amplified from pSLS405 with the

oligos 0JA304/0JA368 including AQUA overhangs and cloned into pMZ124
backbone which was amplified with oPF074/0PF075.

Piss-Renilla-2A-Kai2-Firefly-myc-pA
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Material and Methods

Ratiometric strigolactone/karrikin receptor sensor plasmid with A. thaliana Kai2 for
use in plant cells. Kai2 was amplified from AY056190 (the Arabidopsis full-length
cDNA clone was developed by the plant genome project of RIKEN Genomic
Sciences Center) with the oligos 0JA369/0JA370 including AQUA overhangs and
cloned into pMZ124 backbone which was amplified with oPF074/0PF075.

pFUL_full length_mGTAC_both Amplicons-Pcymvmin-SEAP-BGHpA-Psv4o-
GLuc-SV40pA

A. thaliana pFUL-full length-mGTAC-both Amplicons was PCR amplified from
pFUL_mutated template (provided by G. Coupland) with the oligos
0JA052/0JA053. pJAD45 was linearized by Nhel and EcoRV. The fragments were
assembled by AQUA cloning.

Psv4-GAI-VP16-IRES-TetR-PIF6(1-100)-pA

Bicistronic vector encoding GAI-VP16 and TetR—PIF6(1-100) under control of
Psvao.

GAIl was PCR amplified from pSLS404 with oJATB001/0JATB002. pPF001 was
linearized with Spel/EcoRV. The fragments were assembled by AQUA cloning.

Psv40-RGA-VP16-IRES-TetR-PIF6(1-100)-pA

Bicistronic vector encoding RGA-VP16 and TetR—PIF6(1-100) under control of
Psvao.

RGA was PCR amplified from pSLS405 with oJATB003/0JATB004. pPF001 was
linearized with Spel/EcoRV. The fragments were assembled by AQUA cloning.

Psv4-GAI-VP16-IRES-TetR-Gid1a-pA

Bicistronic vector encoding GAI-VP16 and TetR—Gid1a under control of Psvao.
Gid1a was PCR amplified from pSLS411 with oJATB005/0JATB006. pJATB0O1
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv4-GAI-VP16-IRES-TetR-Gid1b-pA

Bicistronic vector encoding GAI-VP16 and TetR—-Gid1b under control of Psvao.
Gid1b was PCR amplified from pSLS412 with oJATB007/0JATB008. pJATB0O01
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv4-GAI-VP16-IRES-TetR-Gid1c-pA

Bicistronic vector encoding GAI-VP16 and TetR-Gid1c under control of Psvao.
Gid1c was PCR amplified from pSLS413 with oJATB009/0JATB010. pJATB0O01
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv40-RGA-VP16-IRES-TetR-Gid1a-pA

Bicistronic vector encoding RGA-VP16 and TetR-Gid1a under control of Psvao.
Gid1a was PCR amplified from pSLS411 with oJATB005/0JATB006. pJATB002
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv40-RGA-VP16-IRES-TetR-Gid1b-pA

Bicistronic vector encoding RGA-VP16 and TetR-Gid1b under control of Psvao.
Gid1b was PCR amplified from pSLS412 with oJATB007/0JATB008. pJATB002
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv40-RGA-VP16-IRES-TetR-Gid1c-pA

Bicistronic vector encoding RGA-VP16 and TetR-Gid1c under control of Psvao.
Gid1c was PCR amplified from pSLS413 with oJATB009/0JATB010. pJATB002
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psva0-GAI-VP16-IRES-TetR-ARF19-pA

Bicistronic vector encoding GAI-VP16 and TetR—ARF19 under control of Psvao.
ARF19 was PCR amplified from pSLS444 with oJATB011/0JATB012. pJATB001
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv40-GAI-VP16-IRES-TetR-ARR1ADKK -pA
Bicistronic vector encoding GAI-VP16 and TetR—ARR1 under control of Psvao.
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Material and Methods

ARR1ADKK was PCR amplified from pSLS443 with oJATB015/0JATB014.
pJATB001 was linearized with BsrGl/Ascl. The fragments were assembled by
AQUA cloning.

Psva0-RGA-VP16-IRES-TetR-ARF19-pA

Bicistronic vector encoding RGA-VP16 and TetR—ARF19 under control of Psvao.
ARF19 was PCR amplified from pSLS444 with oJATB011/0JATB012. pJATB002
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psva0-RGA-VP16-IRES-TetR-ARR1ADKK-pA

Bicistronic vector encoding RGA-VP16 and TetR—-ARR1 under control of Psvao.
ARR1ADKK was PCR amplified from pSLS443 with oJATB015/0JATB014.
pJATB002 was linearized with BsrGl/Ascl. The fragments were assembled by
AQUA cloning.

Psv4-GAI-VP16-IRES-TetR-SPL9-pA

Bicistronic vector encoding GAI-VP16 and TetR—SPL9 under control of Psvao.
SPL9 was PCR amplified from pJA001 with oJATB018/0JATB019. pJATB001 was
linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv4-GAI-VP16-IRES-TetR-SPL15-pA

Bicistronic vector encoding GAI-VP16 and TetR—SPL15 under control of Psvao.
SPL15 was PCR amplified from pJA003 with oJATB020/0JATB021. pJATB001
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv40-RGA-VP16-IRES-TetR-SPL9-pA

Bicistronic vector encoding RGA-VP16 and TetR—SPL9 under control of Psvao.
SPL9 was PCR amplified from pJA001 with oJATB018/0JATB019. pJATB002 was
linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv40-RGA-VP16-IRES-TetR-SPL15-pA

Bicistronic vector encoding RGA-VP16 and TetR-SPL15 under control of Psvao.
SPL15 was PCR amplified from pJA003 with oJATB020/0JATB021. pJATB002
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psva0-RGA-VP16-IRES-TetR-PIF1-pA

Bicistronic vector encoding RGA-VP16 and TetR—PIF1 under control of Psvao.
PIF1 was PCR amplified from pHB090 with oJATB023/0JATB024. pJATB002 was
linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psva0-RGA-VP16-IRES-TetR-PIF3-pA

Bicistronic vector encoding RGA-VP16 and TetR—PIF3 under control of Psvao.
PIF3 was PCR amplified from pMZ725 with oJATB025/0JATB026. pJATB002 was
linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psva0-RGA-VP16-IRES-TetR-PIF4-pA

Bicistronic vector encoding RGA-VP16 and TetR—PIF4 under control of Psvao.
PIF4 was PCR amplified from pHB091 with oJATB027/0JATB028. pJATB002 was
linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psva0-GAI-VP16-IRES-TetR-PIF1-pA

Bicistronic vector encoding GAI-VP16 and TetR-PIF1 under control of Psvao.
PIF1 was PCR amplified from pHB090 with oJATB023/0JATB024. pJATB001 was
linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psva0-GAI-VP16-IRES-TetR-PIF3-pA

Bicistronic vector encoding GAI-VP16 and TetR-PIF3 under control of Psvao.
PIF3 was PCR amplified from pMZ725 with oJATB025/0JATB026. pJATB001 was
linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psva0-GAI-VP16-IRES-TetR-PIF4-pA

Bicistronic vector encoding GAI-VP16 and TetR-PIF4 under control of Psvao.
PIF4 was PCR amplified from pHB091 with oJATB025/0JATB026. pJATB001 was
linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.
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Psva-GAI-VP16-IRES-TetR-SLY1-pA

Bicistronic vector encoding GAI-VP16 and TetR—SLY1 under control of Psvao.
SLY1 was PCR amplified from pSLS414 with oJATB029/0JATB030. pJATB001
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv40-RGA-VP16-IRES-TetR-SLY1-pA

Bicistronic vector encoding RGA-VP16 and TetR—SLY1 under control of Psvao.
SLY1 was PCR amplified from pSLS414 with oJATB029/0JATB030. pJATB002
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv40-SLY1-VP16-IRES-TetR-Gid1a-pA

Bicistronic vector encoding SLY1-VP16 and TetR-Gid1a under control of Psvao.
SLY1 was PCR amplified from pSLS414 with oJATB031/0JATB032. pJATB003
was linearized with Spel/EcoRV. The fragments were assembled by AQUA
cloning.

Psv40-SLY1-VP16-IRES-TetR-Gid1b-pA

Bicistronic vector encoding SLY1-VP16 and TetR—Gid1b under control of Psvao.
SLY1 was PCR amplified from pSLS414 with oJATB031/0JATB032. pJATB004
was linearized with Spel/EcoRV. The fragments were assembled by AQUA
cloning.

Psv40-SLY1-VP16-IRES-TetR-Gid1c-pA

Bicistronic vector encoding SLY1-VP16 and TetR—Gid1c under control of Psvao.
SLY1 was PCR amplified from pSLS414 with oJATB031/0JATB032. pJATB005
was linearized with Spel/EcoRV. The fragments were assembled by AQUA
cloning.

Psv40-GAI-VP16-IRES-TetR-RGA-pA

Bicistronic vector encoding GAI-VP16 and TetR—RGA under control of Psvao.
RGA was PCR amplified from pSLS405 with oJATB033/0JATB034. pJATB001
was linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv40-RGA-VP16-IRES-TetR-GAl-pA

Bicistronic vector encoding RGA-VP16 and TetR—GAI under control of Psvao.
GAl was PCR amplified from pSLS404 with oJATB035/0JATB036. pJATB002 was
linearized with BsrGl/Ascl. The fragments were assembled by AQUA cloning.

Psv4-Gid1a-VP16-IRES-TetR-GAI-pA

Bicistronic vector encoding Gid1a-VP16 and TetR—GAl under control of Psvao.
Gid1a was PCR amplified from pSLS411 with oJATB037/0JATB038. pJATB029
was linearized with Spel/EcoRV. The fragments were assembled by AQUA
cloning.

Psv40-Gid1b-VP16-IRES-TetR-GAl-pA

Bicistronic vector encoding Gid1b-VP16 and TetR—GAIl under control of Psvao.
Gid1b was PCR amplified from pSLS412 with oJATB039/0JATB040. pJATB029
was linearized with Spel/EcoRV. The fragments were assembled by AQUA
cloning.

Psv40-Gid1c-VP16-IRES-TetR-GAI-pA

Bicistronic vector encoding Gid1c-VP16 and TetR—GAI under control of Psvao.
Gid1c was PCR amplified from pSLSL413 with oJATB041/0JATB042. pJATB029
was linearized with Spel/EcoRV. The fragments were assembled by AQUA
cloning.

Psv4-Gid1a-VP16-IRES-TetR-RGA-pA

Bicistronic vector encoding Gid1a-VP16 and TetR—RGA under control of Psvao.
Gid1a was PCR amplified from pSLS411 with oJATB037/0JATB038. pJATB028
was linearized with Spel/EcoRV. The fragments were assembled by AQUA
cloning.

Psv40-Gid1b-VP16-IRES-TetR-RGA-pA
Bicistronic vector encoding Gid1b-VP16 and TetR—RGA under control of Psvao.

this work

this work

this work

this work

this work

this work

this work

this work

this work

this work

this work

this work
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Gid1b was PCR amplified from pSLS412 with oJATB039/0JATB040. pJATB028
was linearized with Spel/EcoRV. The fragments were assembled by AQUA
cloning.

pJATBO035 Psv40-Gid1c-VP16-IRES-TetR-RGA-pA this work

Bicistronic vector encoding Gid1c-VP16 and TetR—RGA under control of Psvao.
Gid1c was PCR amplified from pSLS413 with oJATB041/0JATB042. pJATB028
was linearized with Spel/EcoRV. The fragments were assembled by AQUA
cloning.

pJATB036 Psva0-RGAA17-VP16-IRES-TetR-Gid1a-pA this work

Bicistronic vector encoding RGAA17-VP16 and TetR—Gid1a under control of Psvao.
RGAA17 was PCR amplified from pSLS470 with oJATB003/0JATB004.
pJATBO003 was linearized with Spel/EcoRV. The fragments were assembled by
AQUA cloning.

pJATBO37 Psv40-RGAA17-VP16-IRES-TetR-Gid1b-pA this work

Bicistronic vector encoding RGAA17-VP16 and TetR—Gid1b under control of Psvao.
RGAA17 was PCR amplified from pSLS470 with oJATB003/0JATB004.
pJATB004 was linearized with Spel/EcoRV. The fragments were assembled by
AQUA cloning.

pJATBO038 Psva0-RGAA17-VP16-IRES-TetR-Gid1c-pA this work

Bicistronic vector encoding RGAA17-VP16 and TetR—Gid1c under control of Psvao.
RGAA17 was PCR amplified from pSLS470 with oJATB003/0JATB004.
pJATBO005 was linearized with Spel/EcoRV. The fragments were assembled by
AQUA cloning.

The plasmids pPF100 - pPF128 were designed by P. Fischbach and S. Romero and cloned by P.
Fischbach.
The plasmids pJATB001 — pJATB038 were designed and cloned together with T. Blomeier.
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5.4 Oligonucleotides

Table 2: Oligonucleotides used in this work.

oligo Sequence (5->3") description
0JA001 TCTTTTATTTCAGGTCCCGGATCGAATTGCCCACCATGGAGATGGGTTCCAACTCG Fw SPL9
0JA002 CTGGATCGAAGCTTGGGCTGCAGGTCGACTCTACACCTTCCTCTTCTTCTTTGGGAGAGA  Rev SPL9
CCAGTTGGTATGGTG
0JA005 TCTTTTATTTCAGGTCCCGGATCGAATTGCCCACCATGGAGTTGTTAATGTGTTCGG Fw SPL15
0JA006 CTGGATCGAAGCTTGGGCTGCAGGTCGACTCTACACCTTCCTCTTCTTCTTTGGAAGAGA  Rev SPL15
CCAATTGAAATGTTGA
0JA007 CGAAAAGTGCCACCTGACGTCGTCGACGATGATATCAGTCGTTATAGTGTTACTGTAGA Fw FUL
Amplicon X
0JA008 AACGAGCTCTGCTTATATAGGGCTAGCTCGTGTGCTTGTAACTCGTTCGT Rev FUL
Amplicon X
0JA028 CGATTGATCAGGCGCGCCCGGGCCGGCCGCCACGGCGATCTTTCCGCCCTTCT Rev FF
0JA033 GGTCCCGGATCGGAATTGCGGCCGCCCACCATGGAAGACGCCAAAAACATAAAGAAAGG FWFF
C

0JA034 ATGTTTTTGGCGTCTTCCATGGTGGGCGGCCGCAATTCCGATCCGGGACCTGAAATAAAA  Rev SV40
0JA052 CCGAAAAGTGCCACCTGACGTCGTCGACGATGATATCACTGACTTACTGTGATCTAAATG Fw FUL full

TT length
0JA053 AACGAGCTCTGCTTATATAGGGCTAGCTCGTCGCGACATATCTCTCTCTCTTCAAAATCTC  Rev FUL full
A length
0JA058 TTTTATTTCAGGTCCCGGATCGAATTGCGGGCGGCCGCATGGAGATGGGTTCCAACT Fw SPL9
0JA059 ACTACCAGCACTACCAGCACTATCGAATTCACCGGTGAGAGACCAGTTGGTATGGT Rev SPL9
0JA06G0 TCTTCTTCTCACCATACCAACTGGTCTCTCACCGGTGAATTCGATAGTGCTGGTAGTGCTG Fw VP16
GTAG

0JA062 CTACCAGCACTACCAGCACTATCGAATTCACCGGTAAGAGACCAATTGAAATGTTGAGG Rev SPL15
0JA063 TCCTCTCCTCAACATTTCAATTGGTCTCTTACCGGTGAATTCGATAGTGCTGGTAGTGCTG  Fw VP16

GTAGT
0JA082 TTTATTTCAGGTCCCGGATCGGAATTGCGCGGCCGCCCACCATGGGAGTCAAAGT Fw Gaussia
0JA083 TGTTTTAAGTTTAAACATCGATTGATCAGGCGCGCCTTAGTCACCACCGGCC Rev
Gaussia
0JA096 CGAAAAGTGCCACCTGACGTCGTCGACGATGATATCACAACTCGACATAAGGAATCAC Fw FUL
Amplicon VII
0JA097 AACGAGCTCTGCTTATATAGGGCTAGCTCGTCGCGAATTGATAACTGATAGTCTGATACCA Rev FUL
AAC Amplicon VII
0JA098 CGAAAAGTGCCACCTGACGTCGTCGACGATGATATCAGTCGTTATAGTGTTACTGTAGAA Fw FUL
AGTA Amplicon X
0JA099 AACGAGCTCTGCTTATATAGGGCTAGCTCGTCGCGATTTGTGCCTCCCTTTAGCT Rev FUL
Amplicon X
0JA105 AAGGCCAAGAAGGGCGGAAAGATCGCCGTGTAACTGATCTCGAGGCGAATTTCCCCGA Fw
pGENO016
0JA106 TTGTTCTGGATCATAAACTTTCGAAGTCATGGTGGCGACCGGTAGCG Rev
pGENO016
0JA109 GCCGGCGACGTGGAATCAAATCCTGGACCCATGAGAGCTGGTTTAAGTACGAT Fw SMAX1
oJA114 GCCTTTCTTTATGTTTTTGGCGTCTTCCATTACTGCCAAAGTAATAGTTGTCG Fw SMXL7
0JA118 GCCGGCGACGTGGAATCAAATCCTGGACCCATGCCAACGGCGGTGA Fw SMXL8
0JA154 CGCCGGGCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGCTACTGCCAAAGTAATAGTT  Rev SMAX1
GTCG

0JA156 CGCCGGGCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGCGATCACTTCGACTCTCGC Rev SMXL7
0JA158 CGCCGGGCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGCCTGAGATTTTACAAAGAAC  Rev SMXL8

AAGTCCATTTG
0JA226 TGTCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCATGCCGACGCCGGT Fw SMXL6
0JA227 TTATCCTCCTCGCCCTTGCTCACCATTGCTGACCATATCACATCCACCTTCGCC Rev SMXL6
0JA230 TGTCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCATGCCGACACCAGTAACCAC — Fwd SMXL7
0JA231 TTATCCTCCTCGCCCTTGCTCACCATTGCTGAGATCACTTCGACTCTCGCCG Rev SMXL7
0JA232 TACAACAGTTTCCGGCGAGAGTCGAAGTGATCTCAGCAATGGTGAGCAAGGG Fw mCherry
0JA233 TGTCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCATGCCAACGGCGGTG Fw SMXL8
0JA234 TTATCCTCCTCGCCCTTGCTCACCATTGCTGACTGAGATTTTACAAAGAACAAGTCCATTT  Rev SMXLS
GATC
0JA237 TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGAGTCAACACAACATCTTAGAAG Fw D14
0JA238 GGCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGCCCGAGGAAGAGCTCG Rev D14
0JA239 TGTCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCATGAGTCAACACAACATCTTA  Fw D14
GAAGC
0JA240 AACAGCTCCTCGCCCTTGCTCACCATGCTGCCCCGAGGAAGAGCTCGC Rev D14
0JA241 TTGCTCAGTTTCTCCGGCGAGCTCTTCCTCGGGGCAGCATGGTGAGCAAGGGCG Fw mEGFP
0JA245 TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGCGAACAGGTGGTTATAC Fw SMXL5
0JA246 GGGCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGCCTCGAACTTGGAAACTTGGA Rev SMXL5
0JA278 GCAATTCGATCCGGGACCT Rev
pMZ333
0JA285 TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGAGAGCAGATTTGATTACTATACAGC — Fw SMXL2
AAAC
0JA286 GGGCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGCAACGACCACCGTCCTGATAC Rev SMXL2
0JA287 TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGAGAGCTGGAGGCTGCA Fw SMXL3
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0JA288

0JA289
0JA290

0JA304

0JA305

0JA308

0JA323

0JA368

0JA369
0JA370
0JATBO001
oJATB002
oJATB003

oJATB004
oJATB005
oJATB006
oJATB007
oJATB008
oJATB009
oJATB010
oJATBO11
oJATB012
oJATB014

oJATB015

oJATB018
oJATB019
oJATB020
0JATB021

oJATB023
oJATB024
oJATB025
oJATB026
oJATB027
oJATB028
oJATB029
oJATB030
0JATBO031
0JATB032
oJATB033

oJATB034
oJATB035

oJATB036
oJATB037
oJATB038
oJATB039
oJATB040
0JATB041
0JATB042
oPF007

oPF008

oPF009
oPF074

oPFO075
oPF202
oPF203

oPF205
oPF206

Material and Methods

GGGCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGCTGTTGATGAACACTTGAAATGAA
ACCGTG
TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGCGTACAGGGGCTTATACC
GGGCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGCATCAACAAAGGAAACATGGATTC
TG

TGGCCGGCGACGTGGAATCAAATCCTGGACCCGCGCGCATGAAGAGAGATCA

GGGCCTTTCTTTATGTTTTTGGCGTCTTCCATTCCGCCATCTCCGATGACC

GGGCCTTTCTTTATGTTTTTGGCGTCTTCCATAGGAGGATTAAGCTCAGAGAGCAT

GGGCCTTTCTTTATGTTTTTGGCGTCTTCCATCGTCGTTGTCGTGGTGGTT

GCCTTTCTTTATGTTTTTGGCGTCTTCCATACCTCCTTCTCGAAGCGC

TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGGTGTGGTAGAAGAAGC
GGGCCTTTCTTTATGTTTTTGGCGTCTTCCATCATAGCAATGTCATTACGAATGTG
GTCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGAAGAGAGATCAT
CTACCAGCACTACCAGCACTATCGAATTCGATATCATTGGTGGAGAGTTTCCAAG
GTCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGAAGAGAGATCATCACC
AATTCC

CTACCAGCACTACCAGCACTATCGAATTCGATATCGTACGCCGCCGTCGA
AGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGCTGCGAGCGAT
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAACATTCCGCGTTTACAAACG
AGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGCTGGTGGTAACGA
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAAGGAGTAAGAAGCACAGGA
GAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGCTGGAAGTGAAGAAG
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCATTGGCATTCTGCGTTTA
AGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAAAGCTCCATCAAATGGAT
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTATCTGTTGAAAGAAGCTGCA
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCAAACCGGAATGTTATCGATGG
A
GAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGTCACGGAAGAGGAAAGA
CG
AGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGAGATGGGTTCCAACTC
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCAGAGAGACCAGTTGGTATG
AGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGAGTTGTTAATGTGTTCGG
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCAAAGAGACCAATTGAAATGTT
GA

GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGCATCATTTTGTCCCTG
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAACCTGTTGTGTGGTTTC
GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGCCTCTGTTTGAGCTTTT
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTACGACGATCCACAAAACTGAT
GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGAACACCAAGGTTGG
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAGTGGTCCAAACGAGAAC
GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAAGCGCAGTACTACC
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTATTTGGATTCTGGAAGAGGTC
TCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGAAGCGCAGT
ACTACCAGCACTACCAGCACTATCGAATTCGATATCTTTGGATTCTGGAAGAGGTCTCTTA
GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAAGAGAGATCATCACCAATT
CCAAGGT
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAGTACGCCGCCGTCGA
GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAAGAGAGATCATCATCATCA
TC
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAATTGGTGGAGAGTTTCCAAG
ACTACCAGCACTACCAGCACTATCGAATTCGATATCACATTCCGCGTTTACAAACGC
CTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGGCTGCGAGCGAT
ACTACCAGCACTACCAGCACTATCGAATTCGATATCAGGAGTAAGAAGCACAGGACTTG
CTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGGCTGGTGG
CTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGGCTGGAAG
ACTACCAGCACTACCAGCACTATCGAATTCGATATCTTGGCATTCTGCGTTTACAAATG
ACCTACAGCCCAGTGGCCTCGAGCTGCAGAAAGCTTCTTAAGCGACTGTGCCTTCTAGTT
GCCAGC

GACACACATTCCACAGCCATAGAGCCCACCGCATCCC

GCGGTGGGCTCTATGGCTGTGGAATGTGTGTCAGTTAGGGTG
ATGGAAGACGCCAAAAACATAAAGAAAGGCC

GGGTCCAGGATTTGATTCCACGTCG

AACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGAATGGTTTGCAAGAAGTTTGTT
CGTCAAGTG
GCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGACTTACCTACTCCAGCTCCAATTGATG
AACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGAAGGCGGTTCCGCTAGTGG
CCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGATAATATCATCTGAGCTTTACCAGTAGC
CTC

Rev SMXL3

Fw SMXL4
Rev SMXL4

Fw RGA
short
Rev RGA
short
Rev RGA
short 2
domains
Rev RGA
short 3
Rev RGA
short 4
Fw Kai2
Rev Kai2
Fw GAI
Rev GAI
Fw RGA

Rev RGA
Fw GID1a
Rev GID1a
Fw GID1b
Rev GID1b
Fw GID1¢c
Rev GID1c
Fw ARF19
Rev ARF19
Rev
ARR1ADKK
Fw
ARR1ADKK
Fw SPL9
Rev SPL9
Fw SPL15
Rev SPL15

Fw PIF1
Rev PIF1
Fw PIF3
Rev PIF3
Fw PIF4
Rev PIF4
Fw SLY1
Rev SLY1
Fw SLY1
Rev SLY1
Fw RGA

Rev RGA
Fw GAI

Rev GAI
Fw GID1a
Rev GID1a
Fw GID1b
Rev GID1b
Fw GID1c
Rev GID1c
Fw BGH TA

Rev BGH
TA

Fw SV40
Fw pMZ124
BB

Rev
pMZ124 BB
Fw IAA10

Rev IAA10

Fw IAA11
Rev IAA11
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oPF208

oPF209

oPF211

oPF212
oPF214
oPF215
oPF217
oPF218
oPF220

oPF221
oPF223

oPF224
oPF226

oPF227
oPF229

oPF230
oPF232

oPF233
oPF235
oPF236
oPF238

oPF239
oPF241

oPF242
oPF244
oPF245
oPF247

oPF248
oPF250

oPF251
oPF253

oPF254
oPF256

oPF257
oPF259

oPF260
oPF262

oPF263
oPF265

oPF266
oPF268
oPF269
oPF271
oPF272
oPF274

oPF275
oPF277

oPF278
oPF280

oPF281
oPF283

oPF284

oPF286

Material and Methods

ACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGAGTTGGATCTTGGTCTATCTCT
TTCAC
GCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGAAAACAAACATCTTGTATATGCACACG
GTCG
AACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGAATAGTTTCGAGCCACAAAGC
CAAGAC
ATGTTTTTGGCGTCTTCCATGCTAGACTCGTTTCTTTTAACTTGTCTTGTGTTTCCCTTG
AACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGACCCAAACACACCTGCAGAC
CTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGAAAAGGGAAGAAGAGCATCGTTTCTTC
AACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGTATTGCAGCGATCCTCCCCATC
TCTTTATGTTTTTGGCGTCTTCCATGCTAGAAAAGGGAAGTACAGCATCGTTTCTTCTTG
AACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGCGTGGTGTGTCAGAATTGGAG
G

TCTTTATGTTTTTGGCGTCTTCCATGCTAGAAACAGGGTTGTTTCTTTGTCTATCCTTC
CCGGCGACGTGGAATCAAATCCTGGACCCATGATTACTGAACTTGAGATGGGGAAAGGT
G
GGGCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGAAACCGGCTGCTTTCGCTGTCTC
ACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGCGAATGAGAGTAATAATCTTG
GACTC
TTTCTTTATGTTTTTGGCGTCTTCCATGCTAGATCCTCTGTTACATGATCTCTTCATAATCC
ACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGCAAAGGAAGGTCTAGCACTCG
AG
TTTCTTTATGTTTTTGGCGTCTTCCATGCTAGAATCTTGCTGGAGACCAAAACCAGTTGC
AACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGAGAAGGAAGGACTCGGGCTT
G

GCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGACTCGTCTACTCCTCTAGGCTGC
ACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGTCACCGGAGGAATACGTTAGGG
TCTTTATGTTTTTGGCGTCTTCCATGCTAGATAATCCAATAGCATCTCCGGTTTTCATTAAC
TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGTCTGTATCTGTAGCAGCAGAGCAT
G

CCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGAGTTCCTGCTTCTGCACTTCTCCATC
TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGAAGTCACCAATGGGCTTAACCTTA
AG
CCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGATAAGGCAGTAGGAGCTTCGGATCC
ACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGCGTACGAGAAAGTCAACGAGC
CCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGATAAGGAAGAGTCTAGAGCAGGAGCG
ACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGATGAGTTTGTTAACCTCAAGGA
AACAG
TTTCTTTATGTTTTTGGCGTCTTCCATGCTAGATACACCACAGCCTAAACCTTTGGCTTC
ACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGAAAAAGTTGATGTTTATGATGA
GCTTG
TTCTTTATGTTTTTGGCGTCTTCCATGCTAGAAAGACCACCACAACCTAAACCTTTAACTTC
AACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGATTAATTTTGAGGCCACGGAG
CTGAG
TTTCTTTATGTTTTTGGCGTCTTCCATGCTAGAACTTCTGTTCTTGCACTTTTCTAATGCCC
AACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGATGGGCAGTGTCGAGCTGAAT
C

TTTCTTTATGTTTTTGGCGTCTTCCATGCTAGAAGCTCTGCTCTTGCACTTCTCCATC
TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGATCGGCCAACTTATGAACCTCAAG
G

TCTTTATGTTTTTGGCGTCTTCCATGCTAGAAGATCTGTTCTTGCAGTACTTCTCCATTG
TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGAACCTTAAGGAGACGGAGCTTTGT
C
TTCTTTATGTTTTTGGCGTCTTCCATGCTAGATGATCTGTTCTTGAACTTCTCCATTGCTC
TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGTCTTATCGATTGCTAAGTGTGGATA
AGG
TCTTTATGTTTTTGGCGTCTTCCATGCTAGAAACCCGCTCTTTGTTCTTCGATTTCTCC
TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGTCCCCGGAAGAGGAGCTACAG
TCTTTATGTTTTTGGCGTCTTCCATGCTAGAAGCTCTCATCTTCGATTTCTCCATTGCTC
ACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGAAGAAGAAAAGAGATTGGAGC
TAAGG
CCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGATTCCTTGCCATGTTTTCTAGGTGAGAG
TG
TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGAGGGTTATTCAAGAAACGGTGAA
ATC
TTTCTTTATGTTTTTGGCGTCTTCCATGCTAGATCTTCTCATTTTCTCTTGCTTACCATTTCC
ACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGAAGGTTGTCCAAGAAACAGAG
AAATCG
TTCTTTATGTTTTTGGCGTCTTCCATGCTAGAGTGCATCATCTTCTCTTGCTTACTGCATC
TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGAGGTCTCTAACTCTTGTTCTTCAT
TTTC
TTTCTTTATGTTTTTGGCGTCTTCCATGCTAGAATACCTCTCCGGTCTCGTGATCTTTAG
ACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGGAAGAGGGAGAAGTTCATCGT
C
TTTCTTTATGTTTTTGGCGTCTTCCATGCTAGAGTAGTGGTAATTAGCTCTTGAAATCTTCA
GTC
ACTGGCCGGCGACGTGGAATCAAATCCTGGACCCATGGGAAGAGGGAGAAGCTCATCG

Fw IAA29
Rev IAA29
Fw IAA33

Rev IAA33
Fw IAA32
Rev IAA32
Fw IAA34
Rev IAA34
Fw IAA12

Rev IAA12
Fw IAA13

Rev IAA13
Fw IAA5

Rev IAA5
Fw IAA6

Rev IAA6
Fw IAA19

Rev IAA19
Fw IAA15
Rev IAA15
Fw IAA27

Rev IAA27
Fw IAA1

Rev IAA1
Fw IAA2
Rev IAA2
Fw IAA3

Rev IAA3
Fw IAA4

Rev IAA4
Fw IAA16

Rev IAA16
Fw IAA17

Rev IAA17
Fw IAA7

Rev IAA7
Fw IAA14

Rev IAA14
Fw IAA8

Rev IAA8
Fw IAA9
Rev IAA9
Fw IAA28
Rev IAA28
Fw IAA18

Rev IAA18
Fw IAA26

Rev IAA26
Fw IAA31

Rev IAA31
Fw IAA20

Rev IAA20

Fw IAA30

103



oPF287

0SLS401
0SLS402
0oSLS009

0SLS403
0SLS404
0SLS405
0SLS406
0oSLS407
0SLS422
0SLS423
0SLS424

0SLS425
oSLS310

oSLS311

oSLS312

oSLS313

oSLS314

oSLS315

0SLS442
0SLS466

Material and Methods

TCTTTATGTTTTTGGCGTCTTCCATGCTAGAGTAGTGATAAGCTCTTGAGATCTTTAGTCTT
CTC
AATCCTGGACCCGCGCGCATGAAGAGAGATCATCATCATCATCATCATCAAGATAAG
GGCGTCTTCCATGCTAGCATTGGTGGAGAGTTTCCAAGCCGAG
GAGAGAACACGGGGACTCTAGCGCTACCGGTTGGCTAGGTAAGCTTGGTACCACCATGA
CTTCGAAAGTTTATGATCCAGAAC
AATCCTGGACCCGCGCGCATGAAGAGAGATCATCACCAATTCCAAGGTC
GGCGTCTTCCATGCTAGCGTACGCCGCCGTCGAGAGTTTC
AATCCTGGACCCGCGCGCATGAAGAGAGAGCACAACCACCGTGAATC
GGCGTCTTCCATGCTAGCTTCCACACGATTGATTCGCCACGCAG
GCGCGCGGGTCCAGGATTTGATTCCACGTCG
CGACGTGGAATCAAATCCTGGACCCGCGCGCATGAAGAGAGGATACGGAGAAACATGGG
CTTTATGTTTTTGGCGTCTTCCATGCTAGCGGCGAGTTTCCACGCCGAGG
CGACGTGGAATCAAATCCTGGACCCGCGCGCATGAAACGAAGCCATCAAGAAACGTCTG
TAG

CTTTATGTTTTTGGCGTCTTCCATGCTAGCCCGCCGCAACTCCGCCG
TGGAGAGAACACGGGGACTCTAGCGCTACCGGTTGGCTAGGTAAGCTTGGTACCACCAT
GGCGGTATTGTCTAAACCGGTAGC
AATTCGGCCGCTGCCGCAGCGGCAGCGGCCGCTTAATTTAGGAGATTTTTTATAGTCTTC
CTT TCGAATTGTTG
TGGAGAGAACACGGGGACTCTAGCGCTACCGGTTGGCTAGGTAAGCTTGGTACCACCAT
GGTGGTTTTGCCACAGCCAGTC
AATTCGGCCGCTGCCGCAGCGGCAGCGGCCGCTTATACAAGGGTTTTATGATTGAGAAG
AGGTTGTTTC
TGGAGAGAACACGGGGACTCTAGCGCTACCGGTTGGCTAGGTAAGCTTGGTACCACCAT
GGATCCACCATTCAACGAAATATACAATAACC
AATTCGGCCGCTGCCGCAGCGGCAGCGGCCGCTTATCCGTAGACGTGATTAAGGAACCT
AG G

CCGCAATTCGATCCGGGACCTG
AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGCC

Rev IAA30

Fw GAI
Rev GAI
Fw REN-2A

Fw RGA
Rev RGA
Fw RGL1
Rev RGL1
Rev REN-2A
Fw RGL2
Rev RGL2
Fw RGL3

Rev RGL3
Fw GA20x1

Rev
GA20x1
Fw GA20x2

Rev
GA20x2
Fw GA20x8

Rev
GA20x8
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Abstract

Gibberellins (GA) are major regulators of developmental and growth processes in plants. We
developed here genetically-encoded biosensors to study GA perception and signaling,
transporter and metabolic analysis in Arabidopsis thaliana protoplasts with a high quantitative
and temporal resolution. These degradation-based biosensors display a high sensitivity and
specificity towards different bioactive and non-bioactive GAs. Due to their wide applicability
and high dynamic ranges, these GA biosensors can be used as proxies to analyze GA-related

processes in plant cells.

Keywords: synthetic biology tools, quantitative biosensor, gibberellin signaling and

metabolism, protoplasts
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Introduction

The phytohormone Gibberellin (GA) plays a major role in a plethora of developmental and
growth processes such as seed germination, vegetative growth and flowering’. In plants, there
is a great number of non-bioactive GAs being intermediates or catabolites, and transported
and then converted into only a few bioactive GAs?. The biosynthesis of the bioactive GAs GA,
GAs, GAs and GAr is a complex, multi-stepped process with different enzymes, including
various GA-oxidases, being involved®*(Fig. 1A). Bioactive GAs are perceived, and a signal
relay activated leading finally to changes in gene expression. Three key components are
involved in GA perception and signaling: i) GA receptors (GA INSENSITIVE DWARF1 (GID)
with three family members in Arabidopsis Thaliana (GID1a, b and ¢))*®, ii) SLY1 (F-Box protein
belonging to a SCF E3 ubiquitin-ligase complex)’ and iii) five DELLAs which belong to the
GRAS-family of transcriptional regulators in plants and negatively regulate GA responses (GA-
INSENSITIVE,GAIl; REPRESSOR-of-ga1-3, RGA; RGA-like1, RGL1; RGL2 and RGL3 in A.
thaliana)'®'°. The binding of GAs to the receptor leads to the formation of a co-receptor
complex between GA-GID1, DELLA and SLY. This leads to ubiquitylation and proteolysis of
the DELLA proteins thereby triggering GA downstream signaling responses’"'? (Fig. 1B).

To date, GA levels are typically analyzed with mass spectrometry which requires the disruption
of the tissue and prevents dynamic analysis''. Putative GA transporter activities are mainly
studied in Xenopus oocytes or the yeast Saccharomyces cerevisiae which have the limitations
of being non-plant systems'®. First sensors in planta have been developed, e.g. a Forster
Resonance Energy Transfer (FRET) biosensor'® or hormone activated Cas9-based repressors
(HACR)' to monitor in vivo bioactive GA distribution. However, it remains still challenging to
quantify time-resolved bioactive and non-bioactive GA dynamics and metabolic processes as
well as transporter activities in vivo at physiological-relevant levels.

Using the above described degradation-based signaling mechanism, we built DELLA-based
biosensors which can provide quantifications of hormone levels at high temporal resolution. In
addition, the biosensors allow dynamic analyses in a plant system. Following the same
modular design, we implemented in Arabidopsis protoplasts genetically-encoded biosensors
engineered from each of the five different DELLAs. These newly developed biosensors
incorporate either GAl, RGA, RGL1, RGL2 and RGL3 fused to a firefly luciferase connected
via a 2A peptide to a renilla luciferase which functions as a normalization element (Fig. 1C).
We could show quantitatively that the five DELLAs display large variability in GA specificity
and sensitivity towards the bioactive GAs 1,3,4 and 7, but also towards the known precursors
GAs and GAzo. Kinetic analysis performed with the most sensitive GA biosensor (RGA)
provided deeper insights into gibberellin sensing dynamics. In addition, we demonstrate the

applicability of this highly sensitive system (up to low pM-range) to answer questions on GA
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metabolism, such as the involvement of certain GA-oxidases in the GA biosynthesis process,
as well as the potential use as a quantitative screening platform in protoplasts.
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Figure 1: Gibberellin (GA) perception mechanism, GA biosensor design and the biosynthesis and
deactivation of bioactive GAs in Arabidopsis thaliana. (A) The bioactive GAs 1, 3, 4 and 7 are synthesized from
their precursors, GAx or GAg, in a single-step or multi-step conversions mediated by GA3Oxidases. GA2oxidases
catalyze the deactivation of GA1 and GAs. (B) Schematic overview of the GA perception mechanism in A. thaliana.
Upon binding of GAs to the coreceptor GID1, DELLAs associate to the SLY1 and SKP1/CUL1/F-box E2 ubiquitin
ligase complex (SCFS'Y') and become polyubiquitinated (U) and thereby targeted for degradation by the 26S
proteasome. (C) The five GA biosensor constructs contain each one DELLA as a sensor module (SM) fused to a
firefly luciferase (FF). A 2A peptide connects a renilla luciferase (REN) as a normalization element with the DELLA-
FF fusion which leads to stoichiometric co-expression. As a consequence of GA induction, DELLA-FF becomes
ubiquitinated and consequently degraded, whereas REN levels remain constant, which leads to a decrease in
FF/REN ratio.
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Results

Design of five genetically encoded distinct GA quantitative biosensors

We designed five degradation-based ratiometric GA biosensors using the intrinsic perception
machinery for GAs (Fig 1B and C) and following the molecular engineering principles described
previously'®'®, For this, we employed the full-length cDNA of the five different DELLASs in A.
thaliana as sensor modules (SM) and fused them to the firefly (FF) luciferase to monitor their
degradation. A renilla (REN) luciferase was utilized as a normalization element and connected
via a 2A peptide to the SM-FF fusion which enables their stoichiometric co-expression and
leads to a decrease in FF luminescence relative to REN luminescence (Fig. 1C). In addition,
we used the CtrlQuant sensor construct as a control where the sensor module was replaced
by a short repetitive sequence GAGAGAGAGAGAGA that should not be degraded in the

presence of the hormone™.

Sensitivity and Specificity analysis of the different DELLA-based biosensors
towards bioactive GAs in Arabidopsis protoplasts

To analyze the specificity and sensitivity of the DELLAs towards the bioactive gibberellins GA,
GAs, GA4 and GAy, the GA biosensors were expressed in A. thaliana wildtype protoplasts. A
RGA biosensor with a 17 aminoacid deletion in the DELLA sequence which should not react
to GA induction was included as a control?. After 5h incubation with increasing concentrations
of GAs (from 10 pM to 10 uM), the firefly and renilla luciferase activities were determined, and
the FF/REN ratios analyzed.

All DELLAs showed a decrease in FF/REN ratio with increasing concentrations of GAs, GA4
und GA7 meaning that all of them are sensitive towards these GAs. The CtrlQuant sensor and
the RGA biosensor version with the 17 amino acids deletion in the DELLA sequence show no
degradation (Fig. 2, Fig S1+S3). Nevertheless, there are large differences in sensitivity among
the different DELLAs; from 40% degradation of the RGL3 biosensor to almost 70% degradation
of the RGA biosensor when incubated with 1 — 10 yM GA4 for 5h. Additional experiments with
the proteasomal inhibitor MG132 showed the dependency on the 26S proteasome (Fig. S2).
The various DELLA-based gibberellin biosensors, show high sensitivity and differential
behavior towards distinct gibberellins and the sensing at lower hormone concentrations (up to
pM range). As a comparison, already existing sensor systems in Xenopus oocytes or the yeast
Saccharomyces cerevisiae have a working range in the M concentrations'®'®. All DELLAs
(except RGL3) show significant reductions at a low pM range of GAs; and GA7, meaning that
the biosensors show the highest sensitivity and specificity towards the bioactive GAs GA4 and
GAy. Induction with GA1 and GAs leads to minor degradation rates (mostly nM range). In

particular, the RGA sensor shows the highest sensitivity towards the different GAs with
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113  significant reductions starting at 10 pM for GA4 or GA7, and over 50% degradation at low nM
114  concentrations (GA4). Therefore, this sensor was selected for further studies.
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116 Figure 2: Sensitivity and specificity of RGA-, GAl-, RGL1-, RGL2- and RGL3-based biosensors towards the
117 bioactive gibberellins GA1, GA3s, GA4 and GA;. A. thaliana wildtype protoplasts were transformed with the
118 different sensor constructs containing either A) RGA, B) GAI, C) RGL1, D) RGL2 or E) RGL3 as a sensor module
119 (SM). 20h after transformation, the protoplasts were supplemented with serial dilutions ranging from 10 pM to 10
120 UM of either GA1, GAs, GA4 or GA; for 5h. Afterwards, the luciferase activity was determined. The error bars
121 represent the SEM (n = 6). The statistical significance between the different GA concentrations is indicated in lower
122 case letters, where “a” significantly differs from “b”, “b” from “c” and so on. One-way analysis of variance (ANOVA)
123 were performed with p < 0.05 (for RGL1,2 and 3 with GA1) or p < 0.01. F) Table summarizing the biosensor
124 sensitivities towards the different bioactive gibberellins (dark green: sensitivity lower than 10 pM, green: sensitivity

125  between 10 pM and 100 pM, lime-green: sensitivity between 100 pM and 1 nM, lime-green shade: sensitivity higher
126  than 1 nM).
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Analysis of the Sensitivity and Specificity of the GA biosensors towards non-
bioactive GAs

In the next step, we tested two different known GA precursors, namely GAx and GAo,
precursors of GA: and GA,, respectively?' (Fig. 1A) to determine if these molecules are
converted into bioactive GAs and thereby sensed by the biosensors. Arabidopsis wildtype
protoplasts were transformed with the DELLA biosensors and then incubated with increasing
concentrations of the two GA precursors. The FF and REN luciferase activities were
determined after 5h of incubation and afterwards the FF/REN ratios were analyzed.

All five DELLAs showed a decrease in the FF/REN ratio when incubated with GAg, although
large differences in sensitivity were observed. The RGA biosensor shows again the highest
sensitivity towards GAg with significant reduction at low nM-range and 50 % degradation at
high GAs concentrations (more than 100 nM), whereas RGL2 shows the lowest sensitivity with
30 % degradation at high GAg concentrations (10 uM). The incubation with the GA1 precursor
GAx results in almost no degradation of the DELLAs. Only RGA, GAI and RGL3 show a
significant decrease in the FF/REN ratio at high GAx concentrations (1 — 10 uM), whereas
RGL1 and RGL2 show no degradation at all.

These results imply that either the precursors are converted into their bioactive products during
the GA incubation time and/or that the precursors themselves are sensed.

The different specificities of the DELLA proteins and the high sensitivity of the system, makes
it a powerful screening platform for bioactive GAs and their precursors. Furthermore, these

sensors can be used as proxies to screen natural, but also putative synthetic GA-analogs.
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Figure 3: Sensitivity and specificity of RGA, GAI, RGL1, RGL2 and RGL3 towards two known precursors of
bioactive GAs, GAg and GAz. A. thaliana wildtype protoplasts were transformed with the different sensor
constructs comprising either A) RGA, B) GAI, C) RGL1, D) RGL2 or E) RGL3 as a sensor module (SM). 20h after
transformation, the protoplasts were supplemented with serial dilutions from 10 pM to 10 uM of either GAg and GAx
for 5h. Afterwards, the luciferase activity was determined. The error bars represent the SEM (n = 6). The statistical
significance between the different GA concentrations is indicated in lower case letters, where “a” significantly differs
from “b”, “b” from “c” and so on. One-way analysis of variance (ANOVA) were performed with p < 0.05 (for GAIl with
GAz and RGL2 with GAg) or p < 0.01. F) Table summarizing the biosensor sensitivities towards the different
bioactive gibberellins (green: sensitivity between 10 pM and 100 pM, lime-green: sensitivity between 100 pM and 1
nM, lime-green shade: sensitivity higher than 1 nM; red: not significant).
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Kinetic characterization of the RGA biosensor

To further characterize the most sensitive GA biosensor, namely the RGA-based module,
kinetic analyses were performed. For this, Arabidopsis wt protoplasts were transformed with
the RGA biosensor and after 20 h, incubated with increasing concentrations of GA4 (from 100
pM to 1 uM). The luciferase activity was then determined after 30, 60, 120, 240 and 480 min
of incubation with the hormone (Fig. 4). After 30 min, a 20 % degradation at high GA4
concentration (uM-range) is observed. Significant degradation of the RGA-FF fusion at low
GA4 concentrations (pM-range) started after 240 min. Finally, after 480 min, a significant
decrease (20 %) in the FF/REN ratio at low GAs; concentrations (pM-range) occurs.
Additionally, the maximum RGA-FF degradation is reached (about 60%) starting at low nM
GA: concentrations. The kinetic characterization of the system showed that the RGA biosensor

does not only have a high sensitivity and specificity towards GA4, but also a fast response.
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Figure 4: RGA biosensor kinetic analysis. A. thaliana wildtype protoplasts were transformed with the RGA
biosensor construct. 20h after transformation, the protoplasts were supplemented with serial dilutions from 100 pM
to 1 uM of GA4 for 30 min, 60 min, 120 min, 240 min and 480 min before luciferase activity determination. The error
bars represent the SEM for n = 6 replicates.

121



180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

Study of GA oxidases-dependent gibberellin metabolism

GA2oxidases are a major inactivation pathway for GA signalling in Arabidopsis?. The
GA2oxidases 1,2,3,4 and 6 have been shown to act specifically against C19-GAs including
GA; and GA4 %22 (Fig. 1A) by catalyzing the 2-p-hydroxylation of GAs to GAss and GA+ to GAs.
GA20x7 and 8 on the other hand, catalyze the 2-B-hydroxylation of C20 GAs such as the
common precursor GA1,2*,

We applied the biosensor to study the specificity and activity of three different GA2oxidases.
Arabidopsis protoplasts were transformed with the RGA sensor and either GA20x1, GA20x2
or GA20x8 and incubated 20 h post transformation with increasing GA: and GA4
concentrations from 1 nM to 10 uM. In addition, the RGA sensor was co-transformed with a
control plasmid. As depicted in Figure 5, the FF/REN ratio at low concentrations remains
similar between the control and GA20x1 and GA20x2. Only when incubated with 10 uM GA4,
the dynamic range is sufficient to show a significant difference between the degradation of
RGA without and with GA2ox1 or GA20x2 (Fig. 5) meaning that there is less degradation in
the presence of either GA20x1 or 2. This indicates that these two oxidases are indeed acting
on GA;1 and catabolize it to non-bioactive GAs.

The good dynamic range and high sensitivity of the RGA sensor towards GA4 allows to analyze
the effect of GA20xidases on RGA-FF also at lower concentrations. By adding either GA20x1
or GA20x2, we observed less degradation compared to the control. Especially, GA20x2 has
a huge effect on GA4, while GA20x1 has a moderate effect (Fig. 5). When incubated with
GA20x8, we observed repeatedly no effect on GAs. We could show in this protoplast system
that GA20X1 and GA20x2 inactivate bioactive C19-GAs like GA1 and GA4 and convert them
the non-bioactive catabolites which are no longer able to induce the degradation of RGA.
GA20x8, which should act on C20 GAs only, does not have a direct effect on GAa. In general,
this GA biosensor can be utilized to address GA biosynthesis and metabolism questions in a
quantitative manner. Its high sensitivity allows to distinguish between the effects of different
GA20xidases on GAs.
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Figure 5: RGA biosensor as a tool to study the activity and specificity of GA oxidases in plant cells. A.
thaliana wildtype protoplasts were transformed with the RGA biosensor construct and an additional GA2 oxidase
(either GA20x1, GA20x2, GA20x8 or a control). 20h after transformation, the protoplasts were supplemented with
serial dilutions from 1 nM to 10 uM of GA4 or GA4 for 4h. Afterwards, luciferase activity was measured. The error
bars represent the SEM (n = 6).

GA transporter activity studies in plant cells

One important topic in gibberellin research is its transport throughout the plant. The knowledge
of GA perception and signaling is broadening, however there is still little known about its
transport. In general, two systems are extensively used to analyze transporter activities and
substrates: Xenopus oocytes and the yeast Saccharomyces cerevisiae'®. We set here to test
whether the GA-biosensors developed are applicable to study and detect transporter activity
in protoplasts. The recently reported GA transporter NPF3 belongs to the large NRT1/PTR
FAMILY (NPF) and it has already been shown to transport GAs and GA; (among other
substrates) in yeast and oocytes?>?’, but not in a plant system yet. With the GA biosensors in
protoplasts, the transporter specificity towards distinct GAs, but also the direction of the GA
transport could be further analyzed. We co-transformed the protoplasts with either NPF3 or a
control without transporter activity and our RGA biosensor and incubated with increasing
concentrations of GAs and GAs for 2 and 4 h (Fig. 6 and Fig. S4). Afterwards, the luciferase
activity was determined. Our results suggested that indeed GAs is transported by NPF3 into
the protoplasts (Fig. 6) which is visible at low and high GAs concentrations. At high pM/low nM
concentrations, there is over 40 % more decrease in RGA-FF/REN ratio in the presence of the
NPF3 transporter. For GA4, no significant transporter activity could be observed in this system
(Fig. 6).

Our GA biosensor in protoplasts provides a platform to not only screen for transporter activities,
but also gives insight into the specificity towards different GAs and the direction of transport.
Therefore, it constitutes an alternative to already existing screening platforms like oocytes and
yeast-two-hybrid systems, because as a plant system it comes closer to the physiological
conditions in plants. In addition, the sensitivity of the system allows for transporter (direction)

analysis even at low hormone concentrations.
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Figure 6: RGA biosensor as a tool to study GA transporter in a plant system. A. thaliana wildtype protoplasts
were transformed with the RGA biosensor construct and the NPF3 GA transporter or a control. 20h after
transformation, the protoplasts were supplemented with serial dilutions from 100 pM to 1 uM of GA3 or GA4 for 2h.
Afterwards, luciferase activity was measured. The error bars represent the SEM (n = 6).
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Discussion

The quantitative in vivo monitoring and the dynamic analysis of intracellular GA levels is still
challenging. To overcome these limitations we built five genetically-encoded GA biosensors
based on the intrinsic GA-induced DELLA proteasomal-mediated degradation mechanism
(Fig. 1B). These five biosensors comprise either RGA, GAl, RGL1, RGL2 or RGL3 as sensor
modules fused to a firefly luciferase. As a normalization element, a renilla luciferase is
connected via a 2A peptide to the DELLA-FF fusion (Fig. 1C). This construct composition
allows the highly sensitive analysis of intracellular changes upon exogenous application of
GAs within plant cells. These GA biosensors can be utilized as molecular proxies to investigate
i) the sensitivity and specificity towards different GAs and precursors, ii) metabolic processes,
and iii) hormone transporter activities. For the characterization of the system, we selected proof
of principle applications. The high sensitivity towards the bioactive GAs GAs, GAs and GA7 up
to a low pM range, make the biosensors suitable for screenings towards not only endogenous
GAs, but also synthetic GA analogues and their precursors. The fact that even known GA
precursors like GAg and GAx induce a DELLA-FF degradation, implies that either these
precursors are also sensed or that they are metabolized into their bioactive products, namely
GA,4 and GA:.

In addition, this biosensor system allows the analysis of GA-related metabolic processes. By
co-expression of the highly sensitive RGA biosensor with GA oxidases, we could observe their
selectivity towards different GAs. We showed that GA2-oxidase 1 and 2 act on GAs and GAg,
whereas GA2-oxidase 8 had no significant effect. This underlines the effect of the GA2-
oxidases 1 and 2 on C19-GAs, like for example GA1 and GA4, that was already demonstrated
earlier via phenotypical Arabidopsis mutant analysis, GC/MS or expression analysis via RT-
PCR?-2* However, all of the above-mentioned methods are either non/semi-quantitative or
demand the disruption of the plant tissue. The here presented GA biosensors represent a new
biosynthetic tool for the investigation of GA-related metabolic processes in a quantitative
manner with a high spatio-temporal resolution in a protoplast system. Future areas of
application could include the analysis of additional enzymes associated with GA biosynthesis
or even large scale metabolite and enzyme screenings.

In an additional proof of principle experiment, we investigated GA transporter activities. For
this, the recently reported NPF3 transporter of the NRT1/PTR FAMILY (NPF) %% was selected
and using this experimental approach we could indeed show NPF3 activity as a GAs-importer
(Fig. 6). For GA4, no significant effect was observed, although a transporter activity has also
been proposed for GA4 in other systems 2>%,

Whereas the conventional methods for analyzing GA contents need the disruption of tissues
or demand complex and expensive preparation procedures, the protoplast system in

combination with the sensors introduced here is relatively cheap and technically simple. In
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combination with other methods, such as genetic analyses, our new system depicts a useful
completion for investigating GA signaling and metabolic analyses. Future perspectives could
be the expansion of this principle to the implementation of engineered fluorescence sensors
in plants and luminescence sensors in an orthogonal system like mammalian cells'®.
Furthermore, GA signaling components could be analyzed in mutant protoplasts as it was

already done for strigolactone signaling™.
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Material and Methods

Plasmid Construction

The expression vectors and cloning strategies are described in table S1.

Plant Material, Protoplast Isolation and Transformation

The seeding of the Arabidopsis thaliana seeds as well as the protoplast isolation were
performed as previously described (Samodelov et al., 2016).

For the protoplast transformation, 30 pg of Sensor construct were adjusted to a volume of 20
pl with MMM Medium [MES, mannitol, and magnesium; 15 mM MgCl,, 5 mM MES, 0.465 M
mannitol (pH 5.8)]. For the GA-oxidase or transporter studies, 15 pg of the GAoxidase, the
transporter or a control plasmid were added to the sensor construct and then adjusted with
MMM Medium to a volume of 20 pl.

500,000 protoplasts in 100 yl MMM solution were carefully mixed with the DNA and incubated
for 5 min. Afterwards, 120 pl of polyethylene glycol (PEG) solution (2.5 mL 0.8 M mannitol, 1
mL 1 M CaCl;, 4 g PEG4000 from Sigma-Aldrich, and 3 mL H2O, prepared fresh for each
experiment) were added in a dropwise manner. Finally, 120 yl MMM were supplemented,
overlaid to a final volume of 1.8 mL per reaction with PCA (protoplast culture Arabidopsis,
0.32% (w/v) Gamborg B5 basal salt powder with vitamins from bioWORLD, 2 mM
MgSO04-7H20, 3.4 mM CaClz:2H20, 5 mM MES, 0.342 mM L-glutamine, 58.4 mM sucrose, 550
mosmol with glucose, 4.2 uM Ca-pantothenate, 2% (v/v) biotin from a biotin solution of 0.02%
(w/v) in H20, 0.1% (v/v) Gamborg B5 Vitamin Mix (pH 5.8), and 1:2000 ampicillin (stock
solution: 1mg/mL)). In this manner, multiple transformations were performed together and

pooled before hormone induction.

Treatment with GA and luminescence analysis

The inducer substrates GA1, GAs, GA4, GA7, GAg and GAz were obtained from OIChemim Ltd
and prepared as a 10 mM stock solution in ethanol. The proteasomal inhibitor MG132 (Sigma-
Aldrich) was prepared as a 40 mM stock solution in dimethyl sulfoxide and added directly to
the protoplasts 2 h before induction with GA at the final concentrations indicated.

The general treatment with GAs and the luminescence analysis were performed as described
in Samodelov et al., 2016 for strigolactone. Briefly, 20 — 24 h after transformation, the
transformation replicates were pooled together and for each concentration of the inducer
substrate and for each measuring time point, 960 pl protoplast solution were pipetted into a 2
mL deep-well storage plate (Corning). Serial dilutions of the inducer substrate GA, GAs, GAs,
GA7, GAg or GAx were prepared in PCA at a 11-fold concentration of the desired final
experimental concentration and 96 pl were mixed with 960 pl protoplast solution. The durance

of the following GA incubation step depended on the type of analysis: 5 h for

127



322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344

selectivity/specificity analysis towards different GAs, 4 h for transporter and GA2oxidase
analysis and 30 min, 1 h, 2 h, 4 h and 8 h for kinetic analysis of the RGA sensor.

For the luminescence determination, 80 ul of the induced protoplasts were pipetted into two
separate white 96-well assay plates in order that firefly and renilla luminescence could be
determined simultaneously in two plate readers. Before the measurement, 20 pl of firefly
substrate [0.47 mM D-luciferin (Biosynth AG), 20 mM tricine, 2.67 mM MgSO4-7H-0, 0.1 mM
EDTA-2H,0, 33.3 mM dithiothreitol, 0.52 mM adenosine 5'-triphosphate, 0.27 mM acetyl—
coenzyme A, 5 mM NaOH, 0.26 mM MgCOs3-5H20, in H2O] or coelenterazine (472 mM
coelenterazine stock solution in methanol, diluted directly before use 1:15 in phosphate-
buffered saline) were added to the samples. Firefly luminescence was determined in a Berthold
Technologies Centro XS® LB960 Microplate luminometer whereas renilla luminescence was
determined in a Berthold technologies Tristar’S LB942 Multimode Plate Reader.

Statistical Analysis
Ordinary one-way ANOVAS and multiple comparisons for statistical significance were
performed with GraphPad Prism 7 for Mac Os X version 10.13.1.
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Figure S1: CtrlQuant activity upon induction with GA; and GA4. Arabidopsis Thaliana wildtype protoplasts were
transformed with the CtrlQuant sensor. 20h after transformation, the protoplasts were supplemented with serial
dilutions from 100 pM to 1 uM of either GAs or GA4 for 5h. Afterwards, the luciferase activity was determined and
the averaged FF/REN ratios were normalized to the sample without GA addition. The error bars represent the
standard error of the mean (SEM) for n=6.
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Figure S2: GA-dependent RGA degradation is mediated by the 26S proteasome. Arabidopsis Thaliana
wildtype protoplasts were transformed with AtRGA sensor construct and treated with 40 uM proteasomal inhibitor
MG132 20h after transformation and 2h prior to GA induction. Luciferase activity was determined after 4h. The
results are FF/REN ratios normalized to the sample without GA addition. The error bars represent the standard
error of the mean (SEM; n=6).
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Figure S3: GA-dependent RGA degradation is mediated by the DELLA domain. Arabidopsis Thaliana wildtype
protoplasts were transformed with either the RGA or the RGAA17 sensor construct which has a 17 aminoacid
deletion within the DELLA domain. 20h after transformation, the protoplasts were supplemented with serial dilutions
from 10 pM to 10 puM of either GAs or GA4 for 5h. Afterwards, the luciferase activity was determined and the

averaged FF/REN ratios were normalized to the sample without GA addition. The error bars represent the standard
error of the mean (SEM) for n=6.
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Figure S4: RGA biosensor as a tool to study GA transporter in a plant system. Arabidopsis Thaliana
wildtype protoplasts were transformed with the RGA biosensor construct and the NPF3 GA transporter or a
control. 20h after transformation, the protoplasts were supplemented with serial dilutions from 100 pM to 1 uM of
GAs or GA, for 4h. Afterwards, luciferase activity was measured. The error bars represent the SEM for n = 6
replicates.
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Table S1: Expression vectors used in this study.

Plasmid

Description

Reference or Source

pJA152

P35s-NPF3-Tnos

Vector encoding AtNPF3 under the control of Pass for the use
in plant cells. NPF3 was amplified from the clone U21885
(ABRC) with the oligos 0JA332/0JA333 including AQUA
overhangs, pGENO016 was amplified with 0JA268/0JA271.
The fragments were assembled via AQUA cloning.

This work

pSLS404

Psss-Renilla-2A-GAl-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with Arabidopsis GAl
DELLA as SM for use in plant cells. GAl was amplified from
clone U14047 (ABRC) with oligos 0SLS401/0SLS402
including Gibson overhangs, Ren-2A was PCR

amplified from pMK147 with oSLS009/0SLS407 including
Gibson overhangs. REN-2A and the GAl-amplicon were
combined via fusion PCR and cloned into Notl/Nhel digested
CtrlQuant by Gibson cloning.

This work

pSLS405

Psss-Renilla-2A-RGA-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with Arabidopsis RGA
DELLA as SM for use in plant cells. RGA was amplified from
clone U13937 (ABRC) with oligos 0SLS403/0SLS404
including Gibson overhangs. REN-2A and the RGA-amplicon
were combined via fusion PCR and cloned into Notl/Nhel
digested CtrlQuant by Gibson-cloning.

This work

pSLS406

Psss-Renilla-2A-RGL1-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with Arabidopsis RGL1
DELLA as SM for use in plant cells. RGL1 (AY096506) was
amplified from clone U18422 (ABRC) with oligos
0SLS405/0SLS406 including Gibson overhangs.

REN-2A and the RGL1-amplicon were combined via fusion
PCR and cloned into Notl/Nhel digested CtrlQuant by Gibson-
cloning.

This work

pSLS417

Psss-Renilla-2A-RGL2-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with Arabidopsis RGL2
DELLA as SM for use in plant cells. RGL2 (NM_111216) was
amplified from RGL2 in S/D-TOPO vector (Invitrogen)
received from S. Prat (Centro Nacional de Biotecnologia,
Madrid) with 0SLS422/0SLS423, Ren-2A was PCR amplified
with 0SLS009/0SLS407 and Gibson-cloned into Notl/Nhel
digested CtrIQuant.

This work

pSLS418

Psss-Renilla-2A-RGL3-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with Arabidopsis RGL3
DELLA as SM for use in plant cells. RGL3 (NM_121755) was
amplified from RGL3 in S/D-TOPO vector (Invitrogen)
received from S. Prat (Centro Nacional de Biotecnologia,
Madrid) with 0SLS424/0SLS425, Ren-2A was PCR amplified
with 0SLS009/0SLS407 and Gibson-cloned into Notl/Nhel
digested CtrlQuant.

This work

pSLS470

Psss-Renilla-2A-RGAA17-Firefly-myc-pA

Ratiometric gibberellin sensor plasmid with Arabidopsis
RGAA17 DELLA as SM for use in plant cells. RGAA17 was
amplified from RGAA17-containing plasmid received from the
group of M. Blazquez with Oligos 0SLS403/0SLS404
including Gibson overhangs. REN-2A and the RGAA17-
amplicon were combined via fusion PCR and cloned into
Notl/Nhel digested CtrlQuant by Gibson-cloning.

This work

pSLS479

P3s5s-GA20x-1-Thos
Vector encoding GA20x1 under the control of Psss for the use
in plant cells.

This work
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GA20x-1 was amplified from ABRC clone (stock number:
C105372) using oligos 0SLS310/0SLS311. pGENO016 was
digested (Agel/Notl) and the backbone was assembled with
the PCR-fragment by GIBSON cloning.

pSLS480

P3ss-GA20x-2-Thos

Vector encoding GA20x2 under the control of P3ss for the use
in plant cells.

GA20x-2 was amplified from ABRC clone (stock number:
U20502) using oligos 0SLS312/0SLS313. pGEN016 was
digested (Agel/Notl) and the backbone was assembled with
the PCR-fragment by GIBSON cloning.

This work

pSLS481

P3ss-GA20x-8-Thos

Vector encoding GA20x8 under the control of Pass for the use
in plant cells.

GA20x-8 was amplified from ABRC clone (stock number:
DQ653213) using oligos 0SLS314/0SLS315. pGEN016 was
digested (Agel/Notl) and the backbone was assembled with
the PCR-fragment by GIBSON cloning.

This work

pGENO16

P3ss-mEGFP-Tnos
Vector encoding mMEGFP under the control of Psss

Received from M.
Rodriguez-Franco
(University of
Freiburg)

pSW209
(CtrlQuant)

Psss-Renilla-2A-Firefly-myc-pA
Vector encoding firefly luciferase and renilla luciferase
separated by a 2A-peptide under control of P3ss.

pMK147

Per1a-Renilla-2A-Aux/IAA-Firefly-myc

Vector for mammalian expression of Renilla luciferase
and auxin sensor module fused to firefly
luciferase-myc.

134



50

51
52
53
54
55
56
57
58

Table S 2: Oligonucleotides used in this study.

Oligo

Sequence 5->3°

0JA332

ACACGGGGACTCTAGCGCTACCGGTCGCCACCATGGAGGAGCAAAGCAAG

0JA333

AACGATCGGGGAAATTCGCCTCGAGATCAGTTATTCATCAACTAAACTCCTATTTGAC

0JA268

GGTGGCGACCGGTAGC

0JA271

TAACTGATCTCGAGGCGAATTTCCCC

0SLS401

AATCCTGGACCCGCGCGCATGAAGAGAGATCATCATCATCATCATCATCAAGATAAG

0SLS402

GGCGTCTTCCATGCTAGCATTGGTGGAGAGTTTCCAAGCCGAG

0oSLS009

GAGAGAACACGGGGACTCTAGCGCTACCGGTTGGCTAGGTAAGCTTGGTACCACCATGACTT
CGAAAGTTTATGATCCAGAAC

0SLS403

AATCCTGGACCCGCGCGCATGAAGAGAGATCATCACCAATTCCAAGGTC

0SLS404

GGCGTCTTCCATGCTAGCGTACGCCGCCGTCGAGAGTTTC

0SLS405

AATCCTGGACCCGCGCGCATGAAGAGAGAGCACAACCACCGTGAATC

0SLS406

GGCGTCTTCCATGCTAGCTTCCACACGATTGATTCGCCACGCAG

0SLS407

GCGCGCGGGTCCAGGATTTGATTCCACGTCG

0SLS422

CGACGTGGAATCAAATCCTGGACCCGCGCGCATGAAGAGAGGATACGGAGAAACATGGG

0SLS423

CTTTATGTTTTTGGCGTCTTCCATGCTAGCGGCGAGTTTCCACGCCGAGG

0SLS424

CGACGTGGAATCAAATCCTGGACCCGCGCGCATGAAACGAAGCCATCAAGAAACGTCTGTAG

0SLS425

CTTTATGTTTTTGGCGTCTTCCATGCTAGCCCGCCGCAACTCCGCCG

oSLS310

TGGAGAGAACACGGGGACTCTAGCGCTACCGGTTGGCTAGGTAAGCTTGGTACCACCATGG
CGGTATTGTCTAAACCGGTAGC

oSLS311

AATTCGGCCGCTGCCGCAGCGGCAGCGGCCGCTTAATTTAGGAGATTTTTTATAGTCTTCCTT
TCGAATTGTTG

0oSLS312

TGGAGAGAACACGGGGACTCTAGCGCTACCGGTTGGCTAGGTAAGCTTGGTACCACCATGG
TGGTTTTGCCACAGCCAGTC

oSLS313

AATTCGGCCGCTGCCGCAGCGGCAGCGGCCGCTTATACAAGGGTTTTATGATTGAGAAGAG
GTTGTTTC

oSLS314

TGGAGAGAACACGGGGACTCTAGCGCTACCGGTTGGCTAGGTAAGCTTGGTACCACCATGG
ATCCACCATTCAACGAAATATACAATAACC

oSLS315

AATTCGGCCGCTGCCGCAGCGGCAGCGGCCGCTTATCCGTAGACGTGATTAAGGAACCTAG
G

1. Beyer, H. M. et al. AQUA Cloning: A Versatile and Simple Enzyme-Free Cloning
Approach. PLoS One 10, e0137652 (2015).

2. Wend, S. et al. A quantitative ratiometric sensor for time-resolved analysis of auxin
dynamics. Sci. Rep. 3, 2052 (2013).
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INTRODUCTION

Strigolactones (SLs) are carotenoid-derived lactones that affect diverse processes in plants
regarding growth and development by acting as endogenous phytohormones as well as
exogenous signals in the rhizosphere. Within the plant they fulfil various tasks concerning
developmental aspects such as leaf shape (elongation and serration) and senescence, shoot
gravitropism, stem secondary thickening and internode elongation, root architecture and
drought/stress tolerance '~. Furthermore, they regulate shoot branching ®° and mediate plant
adaptations to nutrient availability '®''. They promote symbiosis with arbuscular mycorrhizal

fungi which provides the plants with minerals 213,

Nevertheless, SLs also convey the
recognition of host roots by parasitic weeds of the genera Striga or Orobanchae. This causes
severe crop yield losses in Africa and Asia ™ resulting in a rapidly growing interest in the
strigolactone research. Due to these distinct and important biological functions, understanding
the SL signaling mechanisms has become an important research area in plant sciences.
However, the investigation and analysis of these processes in plants by quantifying the
hormone at high spatial and temporal resolution with biochemical methods such as GC-MS

and not disrupting the tissues, still remains a challenge ' and prevents in vivo dynamic assays
16

The degradation-based SL perception and early signaling mechanism is similar for various
phytohormones including auxin, gibberellin and jasmonate and has been used for the
development of genetically encoded biosensors '*'°. From genetic screens of SL-insensitive
mutants, three key components have been shown to be required for SL response in
Arabidopsis: the o/p fold hydrolase D14 , MAX2 (F-Box protein, constituent of a SCF E3
ubiquitin-ligase complex) and D53-like SMXLs (8 family members in Arabidopsis thaliana)
which are regulators of the strigolactone response 2>-%. The binding of SLs to D14 leads to
the formation of a co-receptor complex with MAX2 and the regulators of the strigolactone
response, the D53-like SMXL family, which in turn leads to the ubiquitylation and proteolysis
of the latter thereby triggering SL signaling (Fig. 1A) 2>%. However, there still remain open
questions concerning SL signaling kinetics, regulation and the behavior of D14 in this
perception machinery. In recent studies we developed the first genetically encoded
quantitative biosensor for SLs to quantify the hormone at high spatial and temporal resolution

using the degradation-based signaling mechanism 2

(Fig. 1B). The StrigoQuant sensor
incorporates SMXL6 as a sensor module fused to a firefly luciferase connected via a 2A
peptide to a renilla luciferase as a normalization element (Fig 1B). Due to this modular
construction, other SL signaling components can be incorporated and tested easily with this
sensor system. The StrigoQuant sensor has a wide applicability in vivo in the Arabidopsis
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protoplast system being the first SL sensor which is able to translate SL concentrations into a
direct readout in a quantitative manner with a high resolution. It allows the functional study of
other SL sensing complex components including MAX2 and D14. Moreover, it enables a better

understanding of the specificity/selectivity for the different natural SLs %.

In order to obtain insights into mechanistic, regulatory aspects, we resorted to the StrigoQuant
sensor to obtain a quantitative description of the kinetics. We first performed studies on the
kinetics of the hormone-dependent degradation of SMXL6. The obtained quantitative kinetic
data on SMXL6 degradation was then integrated into an ad-hoc developed theoretical
computational modelling which enables a better quantitative description of the process. The
modelled data led to the prediction that D14 might also undergo degradation triggered by rac-
GR24. Subsequently a quantitative sensor was engineered based on D14 and a similar
degradation analysis in the presence of rac-GR24 was performed hereby demonstrating that

D14 is degraded in a hormone dose-dependent manner.

In summary, we implemented a quantitative biosensor as a proxy of sensitivity and kinetic
parameters of the SL perception complex and used this data to calibrate a mathematical model
describing the process. The generated data allowed to infer that the receptor might also
undergo hormone-dependent degradation. We further tested and confirmed this hypothesis
experimentally upon development of a D14-based quantitative biosensor. These results
illustrate the potential general utility of implementing an approach integrating quantitative
experimental data with theoretical analyses for the unravelling of molecular mechanistic and

regulatory principles of plant signaling pathways.
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Figure 1: Strigolactone perception mechanism and StrigoQuant sensor design. (A) Schematic overview of
the SL perception machinery. Upon binding of SLs to the coreceptor D14, SMXL6 associates to the MAX2 and
SKP1/CUL1/F-box E2 ubiquitin ligase complex (SCFMAX2) and becomes polyubiquitinated (U) and thereby targeted
for degradation by the 26S proteasome. (B) The StrigoQuant construct, as described in Samodelov et al. 2016,
contains a renilla luciferase (REN) connected via a 2A peptide to the sensormodule SMXL6 fused to a firefly
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luciferase (FF) under the control of a constitutive 35S promoter. The 2A peptide leads to stoichiometric
coexpression of REN as the normalization element and the SMXL6-FF sensormodule. As a consequence of SL
induction, SMXL6-FF becomes ubiquitinated and consequently degraded, whereas REN expression remains the
same, which leads to a decrease in FF/REN ratio (modified from Samodelov et al.).
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RESULTS

To study and understand strigolactone sensing, we performed sensor kinetics in Arabidopsis
thaliana protoplasts with the previously developed StrigoQuant biosensor. This degradation-
based and ratiometric luminescent biosensor has a wide dynamic range and a high
selectivity/sensitivity (pM range) towards the synthetic strigol-like SL analog racemic GR24
(rac-GR24) ¥ The StrigoQuant construct expresses a renilla luciferase (REN) as a
normalization element connected via a self-processing 2A peptide to a strigolactone-
dependent degradation sequence as a sensor module (SM), i.e. SMXL6, fused to a firefly
luciferase (FF) (Fig. 1B). The sensor construct is under the control of a constitutive 35S
promoter. The 2A peptide in this synthetic construct allows cotranslational cleavage resulting
in stoichiometric co-expression of the sensor elements from a single transcript. Upon induction
with rac-GR24 and other SLs, the SMXL6-FF fusion becomes ubiquitinated in a targeted
manner and degraded by the 26S proteasome, whereas REN expression remains constant.
This leads to a decrease in FF/REN ratio. For the StrigoQuant biosensor establishment, the
sensitivity and specificity towards different strigol- and orobanchol-like SLs and also
protoplasts isolated from different mutants were tested. However, the hormone induction was

always performed for only 2 h %,

With the functionality of the StrigoQuant sensor already being established, we carried out
kinetic measurements with subsequent hormone induction at the indicated rac-GR24
concentrations (Fig. 2B/ Suppl. Fig. 1) 20 h after protoplast transformation, for 15 min, 30 min,
1,5h, 3 h, 6 hand 9 h. 15 min after hormone induction, SMXL6-FF is already degraded up to
50% at high rac-GR24 concentration (1 uM) illustrating the high sensitivity of this sensor
construct. Over the course of the 9h measurements, significant reduction at concentrations as

low as 100 pM could be detected.

To further characterize the degradation mechanism and kinetics of the response, we
developed a mathematical model based on ordinary differential equations (ODE) describing

the time evolution of the levels of SMXL6 upon incubation with the hormone.

DESCRIPTION OF THE MODEL (Ebenhéh lab)
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Figure 2: Strigolactone perception model scheme and dose- and time- dependent strigolactone dynamics

The quantitative data on the time course of the degradation described above was used to
fit/calibrate the dose response simulations of the model. Using these data, all optimization
attempts successfully fitted the SMXL6-FF kinetics, but also resulted in an unrealistic
accumulation of the D14 receptor in the same simulations. This led to the hypothesis that the
structure of the system only allows good fits of SMXL6-FF data if D14 overaccumulates. We
therefore repeated the fitting procedure with the additional constraint that the abundance of
D14 is restricted to biologically feasible abundances during optimization. Specifically, we
limited the relative abundances to values between 0 and 1 (see Supplement). This results in
sub optimal fits of SMXL6-FF. The initial fast degradation cannot be fitted simultaneously with
the following slower phase of SMXL6 degradation. The observation that restricting D14
concentrations to biologically realistic levels leads to a poorer fit indicates that the degradation
kinetics of SMXL6-FF is strongly dependent on D14 abundance. The experimental and
theoretical dynamics displayed in Fig. 2 hint at the existence of two SMXL6 degradation
phases: i) at high SL concentrations, where the first phase is very fast, and ii) a second slower
one.

These findings suggest that the model lacks structural information and our understanding of
the system is yet incomplete. The connection between D14 and the specific SMXL6-FF
kinetics further suggest that the missing information is related to the dynamic behavior of D14.
One possibility to explain the different time-scales of SMXL6 degradation is a dynamic change
in D14 abundance shortly after the stimulus. Indeed, recent results by Hu et al. suggest a SL
dependent degradation of D14. Incorporating this reaction to the mathematical model

introduces another time-dependent process and therefore a second time-scale in the SL
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dependent degradation of SMXL6. Optimizing the modified model to the SMXL6 data results
in a good fit for the degradation kinetics, as well as biologically realistic levels of D14
abundance. The theoretical predicted time courses lead to the hypothesis that D14 also

exhibits a SL dose dependent degradation.

To test this hypothesis, we engineered a degradation-based ratiometric luminescent D14-
receptor biosensor. This construct follows the same modular composition as the StrigoQuant
sensor incorporating the D14 receptor in place of the SMXL6 as a sensor module and allows
to follow D14 rac-GR24-dependent degradation (Fig. 3A). In order to analyze the behaviour
and degradation mechanism of D14, we performed kinetics with the same setup as for the
StrigoQuant construct with induction of rac-GR24 at the indicated hormone concentrations

and the same time points as before (Fig. 3B).
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Figure 3: Strigolactone perception mechanism and D14-receptor sensor design. (A) Scheme of the SL
perception machinery in A. thaliana. Upon binding of SLs to the receptor D14, SMXL6 is recruited to the perception
machinery complex with MAX2 and SKP1/CUL1/F-box E3 ubiquitin ligase complex (SCFMAX?), As a result, SMXL6
becomes polyubiquitinated (U) and thereby targeted for degradation by the 26S proteasome (1). In a negative
feedback loop, D14 becomes also polyubiquitinated and thus degraded by the 26S proteasome, but with slower
kinetics. (B) D14-receptor biosensor design. The D14-receptor biosensor expresses a renilla luciferase (REN)
connected via a 2A peptide to D14 (as a sensor module) fused to a firefly (FF) luciferase, under the control of a
P3ss promoter. The 2A peptide leads to the stoichiometric co-expression of REN (as a normalization element) and
the D14-FF fusion. In the presence of SLs, D14-FF becomes polyubiquitinated and degraded by the 26S
proteasome, whereas REN expression remains constant leading to a decrease in FF/REN ratio.

These measurements showed that D14 is indeed degraded up to almost 30 % after 9 h of rac-
GR24 induction. However, this degradation process has slower kinetics, starting around 3 h
after hormone induction, and a reduced dynamic range (Fig. 4). Furthermore, this degradation
is dependent on the 26S proteasome as the treatment with the proteasomal inhibitor MG132
prevented sensor decay (Fig. Suppl. 3). The D14-receptor sensor was also introduced in
protoplasts isolated from the max2 mutant showing the MAX2 dependency of the D14
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141  degradation process (Fig. Suppl. 4). These results indicate that D14 undergoes proteasome-
142 dependent degradation triggered by rac-GR24 and mediated by the F-box protein MAX2. This
143 data was used to reparametrize the model, which can now describe not only the SMXL6 but
144  also D14 dynamics. The observation of a hormone dependent degradation of D14 confirms
145  the model derived hypothesis and points towards a regulatory mechanism in the signaling
146  system in which a negative feedback loop would desensitize the system.
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Figure 4: Dose-dependent D14 dynamics (data and simulation).
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DISCUSSION

As the interest in strigolactone due to massive yield losses in Asia and Africa caused by the
parasitic genera Striga and Orobanchae is growing, it is important to gain better understanding
of the perception and signaling mechanism. If Strigolactone is present, it binds to the receptor
D14 which leads to the formation of a coreceptor complex with the F-Box protein MAX2 and
the D53-like SMXLs. As a consequence of this complex formation, D53-like SMXLS are
ubiquitinated and thereby targeted for degradation by the 26S proteasome 2*2*. With most
parts of the strigolactone perception machinery already studied, there still remain open
questions concerning a SL signaling kinetic and the role of D14. One important tool for
strigolactone analysis besides immunoblots and Y2H is the StrigoQuant biosensor in plant
protoplasts 2”. With the functionality of the StrigoQuant biosensor already established 27, we
performed kinetic measurements in Arabidopsis thaliana protoplasts to gain a broader insight
into strigolactone signaling. Thus, SMXL6-FF degradation was measured from 15 min to 9 h
after rac-GR24 induction. We detected already 50 % degradation at high rac-GR24
concentrations (1 uM) after 15 min. Over the course of the measurement, significant reduction
at low rac-GR24 concentrations (up to 100 pM) could be measured. These data support the
ones observed for degraded OsD53/D53-like SMXL protein levels when treated with rac-GR24
2425 To further understand strigolactone signaling as well as the involved perception
machinery components, we developed a mathematical model. This model suggested the
necessity of an additional time scale by adding another component’s turnover in this
perception machinery. Because the degradation of other receptors like the potent Karrikin
receptor KARRIKIN INSENSITIVE 2 (KAI2) #was already known and first groups observed
degradation in protein levels for D14 2>, we built a luminescence biosensor following the
same principle as StrigoQuant with D14 as a sensor module and performed the same
measurement in order to get quantitative data about the D14 degradation process to test the

2931 and rice ¥, the

hypothesis. As already shown for the D14 protein levels in Arabidopsis
D14-FF level decreased, starting 3 h after rac-GR24 induction and reaching almost 30 % after
9 h at high concentrations. While SMXL6-FF degradation could be detected even 15 min after
rac-GR24 induction, D14-FF degradation starts after 3 h with a lower degradation rate. This
indicates that the degradation of the receptor D14 might serve as a fine-tuning mechanism of
the strigolactone signaling response and can thus be seen as a negative feedback regulation
following SMXL6 degradation *°. Degradation of phytohormone receptors has also been

shown for other phytohormones like abscisic acid or jasmonic acid 233

indicating that similar
feedback mechanisms evolved in different phytohormone pathways. Negative and positive
feedback mechanisms play a major role in plants and can be found in the integration of

environmental signals, e.g. for hormone signaling or light regulated processes *. Plants utilize
9
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these feedback mechanisms to either fine-tune signaling processes or return to the basal state
which is of great significance for phytohormone signaling. Phytohormones collectively regulate
diverse processes in plants from seed germination to flowering *°. Because of this immense
importance of phytohormones, it is crucial for the plant to be able to have regulatory feedback
mechanisms. Thus, D14 as a receptor which is able to be degraded and thereby fine-tune the

strigolactone signaling response is indispensable.

In addition, AtD14 as well as OsD14, which share functional similarity, both hydrolizing SLs to
the active form and undergo a conformational change themselves after SL binding allowing
other signaling components like the F-Box or regulators to interact *'. As already suggested in
Hu et al. (2017) for rice Chevalier et al. (2014 ) for Arabidopsis thaliana, we could directly show
the degradation of D14 through the 26S proteasome (Supplement Figure 3) and the MAX2
dependency of this degradation process with our biosensor system (Supplement Figure 4)
indicating that D14 is indeed degraded as a consequence of SL perception.

In this work, we report a strong interaction of experimental analysis and mathematical
modelling to achieve a better insight into strigolactone signaling. In this interdisciplinary
cooperation, mathematical modelling could help to describe the kinetic of experimental data
and unveil the degradation of a hormone receptor in a plant system which could in turn be

confirmed in an experimental approach.

10

145



203

204

>

-]

" 1 (2 |3
ﬁ 1,0(0,7 (05
. 1,003 (01

Data = Data Analysis

TN . New insights

Experiments on mechanistic
/ aspects

A ,\‘— Descriptive Model E

Model-guided
Experimental <+
design

Prediction/
Hypothesis

—
P!
O

Figure 5: Experimental Workflow of an exemplary interdisciplinary research project. An already established
quantitative biosensor (StrigopQuant) was implemented to gain kinetic data and these data where utilized to
generate a mathematical model. From this descriptive model, a new prediction/hypothesis arose, namely that the
D14 receptor might also be degraded. This in turn led to a new model-guided experimental design and further
biosensor experiments which gave us new insights on mechanistic aspects of the strigolactone perception kinetic.
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MATERIAL AND METHODS

Methods experimental part
Plasmid construction

The StrigoQuant and CtrlQuant sensors were engineered as described in Samodelov et al.
(2016). The D14-Receptor-Sensor was constructed as follows; the cDNA from D14
(At3g03990) was PCR (polymerase chain reaction) — amplified with the oligonucleotides
0JA237 and 0JA238 from pda05576 (the Arabidopsis full-length cDNA clone was developed
by the plant genome project of RIKEN Genomic Sciences Center), the StrigoQuant backbone
was PCR-amplified with the oligonucleotides oPF074 and oPF075 (table S1 and S2). The two

fragments were assembled via AQUA cloning .

Plant material, Protoplast isolation and Transformation

The seeding of the Arabidopsis thaliana seeds as well as the protoplast isolation were

performed as previously described %°.

Briefly, for the protoplast transformations, 20 ug of StrigoQuant or ControlQuant and 10 ug of
D14-Receptor sensor were adjusted to a volume of 20 pl with MMM Medium [MES, mannitol,
and magnesium; 15 mM MgClz, 5 mM MES, 0.465 M mannitol (pH 5.8)]. 500,000 protoplasts
in 100 pyl MMM solution were carefully mixed with the DNA and incubated for 5 min.
Subsequently, 120 pl polyethylene glycol (PEG) solution (2.5 mL 0.8 M mannitol, 1 mL 1 M
CaCl,, 4 g PEG4000 from Sigma-Aldrich, and 3 mL H>O, prepared fresh for each experiment)
were supplemented in a dropwise manner and incubated for 8 min. Finally, 120 ul MMM were
added, overlaid to a final volume of 1.8 mL per reaction with PCA (protoplast culture
Arabidopsis, 0.32% (w/v) Gamborg B5 basal salt powder with vitamins from bioWORLD, 2
mM MgSO4-7H20, 3.4 mM CaClz-2H20, 5 mM MES, 0.342 mM L-glutamine, 58.4 mM sucrose,
550 mosmol with glucose, 4.2 yM Ca-pantothenate, 2% (v/v) biotin from a biotin solution of
0.02% (w/v) in H20, 0.1% (v/v) Gamborg B5 Vitamin Mix (pH 5.8), and 1:2000 ampicillin (stock
solution: 1mg/mL)). In this way, multiple transformations were performed together and pooled

before hormone induction.
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Treatment with SLs and luminescence analysis

The inducer substrate rac-GR24 was obtained from OIChemim Ltd and prepared as a 10 mM
stock solution in methanol. The proteasomal inhibitor MG132 (Sigma-Aldrich) was prepared
as a 40 mM stock solution in dimethyl sulfoxide and added directly to the protoplasts 2 h before

induction with rac-GR24 at the final concentrations indicated.

The general treatment with SLs and the luminescence analysis were performed as described
in Samodelov et al., 2016. Briefly, 20 — 24 h after transformation, the transformation replicates
were pooled together and for each concentration of the inducer substrate and for each
measuring time point, 960 pl protoplast solution were pipetted into a 2 mL deep-well storage
plate (Corning). Serial dilutions of the inducer substrate rac-GR24 were prepared in PCA at a
11-fold concentration of the desired final experimental concentration and 96 pl were mixed
with 960 pl protoplast solution with a following incubation step of either 15 min, 30 min, 1 h,
1.5h,3h,6hor9h.

For the luminescence determination, 80 pl of the induced protoplasts were pipetted into two
separate white 96-well assay plates in order that firefly and renilla luminescence could be
measured simultaneously in two plate readers. Before the measurement, 20 pl of
coelenterazine (472 mM coelenterazine stock solution in methanol, diluted directly before use
1:15 in phosphate-buffered saline) or firefly substrate [0.47 mM D-luciferin (Biosynth AG), 20
mM tricine, 2.67 mM MgSO,-7H20, 0.1 mM EDTA-2H,0, 33.3 mM dithiothreitol, 0.52 mM
adenosine 5'-triphosphate, 0.27 mM acetyl-coenzyme A, 5 mM NaOH, 0.26 mM
MgCOs-5H,0, in H.O] were supplemented to the samples. Renilla luminescence was
determined in a Berthold technologies Tristar’S LB942 Multimode Plate Reader whereas
firefly luminescence was determined in a Berthold Technologies Centro XS® LB960 Microplate

luminometer.

Methods modelling part
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Fig. S1. StrigoQuant kinetics upon induction with rac-GR24

Fig. S2. D14-receptor kinetics upon induction with rac-GR24

Fig. S3. SL-dependent degradation of the D14-Receptor sensor component is
mediated by the 26S proteasome

Fig. S4. SL-dependent degradation of the D14-Receptor and the StrigoQuant
Sensor components is mediated by the F-Box MAX2

table S1. Amino acid sequences of the components of the StrigoQuant, D14-
Receptor and CtrlQuant sensors

table S2. Oligonucleotides used for the cloning of the sensor constructs.
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Fig. S1: StrigoQuant kinetics upon induction with rac-GR24. Arabidopsis thaliana protoplasts were transformed
with the StrigoQuant Sensor construct and induced with rac-GR24 20 h after transformation. Luciferase activity was

determined 15 min, 30 min, 60 min, 90 min, 180 min, 360 min and 540 min after hormone induction. The results

are FF/REN ratios normalized to the sample without rac-GR24 addition. The error bars represent the standard error
of the mean (SEM; n=6).
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Fig. S2: D14-receptor kinetics upon induction with rac-GR24. Arabidopsis thaliana protoplasts were
transformed with the D14-receptor construct and induced with rac-GR24 20 h after transformation. Luciferase
activity was determined 15 min, 30 min, 60 min, 90 min, 180 min, 360 min and 540 min after hormone induction.
The results are FF/REN ratios normalized to the sample without rac-GR24 addition. The error bars represent the
standard error of the mean (SEM; n=6).
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Fig. S3: SL-dependent degradation of the D14-Receptor sensor component is mediated by the 26S
proteasome. Arabidopsis thaliana wildtype protoplasts were transformed with the D-14 receptor sensor construct
and treated with 40 uM proteasomal inhibitor MG132 20h after transformation and 2h prior to rac-GR24 induction.
Luciferase activity was determined after 15 min and 9h. The results are FF/REN ratios normalized to the sample
without rac-GR24 addition. The error bars represent the standard error of the mean (SEM; n=6).
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Fig. S4: SL-dependent degradation of the D14-Receptor and the StrigoQuant Sensor components is
mediated by the F-Box MAX2. Arabidopsis thaliana wildtype and max2 mutant protoplasts were transformed with
either the D14-receptor sensor construct or the StrigoQuant Sensor. 20h after transformation, the samples were
induced with rac-GR24 and after 9h, the luciferase activity was determined. The results are FF/REN ratios
normalized to the sample without rac-GR24. The error bars represent the standard error of the mean (SEM; n=6).
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table S1: Amino acid sequences of the components of the StrigoQuant, CtriQuant and D14-
Receptor Sensors.

Renilla

Luciferase

MTSKVYDPEQRKRMITGPQWWARCKQMNVLDSFINYYDSEKHAENAVIFLHGN
AASSYLWRHVVPHIEPVARCIIPDLIGMGKSGKSGNGSYRLLDHYKYLTAWFELL
NLPKKIIFVGHDWGACLAFHYSYEHQDKIKAIVHAESVVDVIESWDEWPDIEEDIA
LIKSEEGEKMVLENNFFVETMPSKIMRKLEPEEFAAYLEPFKEKGEVRRPTLSWP
REIPLVKGGKPDVVQIVRNYNAYLRASDDLPKMFIESDPGFFSNAIVEGAKKFPN
TEFVKVKGLHFSQEDAPDEMGKYIKSFVERVLKNEQ

2A peptide

VKQLLNFDLLKLAGDVESNPGP

Sensor
Module

MPTPVTTARECLTEEAARALDDAVVVARRRSHAQTTSLHAVSA
LLAMPSSILREVCVSRAARSVPYSSRLQFRALELCVGVSLDRLP
SSKSPATEEDPPVSNSLMAAIKRSQANQRRHPESYHLQQIHAS
NNGGGGCQTTVLKVELKYFILSILDDPIVNRVFGEAGFRSSEIKL
DVLHPPVTQLSSRFSRGRCPPLFLCNLPNSDPNREFPFSGSSG
FDENSRRIGEVLGRKDKKNPLLIGNCANEALKTFTDSINSGKLGF
LQMDISGLSLISIEKEISEILADGSKNEEEIRMKVDDLGRTVEQSG
SKSGIVLNLGELKVLTSEANAALEILVSKLSDLLKHESKQLSFIGC
VSSNETYTKLIDRFPTIEKDWDLHVLPITASTKPSTQGVYPKSSL
MGSFVPFGGFFSSTSNFRVPLSSTVNQTLSRCHLCNEKYLQEV
. AAVLKAGSSLSLADKCSEKLAPWLRAIETKEDKGITGSSKALDD
StrigoQuant | ANTSASQTAALQKKWDNICQSIHHTPAFPKLGFQSVSPQFPVQT
EKSVRTPTSYLETPKLLNPPISKPKPMEDLTASVTNRTVSLPLSC
VTTDFGLGVIYASKNQESKTTREKPMLVTLNSSLEHTYQKDFKS
LREILSRKVAWQTEAVNAISQIICGCKTDSTRRNQASGIWLALLG
PDKVGKKKVAMTLSEVFFGGKVNYICVDFGAEHCSLDDKFRGK
TVVDYVTGELSRKPHSVVLLENVEKAEFPDQMRLSEAVSTGKIR
DLHGRVISMKNVIVVVTSGIAKDNATDHVIKPVKFPEEQVLSARS
WKLQIKLGDATKFGVNKRKYELETAQRAVKVQRSYLDLNLPVN
ETEFSPDHEAEDRDAWFDEFIEKVDGKVTFKPVDFDELAKNIQE
KIGSHFERCFGSETHLELDKEVILQILAASWSSLSSGEEEGRTIV
DQWMQTVLARSFAEAKQKYGSNPMLGVKLVASSSGLASGVEL
PAKVDVIW

CtrlQuant GAGAGAGAGAGAGA

MSQHNILEALNVRVVGTGDRILFLAHGFGTDQSAWHLILPYFTQ
NYRVVLYDLVCAGSVNPDYFDFNRYTTLDPYVDDLLNIVDSLGI
D14- QNCAYVGHSVSAMIGIIASIRRPELFSKLILIGFSPRFLNDEDYHG
Receptor GFEEGEIEKVFSAMEANYEAWVHGFAPLAVGADVPAAVREFSR

TLFNMRPDISLFVSRTVFNSDLRGVLGLVRVPTCVIQTAKDVSVP
ASVAEYLRSHLGGDTTVETLKTEGHLPQLSAPAQLAQFLRRALP
R

Firefly

Luciferase

MEDAKNIKKGPAPFYPLEDGTAGEQLHKAMKRYALVPGTIAFTDAHIEVDITYAE
YFEMSVRLAEAMKRYGLNTNHRIVVCSENSLQFFMPVLGALFIGVAVAPANDIYN
ERELLNSMGISQPTVVFVSKKGLQKILNVQKKLPIIQKIIMDSKTDYQGFQSMYTF
VTSHLPPGFNEYDFVPESFDRDKTIALIMNSSGSTGLPKGVALPHRTACVRFSHA
RDPIFGNQIIPDTAILSVVPFHHGFGMFTTLGYLICGFRVVLMYRFEEELFLRSLQ
DYKIQSALLVPTLFSFFAKSTLIDKYDLSNLHEIASGGAPLSKEVGEAVAKRFHLP
GIRQGYGLTETTSAILITPEGDDKPGAVGKVVPFFEAKVVDLDTGKTLGVNQRGE
LCVRGPMIMSGYVNNPEATNALIDKDGWLHSGDIAYWDEDEHFFIVDRLKSLIKY
KGYQVAPAELESILLQHPNIFDAGVAGLPDDDAGELPAAVVVLEHGKTMTEKEIV
DYVASQVTTAKKLRGGVVFVDEVPKGLTGKLDARKIREILIKAKKGGKIAV
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table S2: Oligonucleotides used for the cloning of the sensor constructs.

Oligonucleotide

Sequence (5->3")

TGGCCGGCGACGTGGAATCAAATCCTGGACCCATGAGTCAACACAACATCT

0JA237
TAGAAG
GGCCTTTCTTTATGTTTTTGGCGTCTTCCATGCTAGCCCGAGGAAGAGCTC
0JA238 G
oPF074 ATGGAAGACGCCAAAAACATAAAGAAAGGCC
oPF075 GGGTCCAGGATTTGATTCCACGTCG
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Genetically encoded biosensors for the quantitative analysis of auxin dynamics
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Abstract

Plants, as sessile organisms, possess complex and intertwined signaling networks to react
and adapt their behavior towards different internal and external stimuli. Due to this high level
of complexity, the implementation of quantitative tools in planta remains challenging. Synthetic
biology as an ever-growing interdisciplinary field applies basic engineering principles in life
sciences. A plethora of synthetic switches, circuits and even higher order networks has been
implemented in different organisms, such as bacteria and mammalian cells, and facilitates the
study of signaling and metabolic pathways. However, the application of such tools in plants
lags behind and thus only a few tools have been engineered towards the quantitative
investigation of plant signaling. Here, we present a protocol for the quantitative analysis of
auxin signaling in Arabidopsis thaliana protoplasts. We implemented genetically encoded,
ratiometric, degradation-based luminescent biosensors and applied them for studying auxin
perception dynamics. For this, we utilized three different Aux/IAAs as sensor modules and
analyzed their degradation behavior in response to auxin. Our experimental approach requires
simple hardware and experimental reagents and can thus be implemented in every plant-
related or cell culture laboratory. The system allows for the analysis of auxin perception and
signaling aspects on various levels, and can be easily expanded to other hormones, as for
example strigolactones. In addition, the modular sensor design enables the implementation of

sensor modules in a straight-forward and time-saving approach.

Key Words: synthetic biology tools, quantitative biosensor, auxin, protoplasts
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1 Introduction

Due to a high interconnectivity and redundancy of signaling components, especially the
implementation of synthetic biology tools, as they are already designed and implemented in
bacteria, yeast and mammalian cells, lags behind in planta (Jensen and Keasling, 2014;
Samodelov and Zurbriggen, 2017; Liu et al., 2018; Xie and Fussenegger, 2018). For instance,
the quantitative analysis of hormone dynamics and signaling in vivo is particularly difficult.
Methods commonly utilized, such as mass spectrometry, require the plant tissue disruption
and thereby prevent dynamic analyses to quantify phytohormone levels (Okamoto et al., 2009;
Urbanova et al., 2013). These experimental limitations are overcome with biosensors which
can produce quantifiable readouts. First biosensors for the quantification of phytohormone
levels in vivo have been developed such as Forster Resonance Energy Transfer (FRET)
biosensors, DII-Venus auxin sensor or hormone-activated Cas9-based repressors (HACR) in
planta (Brunoud et al., 2012; Jones et al., 2014; Rizza et al., 2017; Khakhar et al., 2018). To
quantitatively monitor phytohormone signaling networks as well as signaling perception and
mechanisms and their dynamics at physiologically relevant concentrations (up to fM level),
luminescent biosensors have recently been developed as molecular proxies for different
phytohormones (Wend et al., 2013; Samodelov et al., 2016).

Here, we present a protocol for the quantitative analysis of in vivo phytohormone dynamics in
plant cells. We show its applicability in a proof of principle application for the investigation of
the sensitivity of three auxin regulators (Aux/IAAs) with distinct auxin degrons towards auxin.
In addition, the system is cost-effective, easily customizable and can be scaled up in a mid- to

high-throughput set up.

Molecular biosensor design

To quantitatively monitor phytohormone dynamics, genetically encoded biosensors for the use
in plant cells have recently been developed (Wend et al., 2013; Samodelov et al., 2016). These
ratiometric, luminescent and degradation-based biosensors allow for in vivo phytohormone
analysis with several applications in protoplasts. The biosensors are based on the similar
natural mechanisms used by plants to perceive the phytohormones auxin, jasmonate,
strigolactone and gibberellin. Namely, those hormones are detected through either directly by
an F-Box receptor protein or via an additional co-receptor. Recognition of the hormone leads
to the formation of a perception complex between the F-Box being part of an SCF complex
[Skp (Arabidopsis SKP1-related (ASK1))-1-Cullin-F-box (SCF) E3 ubiquitin ligase complex],
the optional co-receptor and a specific regulator protein. As a consequence, the regulator
proteins are polyubiquitinated by the SCF-complex and thereby targeted for degradation by
the 26S proteasome (Santner et al., 2009) (Figure 1A). In the case of auxin, the components
of the signaling network are i) TIR1/AFB F-box proteins (TRANSPORT INHIBITOR
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RESISTANT1/AUXIN SIGNALING F-BOX) engaged in a SCF protein complex ii) Aux/IAA
(AUXIN/INDOLE ACETIC ACID) transcriptional regulators and iii) ARF (AUXIN RESPONSE
FACTOR) transcription factors (Salehin et al., 2015) (Figure 1B).The phytohormone regulator
proteins (AUX/IAAs) physically interact with transcriptional factors (ARFs) and factors of the
signaling response, oftentimes exerting a negative effect on their activity. Upon their hormone-
induced degradation the target gene expression is de-regulated. The biosensors harness this
degradation-based signaling mechanism and incorporate the AUX/IAA regulator proteins (or
sequences/domains thereof) as sensor modules. A renilla luciferase is utilized as a
normalization element connected via a 2A peptide to the sensor module fused to a firefly
luciferase. The 2A peptide allows for the stoichiometric co-expression of the renilla luciferase
and the sensor module firefly fusion by autocatalytic cleavage of the nascent polypeptide chain
during translation. In this work, we show the applicability of this biosensor system for the
comparative investigation of three auxin regulator proteins, Aux/IAA17, 31 and 34, with
differential auxin degron versions being responsible for the binding to the F-Box TIR1 and their
degradation in response to auxin treatment. For this, the three Aux/IAAs were cloned as sensor
modules in the biosensor platforms and Arabidopsis thaliana protoplasts were transformed
with them (Figure 1C).

Auxin

A
)
GA, SL
—_—
@ ;
&
C
Aux/IAA pu— )
REN i 17 FF s &
> —
B REN a5 o Expression Induction —
2Acleavage —P‘AA
B - 34 rF . e
w g REN
2

[1AA]

Figure 1: Phytohormone perception mechanism and biosensor design. (A) Phytohormone perception
mechanism for auxin, jasmonate, gibberellin and strigolactone. Auxins and jasmonates are perceived by an F-Box
protein which engages in an SCF complex comprising SKP/ASK (rice/Arabidopsis), Cullin (CUL), and an E3
ubiquitin ligase [an E2 ubiquitin-conjugating enzyme loaded with ubiquitin residues (U)]. As a consequence of
hormone perception, specific regulator proteins (AUXIN/INDOLE ACETIC ACID (Aux/IAAs) proteins for auxin and
JASMONATE-ZIM-DOMAIN (JAZ) proteins for jasmonate signaling) associate to the complex and become
polyubiquitinated and thereby targeted for degradation by the 26S proteasome. Gibberellin and strigolactone are
perceived by a co-receptor (GIBBERELLIN INSENSITIVE DWARF1a,b and c (GID1a, b and c) and DWARF14
(D14), respectively) that associates to the SCFFB°* complex and a specific regulator protein (DELLA proteins for
Gibberellin perception and SMXL proteins for strigolactone perception) which becomes polyubiquitinated and
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degraded by the 26S proteasome. (B) Auxin perception. Auxin is perceived by TIR1 (or its homologs). Aux/IAA
regulators associate to this complex and become polyubiquitinated and degraded by the 26S proteasome. (C)
Biosensor design. A renilla luciferase (REN) is connected via a 2A peptide with an Aux/IAA sensor module fused
to afirefly (FF) luciferase. The 2A peptide leads to the stoichiometric co-expression (by autocatalytic co-translational
cleavage) of the renilla luciferase, as a normalization element, and the Aux/IAA-FF fusion. Upon hormone induction,
the Aux/IAA-FF becomes polyubiquitinated and degraded by the 26S proteasome whereas REN expression
remains constant resulting in a decrease in FF/REN ratio.

Application of the system

The genetically-encoded quantitative, luminescent and degradation-based biosensors show a
high selectivity and sensitivity as well as high signal-to-noise ratios. These characteristics can
be applied for phytohormone analyses on various levels such as phytohormone perception
complex formation as well as downstream signaling levels. In addition, mutant protoplast can
be utilized to quantitatively analyze the biosynthesis of phytohormones as well as other
metabolic aspects such as their inactivation. This highly sensitive system allows the co-
expression of for example putative transporters or enzymes. We have previously shown the
establishment of short versions of Aux/IAA 17 only containing the core region of domain Il to
investigate the sensitivity towards IAA and NAA as well as transporter activities (Wend et al.,
2013).

Here, we demonstrate the applicability of the biosensor platform to perform comparative,

dynamic analyses of full-length Aux/IAAs.

Experimental design

In this protocol, Arabidopsis mesophyllic protoplasts were isolated and transformed with three
different Aux/IAA-based biosensors (Aux/IAA 17, 31 and 34) and induced 20 h later with an
IAA serial dilution (concentrations ranging from 100 pM to 1 uM). Luminescence was
determined simultaneously in two microplate readers for firefly luciferase as a reporter, and
renilla luciferase as a normalization element. Hormone induction and the subsequent
measurements were performed with six replicates per hormone concentration. The determined
values were evaluated by calculating the average for every replicate. Next, the FF/REN value
for every replicate is determined and the average for the six replicates is calculated. In addition,

the standard error of the mean is calculated.
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2 Materials

2.1 Reagents, consumables and kits

2.1.1 DNA and plant material preparation
1) Plasmids cloned via AQUA cloning (Fig. 1 and Tab. 1):
a. pPF105: Psss-Renilla-2A-IAA34-Firefly-myc-pA
b. pPF118: Psss-Renilla-2A-IAA17-Firefly-myc-pA
c. pPF126: Psss-Renilla-2A-IAA31-Firefly-myc-pA

2

A W

Scalpel

© 00 N O O

Ampicillin (Roth, cat. no. K029.2, stock solution 100 mg/ml)
Petri dish, plastic, 94 x 16 mm (Sarstedt, cat. no. 82.1473)

Filter paper (Macherey-Nagel, MN615)

Square, plastic petri dish (Greiner Bio-One, cat. no. 688102)
Calcium hypochlorite (Roth, cat. no. 5164)

Triton X-100 (Applichem, A1388)

10) MgS0O4-7H20 (Applichem, cat. no. 131404)
11) Sucrose (Merck, cat. no. 573113)
12) Gamborg B5 Vitamin Mix (bioWORLD, cat. no. 30630027)

1
14) Parafilm

)
)

)
)
)
)
)
)
)
) Gamborg B5 basal salt powder with vitamins (bioWORLD, cat. no. 30630029)
0
1
2
3) Phytoagar (Plantmedia, cat. no. 40100072)

4

Table 1: Amino acid sequences of the components of the StrigoQuant, CtrlQuant and D14-Receptor

Sensors.
MTSKVYDPEQRKRMITGPQWWARCKQMNVLDSFINYYDSEKHAENAVIFLHGN
Renilla AASSYLWRHVVPHIEPVARCIIPDLIGMGKSGKSGNGSYRLLDHYKYLTAWFELL
NLPKKIIFVGHDWGACLAFHYSYEHQDKIKAIVHAESVVDVIESWDEWPDIEEDIA
Luciferase LIKSEEGEKMVLENNFFVETMPSKIMRKLEPEEFAAYLEPFKEKGEVRRPTLSWP
REIPLVKGGKPDVVQIVRNYNAYLRASDDLPKMFIESDPGFFSNAIVEGAKKFPN
TEFVKVKGLHFSQEDAPDEMGKYIKSFVERVLKNEQ
2A peptide VKQLLNFDLLKLAGDVESNPGP
MY CSDPPHPLHLVASDKQQKDHKLILSWKKPTMDSDPLGVFPN
SPKYHPYYSQTTEFGGVIDLGLSLRTIQHEIYHSSGQRYCSNEG
IAA34 YRRKWGYVKVTMDGLVVGRKVCVLDHGSYSTLAHQLEDMFGM
QSVSGLRLFQMESEFCLVYRDEEGLWRNAGDVPWNEFIESVE
RLRITRRNDAVLPF
MMGSVELNLRETELCLGLPGGDTVAPVTGNKRGFSETVDLKLN
Sensor LNNEPANKEGSTTHDVVTFDSKEKSACPKDPAKPPAKAQVVG
S 1AA17 WPPVRSYRKNVMVSCQKSSGGPEAAAFVKVSMDGAPYLRKID
LRMYKSYDELSNALSNMFSSFTMGKHGGEEGMIDFMNERKLM
DLVNSWDYVPSYEDKDGDWMLVGDVPWPMFVDTCKRLRLMK
GSDAIGLAPRAMEKCKSRA
MEVSNSCSSFSSSSVDSTKPSPSESSVNLSLSLTFPSTSPQREA
1AA31 RQDWPPIKSRLRDTLKGRRLLRRGDDTSLFVKVYMEGVPIGRK
LDLCVFSGYESLLENLSHMFDTSIICGNRDRKHHVLTYEDKDGD
WMMVGDIPWDMFLETVRRLKITRPERY
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165
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172
173
174
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176
177
178
179
180
181

Firefly
Lucife

MEDAKNIKKGPAPFYPLEDGTAGEQLHKAMKRYALVPGTIAFTDAHIEVDITYAE
YFEMSVRLAEAMKRYGLNTNHRIVVCSENSLQFFMPVLGALFIGVAVAPANDIYN
ERELLNSMGISQPTVVFVSKKGLQKILNVQKKLPIIQKIIMDSKTDYQGFQSMYTF
VTSHLPPGFNEYDFVPESFDRDKTIALIMNSSGSTGLPKGVALPHRTACVRFSHA
RDPIFGNQIIPDTAILSVVPFHHGFGMFTTLGYLICGFRVVLMYRFEEELFLRSLQ
rase DYKIQSALLVPTLFSFFAKSTLIDKYDLSNLHEIASGGAPLSKEVGEAVAKRFHLP
GIRQGYGLTETTSAILITPEGDDKPGAVGKVVPFFEAKVVDLDTGKTLGVNQRGE
LCVRGPMIMSGYVNNPEATNALIDKDGWLHSGDIAYWDEDEHFFIVDRLKSLIKY
KGYQVAPAELESILLQHPNIFDAGVAGLPDDDAGELPAAVVVLEHGKTMTEKEIV
DYVASQVTTAKKLRGGVVFVDEVPKGLTGKLDARKIREILIKAKKGGKIAV

21.2
1

© 00 N O o b~ W N

)
)
)
)
)
)
)
)
)
10)
11)
12)
13)
14)

213
1

© 00 N O o b~ W N

10)

)
)
)
)
)
)
)
)
)
0
11)

Protoplast isolation and transformation

MES monohydrate (Roth, cat. no. 6066)

CaCl22H20 (Acros organics, CAS: 10035-04-8)
D-Mannitol (Sigma-Aldrich, cat. no. M1902)

Cellulase “Onozuka” R10 (SERVA, cat no. 16419)
Macerozyme R10 (SERVA, cat. no. 28302)

PEG4000 (Sigma Aldrich, cat. no. 202398)

L-glutamine (Carbolution, CC10066)
Calcium-D(+)-pantothenate (Roth, cat. no. 3812)

Biotin (Sigma-Aldrich, B4501)

70 uM pore size sieve (Greiner bio-one, cat. no. 542070)
Round bottom 15 ml reaction tubes (Greiner bio-one, cat. no. 186171)
Conic 50 ml reaction tubes (Sarstedt, cat. no. 62.547.254)
200 pl and 1 ml large orifice pipette tips

Nontreated 6 well plates (Sarstedt, cat. no. 83.3920.005)

Hormone induction and luminescence determination
Indole-3-acetic acid (IAA, Olchemim, cat. no. 0031531)
96 deep well storage plate (Sigma-Aldrich, cat. no. Z717274)
White 96-well assay plate (Corning, cat. no. CORN3912)
Coelenterazine (Roth, cat. no. 4094)

D-luciferin (Biosynth AG, cat. no. L-8230)

EDTA-2H,0 (Acros organic, CAS: 6381-92-0)
1,4-dithiothreitol (Roth, cat. no. 6908)

adenosine 5'-triphosphate (Sigma Aldrich, A2383)
acetyl-coenzyme A (Applichem, cat. no. A3753)
MgCOs-5H,0 (Roth, cat. no. 3530)

NaOH (Applichem, CAS no. 1310-73)
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2.2 Reagent setup
Use plant cell culture tested reagents for all solutions needed for plant material preparation
and protoplast isolation/transformation. Store all reagents at 4 °C (unless indicated otherwise).

The reagents are not autoclaved but sterilized by filtering!

2.2.1 SCA (seedling culture Arabidopsis) growth medium, (modified from Dovzhenko et
al., 2003)

Dissolve 0.32% (w/v) Gamborg B5 basal salt powder with vitamins, 4 mM MgS04-7H20, 43.8
mM sucrose, 0.8% (w/v) phytoagar in ddH20O. Mix and adjust to pH 5.8 and afterwards
autoclave. Add 0.1% (v/v) Gamborg B5 Vitamin Mix and 1:2,000 ampicillin and pour 50 ml in

each 12 cm? plate.

2.2.2 Seed sterilization solution (modified from Luo and Koop, 1997)
Dissolve 5% (w/v) calcium hypochlorite and 0.02% (v/v) Triton X-100 in 80% (v/v) ethanol
solution in a bottle, and mix it for some hours. Store the solution at 4°C. Let the formed

precipitate settle and do not agitate the bottle before usage.

2.2.3 MMC (MES, Mannitol, Calcium) (Dovzhenko et al., 2003)
Dissolve 10 mM MES, 40 mM CaCl2-H.0O in ddH2O and add mannitol until 550 mOsm is
obtained. Adjust to pH 5.8 and filter sterilize the MMC.

2.2.4 Cellulase and Macerozyme stock solution
Mix 5 % cellulase Onozuka R10 and 5% macerozyme R10 in MMC. Sterilize by filtering the
cellulose/macerozyme mix and make 2 ml aliquots. Store them at - 20°C.

2.2.5 MSC (MES, Sucrose, Calcium) (Dovzhenko et al., 2003)
Dissolve 10 mM MES, 0.4 M sucrose, 20 mM MgCI2-6H20 in ddH20 and supplement mannitol
until an osmolarity of 550 mOsm is obtained. Adjust to pH 5.8 and sterilize by filtering the MSC.

2.2.6 MMM (MES, Mannitol, Magnesium) (Dovzhenko et al., 2003)
Dissolve 15 mM MgCI2, 5 mM MES and 550 mOsm with mannitol (pH 5.8) in ddH20. Sterile
filter the MMM.

2.2.7W5
Dissolve 2 mM MES, 154 mM NacCl, 125 mM CaCl2:2H20, 5 mM KCI and 5 mM glucose (pH
5.8) in ddH20. Sterilize the W5 medium by filtering.
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2.2.8 Polyethylene glycol (PEG) solution
Mix 2.5 ml of 0.8 M mannitol, 1ml of 1MCaClz, 4 g of PEGao00, and 3 ml of ddH20. The PEG
solution has to be prepared fresh for every experiment. Place the tube at 37°C for PEG

dissolution.

2.2.9 PCA (Protoplast Culture Arabidopsis) (modified from Dovzhenko et al., 2003)

Mix 0.32% (w/v) Gamborg B5 basal salt powder with vitamins, 2 mM MgSO,-7H20, 3.4 mM
CaCly-2H,0, 5 mM MES, 0.342 mM L-glutamine, 58.4 mM sucrose, glucose 550 mOsm, 8.4
mM Ca-pantothenate, 2% (v/v) biotin from a biotin solution of 0.02% (w/v) in ddH20, 0.1%
(v/v) Gamborg B5 Vitamin Mix, and 1:2,000 ampicillin (100 mg/ml stock solution). Adjust to pH
5.8 and filter sterilize the PCA.

2.2.10 PBS
Dissolve 26.82 mM KCI, 14.7 mM KH,PQ4, 80.34 mM Na;HPO4-:2H,0 and 1.37 M NaCl in
ddH0O. Dilute the PBS to 1x, filter sterilize it.

2.2.11 Coelenterazine

Dissolve 472 mM coelenterazine stock solution in pre-cooled methanol and prepare 100 ul
aliquots in pre-cooled, black 1.5 ml reaction tubes and freeze them at -80 °C. Dilute it directly
before use, 1:15 in PBS.

2.2.12 Firefly substrate

Mix the reagents in the following order: 20 mM tricine, 2.67 mM MgSO4-7H.O, 0.1 mM
EDTA-2H.0, 33.3 mM dithiothreitol, 0.52 mM adenosine 5'-triphosphate, 0.27 mM acetyl-
coenzyme A, 0.47 mM D-luciferin, 5 mM NaOH and 264 mM MgCOs-5H.0 in ddH2O in a
beaker. Adjust to pH 8 and aliquot the firefly substrate in pre-cooled, black 15 ml reaction tubes

and freeze them at -80 °C.

2.3 Equipment
1) Biological safety cabinet (Thermo Scientific, HeraSafe S2020 1.8 cat. no. 104222784)
Plant growth chamber (Sanyo/Panasonic MLR-352-PE)

Fuchs-Rosenthal cell-counting chamber (Brand, cat. no. 719805)

w N

)
)
)
)

N

Microplate reader (Berthold, Tristar? S LB 942 multimode plate reader and Centro XS®
LB 960 microplate luminometer)

5) Multipette® M4 (Eppendorf, cat. no. 4982000012)

6) Multichannel pipette (Eppendorf Xplorer ®, cat. no. 4861000163)

7) Centrifuge (Eppendorf 5702, cat. no. 5702000010)
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3 Methods

3.1 Plant material preparation ¢ estimated duration: 0.5 h in the morning and 0.5 h in the

afternoon (depending on the amount of plant material)

Seed sterilization should be made in a sterile working hood.

1)

Place A. thaliana seeds in a 1.5 ml reaction tube (the 0.5 ml mark should not be
exceeded) and rinse with 1 ml of 80% EtOH until all visible dirt is removed.
Surface sterilize the seeds with 1 ml of sterilization solution for 10 min (either
invert or vortex them). Remove the solution and wash the seeds twice with 1 ml
80% EtOH for 5 min and 2 min (under agitation). Finally, wash the seeds with 1
ml absolute EtOH for 1 min and remove all EtOH. Let them dry for some hours
(approx. at least 4 h) until they are completely dry.

Prepare 12 cm? plates with 50 ml SCA growth medium. The plates do not need
to be freshly prepared. Place two sterile filter paper stripes per plate. Add
autoclaved water to the sterilized seeds and place them on the filter paper in a
line (200-300 seeds/stripe) by pipetting. Seal the plates with parafiim. Finally,
grow the seeds in a growth chamber with 16 h light/8 h dark regime and at 22

°C. After 2 weeks, harvest the plantlets for protoplast isolation.

3.2 Protoplast Isolation ¢ estimated duration: 0.5 h — 1 h (day 1) and 3 — 3.5 h (day 2)

A. thaliana protoplast isolation via flotation and PEG-transformation are performed as

described in (Dovzhenko et al., 2003) with some modifications. All pipetting steps should be

done with wide open tips to prevent protoplast damage.

1)

2)

Dissect plant shoots with a sterile scalpel from the plates and cut them into small
pieces in a 5 ml MMC containing petri dish.

Place the cut plant leaf material in another petri dish with a final volume of 10
ml MMC.

Supplement 1 ml 5% macerozyme + cellulase mix for the enzymatic digestion
of the cut plant material. Seal the petri dish with parafilm.

Incubate the plant material in MMC overnight (approx. 16 h) in dark (e.g.
wrapped in aluminum foil) at 22 °C in a growth chamber.

In the morning, homogenize the plant material by pipetting up and down with a
10 ml or 25 ml serological stripette to release the protoplasts. Filter the plant
material through a 40 — 70 uM pore size sieve into a 50 ml reaction tube, and
add up to 50 ml with MMC.

NOTE: From now on work carefully and slowly. Protoplasts are fragile.

Sediment the protoplasts with a centrifugation step for 20 min at 100 g.
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Afterwards, remove the supernatant and resuspend the pellet in 10 ml MSC.
Transfer the suspension to a 15 ml round-bottom reaction tube and overlay it
with 3 ml MMM.

NOTE: Pipette carefully and with a tip-in-tip technique to not mix MSC and
MMM.

Isolation of protoplasts is performed via flotation in MSC solution. Therefore,
centrifuge the samples for 10 min at 100 g and collect 1.5 ml of the protoplasts
in the intermediate phase in 7 ml W5. Repeat this step and collect two more
intermediate phases in one single W5 solution. Afterwards, determine the

protoplast density with a Fuchs-Rosenthal cell-counting chamber.

3.3 Protoplast Transformation ¢ estimated duration 1 h (day 2)

1)

2)

Prepare 20 ug of the biosensor construct adjusted with MMM solution to a total
volume of 20 ul in the rim of a well of a six well plate culture plate.

Add 500,000 protoplasts in 100 yl MMM solution to the DNA, and gentle pipette
up and down. Incubate for 5 min.

In the next step, add 120 pl of a PEG solution per well in a dropwise manner
with a tip-in-tip technique and incubate for 8 — 9 min. Do not shake the plates.
Finally, supplement with 120 pl of MMM solution and immediately afterwards fill
up to a total volume of 1.8 ml with PCA solution.

NOTE: Multiple transformation can be performed in parallel in this manner.

3.4 Hormone Induction ¢ estimated duration 0.5 —1 h and 2 — 6 h incubation time (day 3)

1)
2)

3)

4)

After approx. 20 h, pool the protoplasts in a round-bottom 15 ml reaction tube.
Pipette 960 pl aliquots of the protoplast suspension into the wells of a 2.2 ml
deep-well storage plate for each concentration of IAA inducer substrate tested.
Prepare a serial dilution of IAA with a 11-fold concentration of the desired final
experimental concentration in PCA solution. Add a volume of 96 pl to the 960
ul of protoplast suspension and carefully mix them by pipetting up and down.
Incubate for 2 h, 4 hand 6 h.

3.5 Luminescence Determination (day 3)

1)

After hormone induction, transfer 80 pl per replicate (approx. 20,000 cells) of
the (hormone-induced) protoplast suspensions in two separate white 96-well
assay plates. Determination of firefly and renilla luminescence is performed in
a simultaneous manner in two microplate readers.

Supplement either 20 pl of coelenterazine or firefly substrate, respectively.
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3) Determine luminescence activities simultaneously in two microplate readers (20
min total measuring time with 0.1 s/well measuring time per well, per measuring

round).

3.6 Statistical Analysis
1) Calculate the FF/REN ratio for every well, the average for all replicates and the
the standard error of the mean (SEM).
2) Perform ordinary one-way ANOVAs and multiple comparisons (here performed
with Prism 7 for Mac OS X)
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4 Aux/IAAs show different sensitivities towards IAA

The above-described protocol was implemented to quantitatively analyze Aux/IAA stability in
response to auxin. A. thaliana protoplasts were transformed with three different biosensor
constructs, namely full-length Aux/IAA17 containing the full domain Il core consensus
sequence degron, Aux/IAA31 which comprises small deviations from this domain Il core
consensus sequence degron and Aux/IAA34 with large deviations from the core consensus
sequence degron. The Aux/IAAs displayed different degradation behaviors in response to
auxin treatment: i) Aux/IAA17 was already strongly degraded after 2 h, with no subsequent
decrease after 4 h and 6 h, ii) Aux/IAA31 showed a slight decrease after 2 h (at high auxin
concentrations), but a strong degradation (80 %) only after 4 h and 6 h and at high nM
concentrations; and iii) Aux/IAA34 did not display any significant degradation at all. The results
showed that the degradation responses of distinct Aux/IAAs depend on the composition of the
DIl domain. The high sensitivity and signal-to-noise ratio in protoplasts, as a plant system,
allow for a comprehensive comparison of Aux/IAAs and open up new perspectives for auxin
signaling analyses in a quantitative manner in a plant system such as in- and efflux-transporter

activities, screening of molecules with auxin-like functions and metabolic analyses.
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Figure 2: Sensitivity of auxin-induced degradation among three Aux/IAA family members. Biosensors
incorporating Aux/IAA17, 31 and 34 as sensor modules were transiently expressed in A. thaliana mesenchymal
protoplasts and 20 h post transformation induced with IAA (concentrations ranging from 100 pM to 1 pM) for 2 h, 4
hand 6 h. Firefly and renilla luciferase activities were determined and the averaged FF/REN ratios were calculated.
The error bars represent the SEM for this individual experiment with n=6. (A) Degradation curves for Aux/IAA 17,

31 and 34 after 2 h, 4 h and 6 h IAA induction (concentrations ranging from 100 pM to 1 uM). (B) Degradation
curves for Aux/IAA 17, 31 and 34 induced with 1 uM IAA for 2 h, 4 hand 6 h.
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Notes

1) Work carefully and slowly in every step of the protoplast isolation and transformation
to avoid damaging the protoplasts.

2) Prepare the SCA plates immediately after autoclaving, because the phytoagar does
not dissolve after reheating.

3) The poorly soluble macerozyme and cellulase should not be inhaled. Work under a
fume hood when preparing the enzyme solution and prewarm MMC.

4) Prepare tricine, DTT, ATP and acetyl-CoA freshly for the firefly substrate and work
under a fume hood. The rest can be prepared in advance. D-luciferin is sensitive to
light and heat. For these reasons, work in darkness and as fast as possible.

5) Prepare several 100 pl aliquots of the coelenterazine solved in methanol in darkness
and at low temperatures (such as in a dark 4 °C room).

6) For a better separation of the phases, invert the tube before adding MMM on top of
the MSC.

7) Protoplasts can be transformed with a maximum of 40 ug — 50 ug of total amounts of
DNA. The total amount of DNA needs to be constant. When several plasmids are

transformed, the amount of DNA needs to be adjusted proportionally.
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